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RESUMO

A Khaya ivorensis A. Chev. é uma espécie de origem africana e de
cultivo recente no Brasil, ndo existindo até o presente, dados abrangentes sobre
as tendéncias de crescimento da mesma. A deciséo para a implantacdo de uma
floresta leva em consideracdo diversos aspectos, dentre eles, a viabilidade
econbmica. Porém, para alcancar tal viabilidade, h4 a necessidade de
desenvolver modelos que fornegam estimativas do crescimento futuro do
povoamanto, a fim de compor um sistema de prognose para definir as melhores
técnicas silviculturais. Portanto, a modelagem do crescimento e producéo é
crucial para atender os objetivos e a lucratividade almejada pelos gestores
florestais. O presente trabalho propde estudos referentes ao manejo florestal da
espécie, ainda escassos na literatura. Os dados utilizados sdo provenientes de
plantios instalados em diferentes regibes brasileiras. Os plantios utilizam
espacamento variando de 4x5 a 12x12 metros, com idades de 1,1 até 15 anos, a
maioria com mensuragdes anuais iniciadas no ano de 2010. A primeira parte do
trabalho é composta por um referencial tedrico sobre o estado da arte da
modelagem estatistica nas ciéncias florestais e uma breve descri¢do sobre anélise
financeira. A segunda parte é composta por um artigo de revisdo que discorre
sobre o cultivo do mogno africano no Brasil e em outras partes do mundo. Um
segundo artigo sobre modelagem hipsométrica, em que foram avaliados modelos
matematicos, sob diferentes métodos de ajuste, a fim de selecionar uma equacao
para predi¢do da altura em plantios de mogno africano. Os resultados mostraram
que o uso da modelagem mista com a correcdo da heterogeneidade de variancia
na regressdo foi a melhor equacdo para estimativa da altura. O terceiro artigo
aborda a avaliagdo de modelos de crescimento em altura dominante comparando
modelos dinamicos invariantes com a idade padrdo e modelos estaticos (método
da curva guia) para a classificagdo de sitio. O modelo de Lundgvist-Korf com o
método da curva guia se mostrou eficaz, sendo recomendado para a classificacdo
de sitios e para a predi¢do de altura dominante em povoamentos de mogno
africano. A amplitude dos indices de sitio, na idade de referéncia de 15 anos, foi
de 17 a 33 metros. O quarto artigo se refere a um sistema de equacdes
desenvolvidas para prognose do crescimento e producdo do mogno africano por
classe diamétrica, em que o método da recuperacdo de parametros foi utilizado,
em conjunto a funcdo de densidade de probabilidade de Weibull, para estimativa
do volume e da area basal. E, por fim, o quinto artigo trata da analise financeira
da implantacdo do mogno africano no Brasil, avaliando trés situacfes de manejo
(sem desbate, um desbaste ou dois desbastes) e os riscos envolvidos na
atividade, bem como o reflexo destes no valor presente liquido (VPL) do
empreendimento para as cinco classes de produtividade.

Palavras-chave: Plantio florestal. Manejo florestal. Modelagem estatistica.



ABSTRACT

Khaya ivorensis A. Chev. is a species of African origin and of recent
cultivation in Brazil, not existing to date published data on the growth trends for
the species. The analysis of a forestry project takes into account different types
of feasibility criteria for implementation or not of the project, including the
economic feasibility. But to evaluate this viability there is a need to develop
models that provide estimates of the future growth of a forest in order to define
the best silvicultural techniques. Therefore, the modeling of growth and yield is
crucial to meet the planned objectives and the consequent profitability desired
by forest managers. The present work proposes studies regarding the forest
management of the species, still scarce in the literature. The data used come
from commercial plantations installed in different Brazilian regions, mostly in
the state of Minas Gerais. The plantations use spacing ranging from 4x5 to
12x12 meters, with ages ranging from 1.1 to 15 years, most with annual
measurements starting in the year 2010. The first part of the work is composed
of a theoretical reference on the state of the art of statistical modeling in the
forest sciences and a brief description of financial analysis. The second part is
composed of the research papers of this thesis. The first is a review article on the
cultivation of African mahogany in Brazil and other parts of the world. A second
article is about hypsometric modeling, in which mathematical models were
evaluated under different fitting methods in order to select an equation for height
prediction for African mahogany plantations. The third article was the
evaluation of dominant height growth models comparing invariant dynamic
models with standard age and static models (guide curve method) for site
classification. The Lundqvist-Korf model with the guide curve method was
efficient and recommended for site classification and prediction of dominant
height in African mahogany stands. The amplitude of site indexes, at the
reference age of 15 years, was 17 to 33 meters. The fourth article refers to a
system of equations developed for the prognosis of growth and production of
African mahogany by diameter class, in which the parameter recovery method
was used with the Weibull probability density function to estimate volume and
basal area. Finally, the fifth article deals with the financial analysis of the
implantation and growing of African mahogany in the state of Minas Gerais,
evaluating three management situations (no thinning, one thinning or two
thinnings), the risks involved in the activity and their reflection in the net present
value (NPV) of the enterprise for the five productivity classes.

Keywords: Forest plantation. Forest management. Statistical modelling.
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1 INTRODUGAO GERAL

Khaya ivorensis A. Chev. é uma espécie de origem africana,
especificamente dos paises Costa do Marfim, Camardes, Nigéria e Gana. A
espécie € comercializada pela sua madeira desde o inicio do século passado, e,
devido & exploragdo predatdria, esta ameacada de extingdo em alguns de seus
locais de origem. No Brasil, estudos sobre a espécie ainda sdo recentes, ndo
existindo até o presente, dados publicados sobre as tendéncias de crescimento da
mesma.

Nos estudos do crescimento de variaveis dendrométricas, comumente o
volume, utilizam-se modelos matematicos para estimar a producéo da floresta ao
longo dos anos a fim de orientar o processo de tomada de decisdes no
gerenciamento de uma floresta. No caso florestal, basicamente os modelos
empiricos e mecanicisticos sdo difundidos entre os profissionais responsaveis
pela modelagem do crescimento no planejamento florestal. Na modelagem
empirica, destacam-se trés niveis: os modelos de arvores individuais, os modelos
de povoamento e os modelos por classe diamétrica.

Sabe-se que cada conjunto de dados requer um modelo especifico, e que
0 ajuste de diferentes modelos matematicos deve ser feito até encontrar aquele
que fornecera a melhor estimativa da variavel resposta. Varias sdo as
publicacBes sobre modelagem do crescimento e produgdo em povoamentos
florestais, mas nenhum consenso existe sobre qual o modelo melhor para
prognosticar o crescimento futuro de uma floresta. Atualmente, as plantagdes
florestais no Brasil séo prioritariamente compostas por Eucalyptus spp. e Pinus
spp., porém, outras espécies com madeiras voltadas para segmentos de painéis e
processamento mecanico estdo ganhando espago no cenario florestal brasileiro.
O mogno africano (Khaya spp.) é uma destas espécies, e possui areas de plantio

comercial em crescente expansdo no pais.
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Para complementar as decisdes no manejo florestal, a anélise de um
projeto florestal deve levar em consideracédo diferentes tipos de viabilidade para
implantacdo ou ndo da floresta, dentre eles o de viabilidade financeira. Porém,
para alcancar tal viabilidade, h4 a necessidade de se desenvolver modelos que
fornecam estimativas do crescimento futuro de uma floresta, bem como cenarios
econdmicos e regimes de manejo. Logo, a modelacdo do crescimento é crucial
para atender os objetivos planejados e a consequente lucratividade almejada,
calculando custos e receitas com base nas estimativas volumétricas.

Diante do exposto, o presente trabalho tem como objetivo principal
modelar o crescimento e a produgdo em povoamentos de mogno africano, dando
subsidio para a melhoria das técnicas de manejo florestal da espécie, no Brasil.
Tem ainda como objetivos especificos, realizar uma revisdo bibliogréafica sobre
o0 cultivo da espécie; ajustar modelos hipsométricos para melhor predicdo de
altura; classificar os sitios florestais dos plantios de mogno africano no Brasil e,
com as estimativas de crescimento, simular cenarios de manejo, por meio de

uma avaliacao financeira.
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2 REFERENCIAL TEORICO

2.1 Modelos matematicos aplicados a ciéncia florestal

Modelos matematicos sdo empregados amplamente no meio florestal,
estudos sobre o assunto sdo realizados ha mais de 200 anos, atingindo grandes
progressos referentes a analise quantitativa do crescimento florestal desde
meados do século passado, principalmente nas ultimas décadas (KANGA,;
KANGA, 2004). Comumente, os profissionais do setor florestal utilizam
modelos matematicos como forma de controle e projecdo da estrutura e
crescimento, bem como da producdo dos povoamentos, utilizando-se
informagdes correntes para inferir em cenarios futuros. No geral, esses modelos
sdo representacdes de qualquer fendmeno no mundo real, sendo uma ferramenta
atil na reflexdo, prognose e tomada de decisdes, em horizontes de planejamento
de médio e longo prazo (BOUNGIORNO; GILLES, 2003). Os modelos podem
ser definidos como sendo a representacdo simplificada de algum aspecto real, e
no contexto estatistico, 0 modelo nada mais € que uma demonstracéo formal da
teoria que envolve uma expressdo matematica abrangendo variaveis a fim de
gerar uma equacao preditiva acurada (BARRETT; FRIED, 2004).

A popularizacdo da regresséo linear no meio florestal se deu a partir de
estudos relevantes, tais como Trorey (1932) que utilizou um modelo linear para
retratar a relacdo entre altura e didmetro; Schumacher e Hall (1933) utilizando
um modelo volumétrico a partir de uma regresséo linear maltipla; Schumacher
(1939) utilizando varidveis do povoamento para o primeiro modelo volumétrico
global; Reinecke (1933) aplicando uma regressdo para determinar a densidade
méaxima de um talhdo, a partir de um determinado didmetro quadratico médio,

dentre outros.
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O modelo de crescimento, com carater ndo linear, foi inicialmente
introduzido por Richards em 1959 que, estudando o crescimento de plantas,
utilizou uma funcédo de crescimento de animais desenvolvida por Ludwing Von
Bertalanffy no ano de 1951, desenvolvendo assim, uma série de consideracdes
gue possibilitaram a generalizacdo da funcdo de crescimento estudada.
Posteriormente, Chapman, em 1961, estudando o crescimento de peixes, chegou
as mesmas conclusGes de Richards. Essa funcdo altamente difundida e
popularmente conhecida como Chapman-Richards foi introduzida no meio
florestal por Turnbull (1963), que com seus estudos, mudou o rumo da
modelagem da producao florestal.

Os modelos amplamente empregados na ciéncia florestal podem ser
diferenciados, de forma simplificada, em modelos descritivos, empiricos ou
biométricos, e em modelos baseados em processos ou mecanicisticos. Os
primeiros se caracterizam por representar muito bem as situacGes reais da
floresta, porém, se ajustam satisfatoriamente apenas dentro da base de dados em
gue os modelos foram gerados. Estes se classificam em modelos para o
povoamento, por classe diamétrica ou para arvores individuais. J& os modelos
processuais tém como base a fisiologia vegetal, conferindo uma visdo mais
generalista e fisiologicamente embasada para estimativa do crescimento, ou seja,
predizem a produgdo por meio do funcionamento da planta. Dentre esses, estdo
0s modelos ecofisioldgicos, modelos baseados no clima e modelos baseados na
arquitetura das arvores (VANCLAY, 1994; SCOLFORO, 2006; BURKHART;
TOME, 2012).

Para Spathelf e Nutto (2000) os modelos mecanicisticos servem para
entender os processos, e neles, a floresta é vista como um sistema de ligagdes
complexas entre seus elementos. Ja os modelos empiricos podem ser chamados
de modelos de prognose, pois assumem padrfes comuns no crescimento dos

individuos, em que a floresta € vista como um sistema de producéo.
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2.2 Modelos de crescimento e producéo

Modelos de crescimento e produgdo tém uma longa histéria na
engenharia florestal. No inicio dos anos 50, florestais da Europa central
utilizavam métodos gréaficos para modelar o crescimento e a producdo de
povoamentos florestais (PENG, 2000). Vanclay (1994) definiu que o uso comum
de modelos de crescimento e producdo geralmente se refere a um sistema de
equacdes que podem predizer o crescimento e produgdo de um determinado
povoamento, sob amplas condicdes e variedades. Para Peng (2000), modelos de
crescimento e produgdo podem consistir em uma simples equagdo ou em uma
série inter-relacionada, que juntas, formam um sistema de simulagéo.

Pressler (1864) citado por Larson (1963) sumarizou suas observacdes
sobre crescimento das arvores em trés leis primarias, sendo elas: (1) o
crescimento anual seccional dos anéis de uma arvore a um determinado ponto de
altura é proporcional a quantidade de folhas a montante deste ponto; portanto,
(2) em todas as partes do fuste sem galhos, o crescimento dos anéis sera igual,
(3) dentre a copa, o crescimento em area seccional dos anéis diminuira de baixo
para cima em relagdo a quantidade de folhas acima do ponto de referéncia.

Enquanto Pressler admitia que seus teoremas eram hipotéticos e nao
necessariamente acurados matematicamente, devido as variagdes de crescimento
que ocorrem na natureza, a publica¢do dos teoremas estimulou varias pesquisas
embasadas no desenvolvimento do fuste e volume de uma arvore, pois, 0 autor
sugeriu que padrbes definitivos de crescimento de madeira poderiam ser
formulados. Assim, estudos sobre a modelagem do crescimento se iniciaram,
sendo entdo os modelos de crescimento e producéo definidos como modelos que
projetam caracteristicas individuais ou de um povoamento num futuro a partir de

uma base de dados em condices iniciais (BURLEY et al., 2004).
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Dessa forma, o crescimento pode ser interpretado como o incremento
nas dimensdes de uma arvore ou um conjunto de arvores na floresta num
determinado periodo de tempo; e a producdo como sendo o somatdrio desses
incrementos num tempo definido (VANCLAY, 1994; SCHNEIDER, 2004;
SCOLFORO, 2006; CAMPOS; LEITE, 2013). O crescimento e a producdo
estdo relacionados matematicamente, uma vez que o incremento é a derivada do
crescimento em fungéo do tempo (SPATHELF; NUTTO, 2000).

Skovsgaard e Vanclay (2008) numa revisdo bibliografica sobre a
produtividade de sitios florestais alegaram que, com a introducdo de métodos
cientificos na area florestal na Europa, cerca de duzentos a trezentos anos atras,
as primeiras tentativas de classificar a produgdo potencial de um sitio florestal
utilizaram uma abordagem geocéntrica, ou seja, identificando caracteristicas do
local em que o plantio estava localizado. Inicialmente, era comum o0 uso de
classificagdes amplas como ‘solo argiloso de baixa altitude e capacidade
mediana de produgdo de madeira’. A producdo em madeira era estimada usando
‘tabelas de experiéncia’, precursora das tabelas de producéo e dos modelos de
crescimento. As tabelas de experiéncia eram construidas com base em um talhdo
indice, ou seja, um talhdo que refletia o desenvolvimento florestal tipico de um
determinado sitio florestal.

Existem diversas técnicas para a predicdo e projecdo do crescimento e
producdo como suporte para viabilizar o manejo florestal, a silvicultura, o
planejamento florestal, a anélise econémica do empreendimento e até mesmo o
inventario florestal. O uso de modelos matematicos é a ferramenta mais usual, e
estudos sobre o assunto sdo realizados ha anos, atingindo grandes progressos
referentes & andlise quantitativa do crescimento florestal, desde meados do
século passado, principalmente nas Ultimas décadas, devido ao avango
tecnoldgico (BURKHART; TOME, 2012).
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Aspectos como a compatibilidade entre modelos de crescimento e
producdo, avango computacional, modelagem baseada em processos
fisioldgicos, necessidade de obtencdo de relagdes cada vez mais eficientes na
representacdo da realidade, tém motivado inimeras tentativas de inclusdo de
fatores ambientais, tais como fatores climaticos e edaficos em associacdo aos
fatores bioldgicos na modelagem de crescimento e producdo (VANCLAY,
1994).

Kanga e Kanga (2004) afirmaram que no inicio das atividades de
modelagem e produgdo, as equacBes de crescimento e de producdo eram
construidas independentes umas da outras. Porém, a soma de crescimento muitas
vezes ndo correspondia a producdo predita pelo modelo. Para obter estimativas
compativeis de modelos de crescimento e producdo, diversas equagOes
diferenciais foram utilizadas, por exemplo, a funcdo de crescimento pode ser
integrada para obter a producdo, bem como a fungdo de producdo pode ser
derivada a fim de se ter a funcdo de crescimento. A obtencdo de equacBes
compativeis de crescimento e producédo foi um grande desafio no inicio dos anos
60, um exemplo amplamente utilizado no meio florestal é o conjunto de
equacOes simultaneas propostas por Clutter (1963) e Sullivan e Clutter (1972).

Peng (2000) destacou que com 0 passar dos anos, uma variedade de
modelos foi desenvolvida para predi¢cdo do crescimento e producéo, utilizando
abordagens em nivel de arvore individual e povoamento. A modelagem também
mudou o enfoque empirico para uma abordagem baseada em processos
ecoldgicos e mecanicisticos, além de ter incorporado uma ampla variedade de
técnicas, tais como: (1) sistema de equacdes; (2) tabela de producdo com
projecdes néo lineares; (3) cadeia de Markov; (4) modelos matriciais e; (5) redes
neurais artificiais.

Os modelos de crescimento e producdo podem ser classificados em

modelos para o povoamento completo, estes se dividem em modelos em nivel do
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povoamento (equagdes de crescimento e producéo), modelos em nivel de classe
diamétrica, e modelos em nivel de &rvore individual, além dos modelos de
ecossistema (VANCLAY, 1994; PENG, 2000).

De acordo com Kanga e Kanga (2004), para a modelagem do
crescimento de um povoamento, pode-se separar 0s modelos em dois grupos. O
primeiro possibilita a predicdo do incremento em volume ou area basal num
determinado periodo de tempo, em que tais modelos sdo desenvolvidos com a
soma de subsequentes predicGes. A outra classe, consiste em modelos para
projecdo de variaveis de interesse, tais como altura dominante ou &rea basal,
num periodo de tempo desejado. Estes sdo denominados modelos de projecao e
sdo bastante utilizados na América do Norte e em florestas tropicais.

Para o profissional florestal, uma das fontes de informagdo mais
importante é a existéncia de relagbes quantitativas e modelos matematicos que
sejam consistentes e numericamente compativeis para a predicdo do
desenvolvimento do povoamento em qualquer idade. Esse conjunto de relacGes
permite efetuar a prognose do crescimento e da producéo das florestas sujeitas a
diferentes densidades e tratamentos silviculturais, possibilitando inferéncias
sobre a melhor estratégia de plantio, a analise econdmica de tratamentos
silviculturais, o planejamento da época de corte, a alocacéo de parte das arvores
ou povoamentos para diferentes produtos, dentre outros (SCOLFORO, 2006).
Dessa maneira a predi¢do do valor potencial da producdo sob vérias condicdes,
fornecera ao administrador elementos para se efetuar a otimizagdo da producédo
florestal.

A modelagem do crescimento e producdo estd em constante
aprimoramento e sofisticagdo, uma vez que 0s pesquisadores trazem novos
fundamentos bioldgicos, inovam no uso de estatisticas mais avancadas e
investem em poderosas tecnologias computacionais para dar suporte a

problemas de predicdo no crescimento e producio (BURKHART; TOME,
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2012). O uso ferramentas de inteligéncia artificial, como as redes neurais
artificiais (RNA), tem sido empregado com sucesso na area florestal, como
alternativa ao uso dos modelos de regressdo (CASTRO et al., 2013; BINOTI et
al., 2015; REIS et al., 2016).

2.2.1 Modelagem em nivel de povoamento

Kanga e Kanga (2004) descreveram que as primeiras tabelas de
crescimento e producdo, também denominadas de modelos de povoamento.
Foram criadas no final do século XVIII e inicio do XIX para povoamentos
puros. Burkhart (1979) citou que os primeiros pesquisadores a utilizar técnicas
de regressdo multipla para predizer o crescimento e producdo para o
povoamento total ou parte dele foram Mackinney e Chaiken, no ano de 1939. Na
Alemanha, as publicagbes sobre o tema atingiram o milhar em 1880.
Posteriormente, tabelas de crescimento e producédo especificas para cada tipo de
sitio passaram a ser construidas.

Spathelf e Nutto (2000) descreveram que as primeiras tabelas de
producdo foram desenvolvidas utilizando o método chamado Streifenverfahren
(método das faixas); em que foram coletados pares de dados altura versus idade
e volume versus altura, em areas extensas, numa grande variedade de classes de
sitio. Posteriormente, foram ajustadas curvas aos dados, determinando mais de
quatro curvas entre as curvas maxima e minima, com o objetivo de estabelecer
cinco faixas, com intuito de enquadrar um povoamento numa classe de
producdo, em que o crescimento do povoamento deveria seguir a curva
escolhida.

Segundo Clutter et al. (1983) os primeiros trabalhos publicados
envolvendo variaveis do povoamento foram os de MacKinney e colaboradores

no ano de 1937, Schumacher em 1939 e MacKinney e Chaiken em 1939; que
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utilizaram uma variavel de densidade para predi¢do da producao volumétrica, e a
partir destes trabalhos, diversos outros foram desenvolvidos. Para Campos e
Leite (2013) os modelos de povoamento se dividem em duas classes: modelos
normais ou empiricos e modelos de densidade varidvel; em que 0s primeiros sao
modelos estaticos ndo oferecendo projecdes da densidade, ja os de densidade
variavel estimam a taxa de crescimento dentro de um sistema de equaces.

Vanclay (1994) definiu modelos de crescimento em nivel de
povoamentos como sendo uma abstracdo da dindmica natural da floresta, que
pode englobar o crescimento, a mortalidade e algumas outras mudancas na
composicdo ou estrutura do povoamento. Para Campos e Leite (2013), os
modelos em nivel de povoamento ndo explicam diretamente a variacdo do
tamanho das arvores, mas estimam o crescimento e a producdo a partir de
variaveis do povoamento tais como idade, area basal, nimero de individuos e
indice de sitio, em que o crescimento é estimado independentemente da classe
de tamanho das &rvores. Modelos em nivel de povoamento utilizam parametros
tais como area basal, densidade de volume e demais parametros que
caracterizam uma distribuicdo diamétrica para simular o crescimento e producéo
do povoamento (PENG, 2000).

Para Burkhart et al. (1981) a abordagem empregada nos modelos em
nivel de povoamento, um valor agregado de volume do talhdo é estimado,
utilizando-se variaveis em niveis de povoamento (idade, indice de sitio, area
basal ou nimero de &rvores), mas nenhuma informagdo da distribuicdo do
volume em classes de tamanho é fornecida.

Tais modelos sdo geralmente simples e robustos, e como dito
anteriormente, pardmetros populacionais como o estoque florestal (nimero de
individuos por hectare), area basal e volume sdo utilizados na predicdo do
crescimento e producéo da floresta. No meio florestal o modelo mais difundido é

o0 de Clutter (1963) que utiliza como variavel dependente o volume por unidade
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de area em funcdo das varidveis independentes, idade e area basal (presentes e
futuras). Este € um modelo explicito visto o calculo da producdo em volume ser
realizado de forma direta; do tipo densidade varidvel, pois estima a produgdo em
diferentes niveis de &rea basal; compativel uma vez que a integral da equacao de
crescimento gera a equacdo de producdo, e Ultima equacdo quando derivada gera
a equacdo de crescimento; além de ser consistente devido as estimativas
poderem ser feitas em diferentes intervalos de tempo (CAMPOS; LEITE, 2013).

2.2.2 Modelagem em nivel de classe diamétrica

Loetsch, Zohrer e Haller (1973) definiram a distribuicdo diamétrica
como sendo um indicador da estrutura do estoque de crescimento, permitindo
com certa experiéncia, a elaboracdo de conclusdes a respeito da estrutura da
floresta.

Os primeiros modelos de classe diamétrica foram desenvolvidos por
Leslie e Lewis para estimar o crescimento de animais (BUONGIORNO;
MITCHIE, 1980). Os autores adaptaram esses modelos para povoamentos
florestais, estimando o ingresso de arvores com base em dados de area basal e
namero de arvores.

Bailey e Dell (1973) afirmaram que a quantificagdo da distribuicéo
diamétrica e suas relagdes com o sitio, a composi¢do do povoamento, a idade e a
densidade, sdo valiosas, tanto para fins econémicos, como para fins biologicos.
Assim, a distribui¢do diamétrica surge como um indicador potencial da estrutura
da floresta, permitindo distinguir diferentes tipos florestais, além de viabilizar a
prognose dos maltiplos produtos (SCOLFORO, 2006).

Segundo Burkhart et al. (1981), na utilizagdo de modelos por classe
diamétrica, o nuimero de arvores por hectare em cada classe diamétrica é

estimado através do uso de uma funcéo densidade de probabilidade, fornecendo
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a frequéncia relativa de arvores em cada classe diamétrica. A altura total média é
estimada para &rvores de uma determinada classe diamétrica, crescendo em
condicBes determinadas e o volume por classe diamétrica é calculado usando a
altura média estimada e o valor central da classe diamétrica, sendo estes valores
inseridos em um modelo de volume. Valores de producdo por hectare séo
obtidos somando-se os volumes das classes diamétricas de interesse. Apenas
valores no nivel de talhdo (como idade, indice de sitio, &rea basal ou nimero de
arvores) sdo necessarios como valores de entrada, mas valores detalhados de
distribuicdo diamétrica do talhdo séo obtidos como variaveis de saida. Os varios
modelos de distribuicdo diamétrica diferem, principalmente, na fungéo
probabilistica usada para descrever a distribui¢do do diametro (BURKHART,
1979).

Vanclay (1994) reportou que modelos de classe diamétrica
proporcionam algumas informagdes ligadas a estrutura do povoamento. Muitas
técnicas estdo disponiveis para a modelagem de tal estrutura, sendo o método de
projecdo da tabela de povoamento juntamente ao histograma de diametros dos
fustes a mais utilizada. Esta abordagem é intermediaria & modelagem de arvore
individual, pois, uma vez que o tamanho da classe é infinitamente grande e
existe apenas uma classe, logo, o método utilizado se baseia na modelagem em
nivel de povoamento, mas se a amplitude de classe é infinitamente pequena e
cada arvore é considerada como uma Unica classe, a abordagem é feita em nivel
de arvore individual.

Austregésilo et al. (2004) afirmaram que o uso de modelos de
distribuicdo diamétrica sdo os mais comuns, e estes se baseiam em funcgdes
probabilisticas de distribuicdo, os quais permitem descrever as alteracdes na
estrutura do povoamento (numero de &rvores por classe de didmetro), nas
relacbes hipsométricas e nas taxas de mortalidade, podendo todas estas

caracteristicas serem analisadas, simultaneamente, ao longo do tempo. Os
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autores informaram que nesse tipo de modelagem destacam-se: a) as tabelas de
povoamento ou producdo, nas quais se encontram o método da razdo de
movimentacdo e o método de Wahlenberg; b) os modelos estocasticos de
crescimento em diametro, em que se tem a matriz de transicao.

Tais modelos sdo intermediarios entre os modelos em nivel de
povoamento total e em nivel de &rvores individuais, e podem fornecer
informacdes suficientes para 0 manejo de florestas naturais inequianeas, sem a
complexidade inerente aos modelos de arvores individuais. Os modelos de
classe de tamanho incluem projecdo de tabelas de povoamento, matrizes de
transicio e modelos de corte (AUSTREGESILO et al., 2004).

No meio florestal € comum o uso de distribui¢Ges ja consagradas, como
a distribuicdo Weibull (1951) de trés ou dois parametros. Sendo usual a de trés
parametros em que os coeficientes a, b e ¢ sdo responsaveis pela locacéo, escala
e forma da distribuicdo, respectivamente (BARRA et al., 2004; BINOTI et al.,
2010). Além das distribuicdes probabilisticas como a Normal, Exponencial,
Beta, Gamma, SB de Johnson, Gram- Charlier, Weber, Birnbaum-Saunders,
dentre outras que surgem em literaturas especificas (ARCE, 2004; MACHADO
et al., 2009; BINOTI et al., 2013).

Segundo Maltamo et al. (1995) ndo existem ainda referéncias claras
sobre os critérios de aplicabilidade das diversas funcGes de distribuicdo
probabilistica nos trabalhos florestais realizados, e é dificil encontrar alguma
evidéncia bioldgica no sentido de sugerir alguma distribuicdo em particular.

Para obter os parametros das distribui¢cGes probabilisticas trés principais
métodos de ajuste tém sido descritos na literatura: maxima verossimilhanca,
momentos e percentis. Scolforo (2006) acrescenta ainda os métodos de Knoebel-
Burkhart, Moda - Hafley e Buford, Regresséo linear — Zhouc e McTague para a
distribuicdo Sb de Johnson. Os primeiros métodos foram descritos por inimeros

autores, conforme Barra et al. (2004) que citam que o método da méxima
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verossimilhanca foi utilizado por Bailey e Dell em 1973, Campos e Turnbull em
1981, Finger em 1982, Gadow em 1983, Glade em 1986 e Tiersch em 1997. Ja o
método dos momentos foi empregado por Burk e Newberry em 1984, Scolforo
(1990), Abreu em 2000 e Maestri em 2003. O método dos percentis foi utilizado
por Bailey e Dell (1973), Cao e Burkhart em 1984, Bordes et al. em 1987, Silva
e Bailey em 1987, Maestri em 1992 e Kangas e Maltamo em 2000, todos citados
por Barra et al. (2004).

2.2.3 Modelagem em nivel de arvore individual

A modelagem do crescimento de &rvores individuais vem sendo
desenvolvida especialmente em paises da Europa e Estados Unidos (CHASSOT
etal., 2011). Segundo Hasenauer (1994) citado por Dalla-Flora, Durlo e Spathelf
(2004), o primeiro modelo simulador de é&rvore individual foi criado por
Newman em 1964 para povoamentos puros, e a partir de entdo, os pesquisadores
passaram a trabalhar bastante com modelagem orientada em arvores singulares.

Porté e Bartelink (2002) dividem os modelos de arvores individuais em
dois grupos em funcdo do indice de competicdo utilizado na modelagem. Em
primeiro sdo 0s modelos espaciais, chamados de modelos dependentes de
distancia, nos quais sdo necessarias informacdes sobre a localizacdo das arvores
na floresta e, em segundo, 0os modelos ndo espaciais, chamados de modelos
independentes de distancia (PENG, 2000). Os modelos ndo espaciais sdo mais
simples e exigem menor levantamento de dados, pois ndo utilizam dados
espaciais de localizagdo (VANCLAY, 1994). Palahi et al. (2003) afirmaram que
modelos dependentes da distancia (espaciais) incluem uma medida espacial de
competicao entre as plantas.

Os modelos em nivel de &rvore individual s&o mais complexos, porém,

possuem a vantagem de gerar informagdes detalhadas sobre a dindmica da
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estrutura dos povoamentos (CASTRO et al., 2013). Nestes modelos, cada arvore
é estudada individualmente, levando-se em conta suas caracteristicas
individuais, a capacidade produtiva do local e as condi¢bes de competicdo as
quais a arvore esta submetida. Tais modelos sdo constituidos por um conjunto de
submodelos que estimam o ingresso de individuos, a probabilidade de
mortalidade e ocrescimento em didmetro e altura (CAMPQOS; LEITE, 2013).

Huber et al. (2013) afirmaram que nas Ultimas duas décadas, 0 manejo
de florestas mistas inequidneas ganhou grande destaque na Europa Central e,
consequentemente, modelos em nivel de arvore individual se desenvolveram
como uma ferramenta alternativa para a projecdo do crescimento. Os autores
utilizaram o modelo de arvore individual independente da distancia PrognAus
(Prognosis for Austria) para predizer a producdo de florestas em diferentes
condi¢cdes ambientais e conseguiram resultados satisfatorios.

Segundo Hasenauer (2006) citado por Crescente Campos et al. (2010), a
transicdo dos sistemas de projecdo baseados em modelos de povoamento,
implementados por tabelas de producdo, para modelos de arvore individual,
pode ser considerada uma mudanca fundamental na modelagem do crescimento
e producdo, pois no ultimo, ndo ha limites predefinidos para espécies mistas,
tratamentos silviculturais e/ou idade das arvores. Crescente Campos et al. (2010)
acrescentaram que modelos em nivel de arvore individual podem promover boas
simulagdes de crescimento em didmetro e altura em pequenos intervalos de
projecdo, além de fornecerem informagbes detalhadas sobre a estrutura do
povoamento (distribuicdo de altura, de didmetro, dentre outros) e, possibilitar
consideragfes nos mais amplos e diversos tratamentos e prescricbes
silviculturais.

Conforme dito, um modelo de crescimento em nivel de arvore individual
¢ composto por trés submodelos: mortalidade, regeneracdo/ingresso e

crescimento em altura e didmetro. Em florestas plantadas, o segundo submodelo
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é geralmente desconsiderado. Diversos modelos foram testados em diferentes
tipologias florestais, e alguns séo listados na Tabela 1.

Tabela 1 Exemplos de modelos individuais aplicados em diferentes ecossistemas

florestais.
Modelo Descrigéo Autor(es)
PROGNOSIS Independente da distancia. Floresta Stage (1973);
mistas de coniferas dos EUA. Wykoff et al. (1982)
FOREST Dependente da distancia. Crescimento e Ek e Monserud (1974)
reproducdo de florestas mistas dos
EUA.
PTAEDA Dependente da distancia. Florestas de Daniels and Burkhart
Pinus taeda. (1975)
SILVA Dependente da distancia. Florestas Pretzsch (1992)

puras e mistas da Europa.

MOSES Dependente da distancia. Florestas Hasenauer et al. (1995)
alpinas mistas.

PROGNAUS Independente da distancia. Florestas Sterba et al. (1995)
alpinas mistas inequianeas.

BWERT Independente da distancia. Avaliagdo de Nagl (1995)
manejo de florestas mistas na Europa.

Fonte: Adaptado de Martins (2011)

Vanclay (2002) relata o uso do modelo JABOWA proposto por Botkin,
em 1993, para uma floresta de folhosas na Nova Inglaterra nos EUA. JABOWA
foi o primeiro modelo estocastico de arvore individual, sem dependéncia
espacial, formulado (VANCLAY, 1994). Tal modelo ndo possui nenhuma
relacdo baseada no uso de regressdes, mas se baseia no entendimento ecoldgico,
dados fisiolégicos e observacdes dos valores maximos individuais das plantas

(VANCLAY, 2002). Nesse modelo, a preocupacdo maior é na estimativa da
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sucessdo ecologica do que na acurada estimativa da producdo madeireira
(VANCLAY, 1994).

2.3 Avaliacéo de projetos florestais

Segundo Duerr (1960), em todas as partes do mundo, o crescente
interesse em culturas florestais e sua utilizacdo vém demandando uma nova
atencdo, sobretudo nos aspectos econémicos da atividade. Apesar de antiga, tal
citagdo ainda € valida, principalmente no caso de culturas recentes no Brasil,
como é o caso do mogno africano. Para Rezende e Oliveira (2013) a analise
econbmica de um projeto de investimento envolve o uso de técnicas e critérios
de andlise, que comparam 0s custos e as receitas inerentes ao projeto, visando
decidir se este deve ou ndo ser implementado.

Vale salientar a diferenga entre uma anélise econdmica e uma anélise
financeira. Segundo Cubbage et al. (2013), a primeira, muitas vezes referida
como analise de custo beneficio, leva em consideracdo o ponto de vista social e
permite que os investidores comparem 0s custos e receitas em termos sociais,
incluindo a capacidade organizacional da comunidade, componentes ambientais
e valoracgdo de produtos ainda ndo vendidos no mercado. Ja a analise financeira,
estuda os custos, retornos e a selecdo de projeto para uma comunidade singular,
proprietarios ou empresas, com a intengdo de maximizar o retorno do capital
investido, medido conforme os precos de compra e venda de mercado.

Em outras palavras, a analise financeira tem a intencdo de determinar se
entidades individuais irdo maximizar o seu retorno ou valores presentes,
baseando-se no fluxo de caixa e retornos obtidos ao longo da duragéo do projeto.
E a andlise econdmica tem a intencdo de ter uma perspectiva mais ampla dos
custos e beneficios de um projeto do ponto de vista da comunidade, do pais ou
da sociedade como um todo (CUBBAGE et al., 2013). Uma breve distin¢éo
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entre as principais pressuposicdes, abordagens e aplicacGes de cada uma das
andlises pode ser conferida na Tabela 2.

Tabela 2 Principais pressuposicoes, abordagens e aplicacGes da analise econdmica e
financeira em projetos florestais.

Caracteristicas

Andlise Financeira

Analise Econdmica

Pressuposicgdes de
Valor Econdmico

Possuem utilidade
mensuravel; procuram
maximizar o retorno; preco
de equilibrio do mercado
medem as preferéncias
pessoais.

Individuais e da sociedade
procuram maximizar a
utilidade;  valor  agregado
econdmico e social medem as
preferéncias da sociedade.

Eficiéncia; retornos; valor

Eficiéncia; rede de beneficios

Critério presente financeiro e taxas  sociais; valores econdmicos
de Decisdo de retorno. presentes e taxas de retorno.
Equacdes de crescimento e  Equacg0es ou dados
Fungdes producdo; estudos ao longo  disponiveis; processos
de Producéio do tempo; cadastro ecoldgicos mensurados.
histérico.
Medido conforme valores Medido  conforme  valores

Custos e Pregos

comerciais de mercado.

comerciais de mercado; preco
sombra; disposicdo a pagar e
valor econdmico total.

Efeito das mudancas de
mercado ou projeto

Mudancas no preco
multiplicadas pela
quantidade alterada.

Mudancas no valor excedente
do consumidor e do produtor.

Dados Utilizados

Preco de mercado; preco
de séries de relatorios;
dados histéricos; precos de
atacado e varejo.

Preco de mercado, andlise
revelada da  preferéncia;
pesquisas de preferéncias.

Aplicac6es

Andlises individuais,
comunitarias,
organizacionais,
empréstimos bancérios;
taxacao e subsidio.

Analises na sociedade,
comunidade, ponto de vista do
pais; entidades individuais;
agéncias fomentadoras.

Fonte: Adaptado de Cubbage et al. (2013)
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Assim, diversos sdo os métodos para avaliacdo de projetos florestais,
que se dividem nagueles em que ndo se considera a variacdo do capital no
tempo, e métodos em que se considera a varia¢do do capital no tempo (SILVA et
al., 2005). Os mais difundidos no Brasil sdo aqueles que consideram a variacao
do capital no tempo (TSUKAMOTO FILHO et al., 2003; SOARES et al., 2003),
devido o longo prazo da atividade florestal e a conjuntura econémica do pais,
sdo eles: valor presente liquido (VPL), taxa interna de retorno (TIR), razédo
beneficio/custo (B/C), valor periddico equivalente (VPE) ou beneficio (custos)
periodico equivalente (B(C)PE) e custo meédio de produgdo (CMP). As
formulagGes e demais caracterizagdo dos métodos estdo bem descritos em Silva
et al. (2005), Rezende e Oliveira (2013) e Cubbage et al. (2013).
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3 CARACTERIZAGAO DA BASE DE DADOS

A base de dados empregada no presente estudo é proveniente de
inventarios florestais continuos, realizados na maioria dos casos, desde o ano de
2010, em diferentes plantios localizados no Brasil, com localizagdes geogréficas

ilustradas na Figura 1.
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Figura 1 Localizagdo das areas do estudo e suas respectivas classes de solo.
Fonte: Da autora (2017).

Em relagdo as classes de solos, as Fazendas Guaicara e Buracas
(atualmente denominada Floresta da Canastra) pertencem a classe de solo
Cambissolo héplico; as Fazendas Quenta Sol, Aventura e Meta pertencem a
classe de solo Latossolo vermelho; as Fazendas Atlantica, Jaciba e Foco

pertencem a classe de solo Latossolo vermelho-amarelo e; a Faz. Norton

pertence a classe de solo Latossolo amarelo (FIGURA 1).
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No estado de Minas Gerais predominam quatro tipos distintos de clima:
o clima subtropical de altitude (Cwb, segundo a classificagdo climatica de
Koppen), tendo estiagens no inverno e temperaturas amenas durante o ano, cuja
temperatura média do més mais quente € inferior a 22°C; o clima subtropical de
inverno seco com temperaturas inferiores a 18°C e um verdo quente com
temperaturas maiores de 22°C (Cwa); clima tropical com inverno seco (Aw),
tendo estagdo seca no inverno e chuvas abundantes no verdo, com precipitacoes
anuais entre 750 mm a 1.800 mm; e o clima seco com chuvas no verdo (BSw),
que ocorre no norte mineiro, com precipitacdes anuais sempre inferiores
a 1.000 mm e por vezes menores que 750 mm (EMBRAPA, 2014a). No estado
de Goiés, o clima predominante é o tropical com estacdo seca no inverno (Aw),
sendo qu,e Cardoso (2014), registrou outros trés tipos de clima segundo a
classificacdo de Koppen-Geiger: Am, Cwa e Cwb. Ja no estado do Pard, o clima
é do tipo tropical umido ou superimido (Af) ou subimido (Am) (EMBRAPA,
2014b).

Em todas as parcelas foram medidas as circunferéncias a altura do peito
(CAP), ou seja, medicao realizada a altura de 1,30 metros em relagdo ao nivel do
solo, além de parte das alturas total e do fuste. As demais alturas foram
estimadas por equacgdes hipsométricas. Entende-se por fuste, a parte do tronco da
arvore livre de galhos ou até o primeiro ponto de bifurcacdo. Em idade inferior a
dois anos, alguns plantios ndo tiveram a altura de fuste mensurada devido a copa
estar muito préximo do solo. Também foram cubadas rigorosamente em pé, 499
arvores em todos os plantios nas diferentes idades de medicdo, o volume foi
calculado pelo método de Smalian. Utilizou-se para a medi¢do do CAP das
arvores uma fita métrica graduada em centimetros, posteriormente dividido pela
constante pi e transformado em didmetro a altura do peito (d), e para altura total
e de fuste um hipsémetro Vertex Ill. Para medi¢do dos didmetros ao longo das

alturas um pentaprisma de Wheeler foi utilizado, e no plantio mais velho o


http://pt.wikipedia.org/wiki/Estiagem
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dendrémetro Criterion RD1000. A idade foi determinada a partir de informacdes
das datas de plantio disponibilizadas pelos produtores. Desta forma, 149 parcelas
foram utilizadas no presente estudo, com idade variando de 1,1 a 15 anos.

Com excecdo das Fazendas Atlantica, Faz. Quenta Sol, Faz. Meta e
Foco, que possuem sistema de irrigacdo devido ao pronunciado déficit hidrico
(principalmente no norte de Minas Gerais), as demais fazendas utilizam o
regime de sequeiro, porém, com adubagdes constantes e tratos silviculturais
realizados periodicamente. Algumas fazendas adotam espagamentos variados,
sendo entdo, apresentado o espagamento mais representativo da area, destacando
0 consorcio com pimenta do reino no inicio da rotagdo do povoamento mais
velho (Faz. Norton). As principais caracteristicas das areas (fazendas) em que se
realizou os inventérios florestais continuos, ou seja, onde foram instaladas

unidades amostrais de carater permanente, estdo apresentadas na Tabela 3.

Tabela 3 Caracterizacdo das &reas do estudo.

] Area  Espaca-
Area parcela mento Forma e nimero
Local Plantio (ha) (m?) (m) de parcelas

Faz. Atlantica, Pirapora (MG) mai/09 1214 1.075 6Xx6 Retangular (30)
Faz. Aventura, Nova Ponte

(MG) nov/10 191,3 787 4x6 Retangular (27)
Florestas da Canastra,

S&o Roque de Minas (MG) mar/10 56,5 800 5x7 Circular (27)
Faz. Guiacara, Piumhi (MG) jan/09 9,2 900 5,5x6 Circular (14)
Faz. Meta, Janaltba (MG) dez/10 2416 736 4x6 Retangular (12)
Faz. Foco, Janadba (MG) nov/08 96,0 728 4x6 Retangular (8)
Faz. Quenta Sol, Rio Manso

(MG) abr/09 24,9 800 4x5 Circular (7)

Faz. Jaciba, Amorindpolis (GO) fev/09 64,3 573 6x4 Circular (20)
Faz. Norton, Sto. Antdnio do
Tala (PA) jun/00 12,2 4371  12x12 Retangular (4)

Fonte: Da autora (2017)
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4 CONSIDERAGCOES GERAIS

O grande potencial do Brasil para o cultivo de florestas ganhou
propor¢Ges mundiais com o dominio da silvicultura de espécies, como eucalipto
e pinus. Para a espécie estudada, tudo ainda € novo no que tange as téncicas de
manejo, ciclo de corte e comercializagdo dos produtos florestais. Assim, o
trabalho aqui apresentado é pioneiro, e surge como uma investigacdo preliminar
sobre o crescimento e a produgdo de povoamentos de mogno africano no Brasil,
principalmente no estado de Minas Gerais.

Os modelos desenvolvidos para estimativa das alturas mostraram-se
satisfatorios. A modelagem mista com a correcdo da heterogeneidade de
variancia na regressdo foi a melhor equagédo para estimativa da altura total. O
modelo de Lundgvist-Korf com o método da curva guia se mostrou eficaz para a
classificacdo de sitios e para a predicao de altura dominante em povoamentos de
mogno africano.

No que tange ao sistema de prognose e avaliagdo financeira, as trés
situacbes de manejo aqui propostas (sem desbate, um desbaste ou dois
deshastes), para todas as classes de sitio, indicaram um retorno econdmico
positivo e uma producdo satisfatoria. Porém, vale ressaltar, que a base de dados
que gerou os resultados do estudo € bastante heterogénea, e que mais dados

devem ser agregados para a real capacidade preditiva dos modelos.
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Resumo

O setor florestal brasileiro estd em plena expansdo e com um aumento gradativo
de investidores florestais optando pelo cultivo de espécies de madeira nobre. O
mogno africano (Khaya spp.) € uma espécie que vém se destacando na
preferéncia dos empresarios ao optarem por investimento florestal. Porém,
estudos e pesquisas sobre a espécie, principalmente no Brasil, sdo escassos.
Assim, a presente revisdo procurou reunir diversas fontes de publicacdes
nacionais e internacionais, abordando aspectos histéricos do mogno, buscando
aclarar as caracteristicas da espécie e a experiéncia de outros paises no manejo

dessa cultura.

Palavras-chave: Mogno africano (Khaya spp.); plantios florestais; manejo
florestal.
Abstract

The Brazilian forest sector is fast growing with a gradual increase of forest
investors choosing high value woods for tree crops. African mahogany (Khaya
spp.) is a species that has been preferred by many entrepreneurs as a forestry
investment. However, studies and researches on the species, especially in Brazil,
are few. Therefore, this review aimed to bring together diverse sources of
national and international publications, relating to the history of the mahogany
and about characteristics of the species as well as the experience of other

countries on the management of this crop.

Keywords: African mahogany (Khaya spp.); plantations; forest management.
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1. Introducéo
O mogno africano (Khaya spp.), cuja uma de suas espécies é a Khaya

ivorensis A. Chev., é arvore de origem africana pertencente a familia boténica
Meliaceae, mesma familia do mogno nativo, da andiroba e do cedro. Possui
madeira nobre de grande potencial econdmico para comercializagéo interna e
externa, podendo ser empregada na industria moveleira, naval, construcao civil,
painéis e laminados, entre outros usos (Pinheiro et al., 2011).

No Brasil, a espécie teve seus primeiros plantios instalados na regido
Norte, e a crescente demanda por madeira tropical estd levando a novos
investimentos em plantios comerciais de mogno africano em todo o pais,
aquecendo o mercado florestal em torno da espécie. Diversos plantios de Khaya
spp. ja foram instalados na Australia, Asia e América tropical, porém poucos
estudos foram publicados discutindo resultados dos sistemas silviculturais
adotados, do crescimento e da produtividade, da analise econdmica e demais
frutos que fornecam aos manejadores e investidores florestais mais informagdes
para a tomada de decisdo na condugdo da espécie.

Dessa forma, a presente revisdo € uma reunido de informagoes
encontradas na literatura sobre a esséncia florestal, enfocando principalmente a

espécie Khaya ivorensis, devido ser a mais difundida, até o presente, no Brasil.

2. A origem da nomenclatura mogno
Lamb (1963) e Lamb (1967) se propds ao desafio de desvendar a

verdadeira origem da nomenclatura mogno, e, apds ampla discussdo sobre a
historia da colonizagdo da Jamaica pelos europeus, o autor afirmou que a raiz
linguistica da palavra mogno proveio da palavra “oganwo”, empregada pelas
tribos nigerianas Yoruba e Ibo. Tais tribos formavam uma porcdo consideravel
dos escravos africanos levados para a ilha jamaicana no periodo de colonizagdo
(século XVI), e esses utilizavam a palavra “moganwo” para designar a fartura de

arvores e madeira de mogno presentes na floresta.
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Em 1655, ap6s a tomada da ilha da Jamaica pelos ingleses, o termo
“mogano” foi adaptado para “mahogany” para designar o importante elemento
da vegetacdo local, detentor de excelente qualidade para fabricacdo naval e civil,
a Swietenia mahagoni. Naquele tempo, a distin¢do pelos escravos para arvores
do género Khaya e Swietenia ndo existia, pois, uma vez fixados na Jamaica
encontraram caracteristicas semelhantes entre as espécies, inclusive no uso
medicinal dos extrativos contidos na casca (Lamb, 1963 e 1967).

O processo exploratério do mogno (Swietenia spp.) foi crescente ao
longo do século XVI. A expansdo do comércio internacional e a crescente
demanda por sua madeira de propriedades nobres resultou no esgotamento das
fontes de facil acesso ao longo dos rios, conduzindo assim, esforcos para
desenvolver fontes alternativas para o abastecimento de madeira para o mercado
consumidor (Lamb, 1963; Revels, 2003). Portanto, em meados de 1880,
comerciantes de madeira da Inglaterra e demais paises europeus comecaram a
buscar outras fontes madeireiras provenientes de coldnias africanas. Assim, o
termo “mahogany” passou a designar, além do género Swetenia, as madeiras
africanas do género Khaya (Lamb, 1963). Atualmente, a nomeclatura mogno é
empregada apenas para madeiras e arvores de florestas tropicais americanas e
africanas dos géneros Khaya e Swietenia (Lamb, 1963; Ward et al., 2008).

A controvérsia com demais madeiras tropicais que utilizavam mogno
como sinonimia, tal como mogno das Filipinas, foi finalizada em 1963
garantindo ao comércio de madeira a idoneidade e padronizacdo do produto
designado como mogno (Lamb, 1963; Lamb, 1967). FAO (2001) reconheceu
que a familia Meliaceae pode ser chamada de “familia dos mognos” e distinguiu
os principais géneros conforme regido (Africa e América Latina). Ward et al.
(2008) afirmaram que espécies de madeira tropical pertencentes a subfamilia
Swietenioideae (mognos verdadeiros) incluem algumas das melhores madeiras

para movelaria no mundo, com base nas caracteristicas geralmente
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compartilhadas, tais como a estabilidade dimensional e trabalhabilidade. Em que
a subfamilia inclui os géneros Cedrela e Swietenia nos Neotropicos,
Entandrophragma, Khaya e Lovoa na Africa e, Chukrasia e Toona na Austréalia.
Reilly & Robertson (2006) afirmaram que os mognos da América do Sul
(Swietenia spp.) e Africa (Khaya spp.) sdo bastante conhecidos nos mercados

globais de madeira e ja sdo negociados por séculos.

3. Caracteristicas do género Khaya
O género Khaya spp. é denominado por muitos autores como mogno

africano (Lamprecht, 1990; Falesi & Baena, 1999; FAO, 2001; Opuni-Frimpong
et al., 2008b; Pinheiro et al., 2011). Segundo Fremlin (2011) existem cinco
espécies de mogno africano, denominadas: K. senegalensis, K. anthotheca, K.
grandifoliola, K. ivorensis e K. madagascarensis. Porém, para alguns autores, 0
género se divide em apenas quatro espécies (Pinheiro et al., 2011; Falesi &
Baena, 1999) ou mesmo em seis espécies (Wiselius, 1998 apud Khairul Alam,
2012), das quais quatro pertencem aos tropicos africanos e duas a Unido das
Comores e Madagascar. Segundo a lista vermelha de espécies ameacadas da
IUCN (2013), a espécie K. madagascariensis € a Unica classificada como
ameacada. Ja as demais espécies de Khaya sao classificadas como vulneraveis a
extincdo apenas em seus locais de origem.

Acajou D’Afrique (1979), Lamprecht (1990), Orwa et al. (2009),
Pinheiro et al. (2011) descreveram os aspectos ecoldgicos, silviculturais e
tecnoldgicos das diferentes espécies do género Khaya de forma detalhada. O
género pertence a familia Meliaceae e tém origem em diferentes paises africanos
(Ibrahim et al., 2006). De maneira geral, as arvores atingem grandes dimensdes,
com altura variando de 30 a 35 metros, podendo chegar a altura superior a 60
metros, o tronco pode atingir 2 metros de didametro e, geralmente, possuem

sapopemas na base para garantir a sustentacdo. As folhas sdo parepinadas, sendo
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deciduas ou sempre verdes dependendo da espécie. As flores sdo produzidas em
inflorescéncias em paniculas, o fruto é globoso e possui 5 a 8 centimetros de
didmetro, contendo quatro ou cinco valvas preenchidas com numerosas sementes
aladas e achatadas (Lemmens, 2008; Pinheiro et al., 2011; CABI, 2013).

O mogno africano, aqui se referindo a Khaya ivorensis A. Chev, é
arvore de origem africana, especificamente da porcdo ocidental do continente,
distribuido da costa leste de Costa do Marfim e Camarfes ao sul da Angola
(Verzignassi et al., 2009), podendo ocorrer no Congo (Lemmens, 2008; Orwa et
al., 2009). A espécie também é empregada em plantios florestais na sua area de
ocorréncia, além de ser plantada na Asia tropical, América do Sul e Australia
(FAO, 1997; Pinheiro et al., 2011; Dickson et al., 2011). Possui diversas
denominag@es vernaculares tais como: african mahogany e nigerian mahogany
pelos ingleses; Acajou D’Afrique pelos franceses e belgas; Afrikaans mahoganie
na Holanda, Khaya mahagoni na Alemanha e mogno africano pelos portugueses
e brasileiros (Falesi & Baena, 1999).

A Khaya ivorensis é planta heliéfila, porém tolerante a sombra durante a
fase jovem (Foli, 2000; Batista, 2010), sendo ainda classificada como espécie
pioneira ou secundaria tardia e, emergente enquanto posi¢do socioldgica
(Budowski, 1965; Denslow, 1987), regenerando-se em clareiras abertas na
floresta (Swaine & Whitmore, 1988). Classificada ainda, contraditoriamente aos
supracitados, como uma espécie ndo pioneira demandadora de luz (Hawthorne,
1990 apud Tchoundjeu & Leakey, 1996).

Em condic¢bes naturais, segundo Pinheiro et al. (2011), a K. ivorensis
pode atingir didmetro a 1,30 metros do solo (DAP) maximo de 2,1 metros e
altura de até 60 metros. O fuste desta arvore é reto, cilindrico e sem galhos até
uma altura de 30 metros.

Além das propriedades 6timas da madeira da K. ivorensis, a espécie em

seus locais de origem apresenta diversos usos medicinais (Zhang et al., 2011) e
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no tratamento de doencas (Tepongning et al.,, 2011) tais como malaria
(Tepongning et al., 2013), além dos diversos usos ndo madeireiros (Taiwo &
Ogunbodede, 1995; Pinheiro et al., 2011).

Silva (2010) e Carvalho et al. (2010) quantificaram a densidade basica
da madeira da espécie em 471 kg.m?, classificando-a como média. O valor foi
baixo provavelmente devido a idade jovem das arvores avaliadas, provindas do
municipio de Seropédica - RJ, com 10 anos de idade, 30 cm de DAP e 8 m de
altura de fuste.

No Brasil, a espécie foi introduzida inicialmente no norte do pais por
meio de sementes doadas ao pesquisador italo Falesi no ano de 1976, porém
apenas em 1989 as arvores oriundas do plantio dessas sementes se reproduziram
e permitiram a difusdo da espécie no pais. Assim, devido as restricdes impostas
no comércio do mogno brasileiro (Swietenia macrophylla), & semelhanca entre
as propriedades da madeira das diferentes espécies de mogno e, aliada a alta
resisténcia ao ataque do microlepidoptero Hypsiphyla grandella (principal praga
do mogno nativo quando cultivada em plantios puros, Poltronieri et al., 2000;
Conde, 2006; Krisnawati et al., 2011), os plantios de mogno africano se
expandiram em diferentes regides do pais.

Pesquisas de diferentes naturezas utilizando a espécie estdo se iniciando
no Brasil (Falesi & Baena, 1999; Gasparotto et al., 2001; Poltronieri et al., 2002,
Castro et al., 2008; Gomes, 2010; Tremacoldi et al., 2013). Siqueira et al.
(2002), ao avaliarem o comportamento de plantios florestais utilizando dezoito
espécies exdticas em Sergipe, constataram que o mogno africano possuiu
crescimento lento quando comparado as demais espécies, ndo sobrevivendo as
condi¢Oes da baixada litoranea. Carvalho et al. (2010) verificaram, apos testes
fisico-mecénicos, que a madeira de mogno africano apresentou densidade
aparente e basica considerada média, avaliacdo regular para cavilha, porém boa

caracteristica para utilizacdo na industria moveleira. Albuquerque et al. (2013),
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avaliando a ecofisiologia de plantas jovens de mogno africano, concluiram que
as mesmas sdo moderadamente tolerantes ao déficit hidrico, viabilizando
plantios comerciais em &reas sujeitas a periodos moderados de estiagem. Silva et
al. (2008) relataram o potencial da espécie para uso em sistemas agroflorestais
na Amazonia, mesmo sendo pouco difundida entre os produtores rurais e ainda

carente de estudos.

4. Plantio e manejo florestal de Khaya ivorensis
Os plantios mais velhos de Meliaceae, incluindo o género Khaya, foram

implantados na Nigéria no ano de 1928, mas medigdes periodicas ndo foram
realizadas até 1954, dificultando o acompanhamento corrente do crescimento
(Nokoe & Okojie, 1984). Resultados baseados em medicBGes continuas,
utilizando um sistema de amostragem bem definido, ainda sdo escassos na
literatura (Appiah, 2013). Trabalhos como os de Foli (2000), Krishnapillay
(2008), Ahmad Zuhaidi et al. (2006), Lemmens (2008) e Heryati et al. (2011),
retrataram um pouco da experiéncia na conducdo de plantios de K. ivorensis na
Africa e na Malasia. Na Austrélia, Nikles et al. (2012) apresentaram resultados
sobre plantios florestais, porém para K. senegalensis.

No Brasil, segundo a Associagdo Brasileira de Produtores de Mogno
Africano, j& sdo aproximadamente 3.430 hectares plantados com a espécie nos
Estados de Minas Gerais, Goias, Bahia, Espirito Santo e Santa Catarina. Porém,
a maioria dos plantios ainda é jovem, apresentando um crescimento inicial
médio no estado de Minas Gerais, nos primeiros 12 meses de vida, de 3,94 cm
de DAP e 2,97 m em altura (Lopes et al., 2012).

Castro et al. (2008) relataram que em sistemas silvipastoris no Para, o
mogno africano pode alcancar altura de fuste de 12 metros e DAP de 22
centimetros aos sete anos de idade. Falesi & Galedo (2002 apud Silva 2010),

estudando um reflorestamento no Para, encontraram valores de crescimento para
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0 mogno africano com media de altura total de 8,5 metros e de DAP de 15,5
centimetros aos 5 anos e 8 meses; ja aos 6 anos e 4 meses de idade a média de
altura total foi de 9,2 metros e DAP de 17,3 centimetros. Plantios em Minas
Gerais tém sido mais produtivos, atingindo valores de altura média de 3 m.ano™*

e DAP médio de 4 cm.ano, préximo aos cinco anos de idade (Figura 1).
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Figura 1. Valores médios de caracteristicas dendrométricas em plantios de
Khaya ivorensis localizados no Estado de Minas Gerais.
Figure 1. Mean values of dendrometric variables in Khaya ivorensis plantations
located in Minas Gerais State.

Ofori et al. (2007) afirmaram que o comércio continuo da madeira nativa
do mogno africano se encontra ameacado pela intensa exploragdo das florestas e
pelas dificuldades no estabelecimento de plantacGes de mogno em seu local de
origem, devido ao ataque da broca de ponteira Hypsipyla robusta Moore, mesmo

problema ocorrente para a S. macrophylla em relacdo a H. grandella. O ataque
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da Hypsipyla destréi os brotos terminais, fazendo com que se bifurquem,
retardando o crescimento e reduzindo o valor econémico da madeira (Grogran et
al.,, 2002; Lim, 2007; Opuni-Frimpong et al., 2008a). Ofori et al. (2007)
aludiram que plantacdes de K. ivorensis e K. anthotheca, em associacdo com
Azadirachta indica e Albizia lebbeck, deram uma resposta positiva no controle
da praga H. robusta.

Hawkes (1976) ja alertava que o emprego de plantios florestais poderia
ser uma alternativa para reduzir a pressdo nas florestas naturais e, a0 mesmo
tempo, garantir um controle de producgdo mais uniforme. Porém, o autor apontou
para 0 grave risco em se ter uma base genética reduzida e a consequente
fragilidade ao ataque de pragas e doengas. No Brasil, estudos sobre a
variabilidade genética estdo se iniciando, uma vez que grande parte das sementes
utilizadas nos plantios brasileiros provém das mesmas matrizes instaladas no
Estado do Paré.

Jeyanny et al. (2009), ao estudarem o efeito da deficiéncia de
macronutrientes no crescimento e vigor de mudas de Khaya ivorensis,
concluiram que a falta de N, P, K, Ca e Mg nas mudas manifestaram um efeito
visual dos sintomas de deficiéncia nutricional, além de interferirem no
crescimento e na concentracdo de nutrientes nos tecidos das plantulas. Destacou-
se a importancia do magnésio para o crescimento da muda, e do potéssio, que
afeta diretamente o contetido de nutrientes nos tecidos da plantula.

Lemmens (2008), no seu estudo sobre essa espécie, levantou vérias
tendéncias de crescimento em condi¢Ges de plantio. O autor concluiu que o
mogno africano pode ser considerada espécie de crescimento médio, exigente de
luz e com propriedades de desrama natural (galhos mortos se desprendem do
fuste sozinhos). Em solos férteis na Costa do Marfim, plantios com 31 anos de

idade e densidade de 70 arvores por hectare atingiram valores médio de
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produtividade de 8 m3.ha'.ano™, com DAP médio de 57 cm e altura média de
38,5 metros.

Em plantios na Malésia, em que a rotacdo esperada é de 30 a 60 anos,
produtividades de 7,5 m3.hat.ano™ foram relatadas aos 27 anos de idade, em que
as caracteristicas médias de crescimento das arvores individuais foram de 1,8
cm.ano® em DAP e 1 m.ano? em altura. No mesmo pais, aos 40 anos de idade,
foram relatadas arvores médias com 23,5 m de altura e 29,5 cm de DAP
(Lemmens, 2008).

Dupuy & Koua (1993) realizaram varios estudos aplicando diferentes
técnicas de manejo do mogno africano em plantios na Costa do Marfim.
Segundo esses autores, 0s melhores resultados serdo obtidos em plantios de alta
densidade (espacamento de 3x3 m) empregando desbastes subsequentes ao
longo dos anos do plantio, podendo as arvores atingirem altura de 20 metros, aos
vinte anos, e DAP de 50 cm, préximo aos quarenta anos de idade.

Na Malasia, Aminah et al. (2005) relataram 0 crescimento de um
experimento de K. ivorensis aos sete anos de idade, utilizando espacamento de
3x3 m (1.111 arvores.ha), sendo as mudas plantadas provenientes de estaquia
de plantas adultas. Aos sete anos, o plantio apresentava sobrevivéncia de 87,8%,
com DAP médio de 18,8 cm (incremento médio de 2,69 cm.ano™) e altura média
de 15,8 m (incremento médio de 2,26 m.ano?). Heryati et al. (2011),
pesquisando a performance do crescimento e acumulagdo de biomassa em
plantios de 5 anos de idade de K. ivorensis, em diferentes classes de solo
também, na Malasia, encontraram valores de incremento em volume variando de
43 m3.hat a 53 m3.hat, com DAP médio variando de 11,6 a 14,4 cm e altura
média variando de 7,8 a 10,6 metros.

Quanto ao crescimento da espécie em idades mais avangadas, Ahmad
Zuhaidi et al. (1999) relataram o crescimento de um plantio estabelecido em

1957 utilizando um espagamento de 3x3 metros, localizado na Mal&sia, em uma
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area com precipitacdo anual de 2000 a 2900 mm. Os autores apresentaram 0S
valores para o plantio de 40 anos de idade: DAP médio de 29,5 cm; 23,5 m de
altura média; de area basal média de 26,6 m2.ha' e volume médio de 305,5
m3.hat. J4, no Brasil, os individuos de idade mais avancada, localizadas no
Embrapa Amazonia Oriental, Belém (Figura 2), sdo as quatro arvores matrizes
das sementes que deram origem a maioria dos plantios no pais. Estas arvores
possuem, atualmente, 37 anos de idade e foram plantadas isoladas, a
aproximadamente 20 metros de distdncia uma da outra. Enquanto uma destas
arvores apresenta tronco muito tortuoso, as trés arvores restantes possuem forma
excepcional. Atualmente, as trés arvores de boa forma possuem DAP médio de
1,3 m, altura total média de 38 m e altura de fuste de 12,4 m. O elevado
crescimento destes individuos (3,6 cm/ano para DAP e 1 m/ano para altura
total), em idades tdo avangadas mostra o potencial de crescimento extraordinario
da espécie. No entanto, é importante ressaltar que para que plantios de mogno
africano atinjam porte tdo elevado, a densidade final deve ser baixa
(aproximadamente 17 N/ha, considerando espacamento final de 30x20 m),

obtida por meio de desbastes.
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Figura 2. Arvores pioneiras de mogno africano plantadas no Brasil (Belém,
IF;'iz)ﬁre 2. First African mahogany trees planted in Brazil (Belém-PA).

Os plantios de mogno africano instalados na Asia geralmente contam
com um espagamento inicial de 3x3 m, sendo realizados subsequentes desbastes
para reduzir a densidade inicial de 1.111 &rvores por hectare, para valores em
torno de 200 a 350 arvores, almejando um corte final entre 20 e 25 anos. Na
Africa, ¢ comum o emprego do enriquecimento nas florestas naturais, ou seja, a
introducdo de espécies de interesse comercial na floresta com aplicacdo de
diferentes atividades silviculturais, encontrando a cada 3 hectares uma arvore
exploravel de interesse comercial. Existem, também, plantios nos locais de
origem que sdo realizados com espacamentos diversos (Foli et al., 2003), porém,
menos preferidos devido ao ataque da broca de ponteiro. No Brasil, até o
presente, ndo existem dados publicados sobre as tendéncias de crescimento da

espécie em questdo. Os plantios realizados aqui possuem caracteristicas
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distintas, marcadamente os espagamentos mais amplos (5x5, 6x6, 5x6, 5x8

metros, entre outros) e tratos silviculturais mais adequados.

5. Comercializacdo da madeira de Khaya spp.
O género Khaya é amplamente comercializado pela sua madeira desde o

inicio do século passado e devido a exploragdo predatéria, individuos com
grandes dimens0es séo raros em alguns de seus locais de origem (Arnold, 2004).
O comércio do mogno africano é consolidado devido as caracteristicas
tecnoldgicas e a beleza de sua madeira; é utilizado na industria moveleira, na
construgdo naval e em sofisticadas construcdes de interiores (Agbedahunsi et al.,
2004; Ward et al., 2008; Opuni-Frimpong et al., 2008c).

Khaya ivorensis possui madeira de coloragdo vermelha a marrom palido,
densidade basica média de 0,47 a 0,58 g.cm™ e boa trabalhabilidade (CABI,
2013). Assim, a madeira do género Khaya é muito valorizada no mercado
internacional, com valores do metro clbico de toras nativas atingindo
aproximadamente US$ 1.000, conforme valores de importacdo e exportacdo de
diferentes produtos de madeira do género Khaya publicados pela International
Tropical Timber Organization (ITTO, Tabela 1).


http://www.sciencedirect.com/science/article/pii/S0944711304000200
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Tabela 1. Valores monetarios por metro cubico e quantidade de diferentes produtos de
Khaya spp. importados e exportados por diferentes paises, adaptado de ITTO (2008,
2009, 2010 e 2011).
Table 1. Monetary values per cubic metre and quantity of different products of Khaya
spp. imported and exported by different countries, adapted from ITTO (2008, 2009,

2010 and 2011).

Importacéo Exportagéo
Volume Preco Volume Preco
Pais Produto Ano (1000m3) (US$/m3)  (1000m?3) (US$/m®)
2006 22 386 1 778
2007 28 405 1 823
Toras 2008 21 456 1 925
2009 14 365 <1 741
2010 16 403 <1 819
2006 12 827 <1 3924
Franca Madei 2007 11 1178 <1 2307
adeira
laminada 2008 10 1273 <1 4255
2009 4 1096 <1 3641
2010 9 1012 <1 3475
painel d 2006 2 775 11 1284
ainel de
madeira 2007 3 748 10 1558
2008 - 9 1634
2006 18 488 1 664
2007 16 481 1 684
Toras
2008 9 573 <1 1695
2009 6 1428 <1 1397
2006 <1 1372 - -
Portugal Madeira 2007 <1 1107 - -
laminada 2008 1 460 1 386
2009 <1 303 <1 663
2006 3 808 - -
Painel de 2007 1 981 - -
madeira 2008 <1 1583 - -
2009 <1 875 - -
2008 <1 787 - -
Toras
- 2009 <1 787 <1 269
Coréia do
sul Madeira 2008 <1 2667 - -
laminada 2009 <1 2030 <1 1217
Holanda Toras 2009 <1 840 B B
2010 <1 742 - -
- Madeira 2009 1 1283 - -
Australia
serrada 2010 1 1103 - -

* Os dados de quantidade foram ponderados para 0s casos que relataram mais de uma
espécie no mesmo produto comercializado.
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Dados sobre a comercializacdo de madeira de Khaya ivorensis provindas
de florestas nativas localizadas na Republica do Gana foram relatados pela ITTO
(2008, 2009, 2010 e 2011) e sdo apresentados na Tabela 2.

Tabela 2. Valores monetarios por metro clbico e quantidade de diferentes
produtos de Khaya ivorensis exportados da Republica do Gana (ITTO 2008,
2009, 2010 e 2011).

Table 2. Monetary values per cubic metre and quantity of different products of
Khaya ivorensis exported from the Republic of Ghana (ITTO 2008, 2009, 2010
and 2011).

Produto Ano Volume (1000m?) Preco (US$/md)
2006 17 755
2007 15 878
Madeira serrada 2008 13 884
2009 5 545
2010 8 844
2006 5 1938
2007 4 2341
Madeira laminada 2008 4 1799
2009 2 1559
2010 2 1507
2006 7 449
. 2007 10 437
2009 11 552
2010 10 516

Conforme citado anteriormente, 0s precos pagos no mercado
internacional sdo referentes a madeiras provenientes de florestas tropicais
naturais. Assim, pregos de mercado da madeira oriunda de plantios ainda séo
especulados. Segundo ITTO (2012) o Panama exportou madeira serrada de
Khaya spp. pelo valor médio de US$ 267/md. Portanto, esse valor é, até o
momento, 0 Unico publicado para o comércio de Khaya proveniente de plantios

comerciais fora dos locais de origem. Em relatérios mais atuais da ITTO (2015)
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valores de exportagdo da madeira nativa de K. ivoresnis seca em estufa
atingiram 1.049 euros/m3 e madeira nativa seca ao ar livre 650 euros/m3.

Sabe-se da importancia das plantagdes florestais para garantia do
fornecimento interno e externo de madeira (Hartley, 2002). A area mundial de
plantios é crescente e, recentes estudos argumentam que antes do ano de 2050
todos os produtos madeireiros serdo derivados de plantios florestais manejados
(Dyck, 2003).

6. Considerac0es finais
Plantios florestais manejados de forma sustentavel possuem maltiplas

fungdes ambientais que s&o importantes tanto em escala nacional, como
internacional, além de desempenhar um papel vital no desenvolvimento
sustentavel suprindo as exigéncias do mercado consumidor.

O Brasil é referéncia em termos de silvicultura e velocidade de
crescimento de espécies arbdreas, fato atestado pelo crescimento satisfatério de
plantios jovens de mogno africano localizados principalmente em Minas Gerais,
bem como pelo porte e desenvolvimento de arvores de mogno africano mais
velhas, localizadas no Para. Porém, estudos aprofundados quanto a viabilidade
da implantacdo da Khaya ivorensis no pais devem ser desenvolvidos, bem como
pesquisas de outras naturezas, que permitam o manejo adequado da espécie a
fim de garantir o retorno econdémico desejavel e a correta domesticacdo da

espécie.
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SUMMARY

Tree height measurement is one of most difficult activities in forest inventories
data gathering, although it is a fundamental variable to support forest
management, since it is input for modelling growth and yield. To overcome this
obstacle and ensure that the heights of trees are estimated accurately,
hypsometric relationships are used. Therefore, the objective of this study was to
compare different fitting strategies (nonlinear least square, mixed effect and
weighted regression) to predict tree height in Brazilian African mahogany
plantations using well know local and generalized models. Data were gathered
on 149 permanent plots sampled in different Brazilian regions and ages, totaling
4,201 height-diameter pairs. Different models were evaluated and the best
method to estimate the height-diameter relationship was based on statistical and
graphical criteria. A local model using mixed effects with correction of
heteroscedasticity was efficient and superior to other models evaluated.
However, when using an independent data base, the generalized model adjusted
by nonlinear least squares generates adequate results that are scaled to the plots’
productivity, since the inclusion of dominant height into the model helps to
predict height locally.

Key words: African mahogany, forest inventory, statistical modelling.

RESUMEN

Medicion de la altura del arbol es uno de las actividades mas dificiles de
coleccién de los datos de inventarios forestales, aunque es una variable
fundamental para apoyar el manejo forestal una vez que es data de entrada para
la modelacién del crecimiento e produccion. Para superar este obstaculo y
garantir que se calculan las alturas de los arboles con precision se utiliza la
relacién hipsométrica. Por lo tanto, el objetivo de este estudio fue comparar
diferentes estrategias de ajuste (minimos cuadrados no lineales, efecto mixto y
regresion ponderada) para predecir la altura de los arboles en plantaciones
brasilefias de caoba africana utilizando bien conocidos modelos locales y
generalizados. Los datos fueron recogidos en 149 parcelas permanentes
muestreadas en diferentes regiones brasilefias y edades, totalizando 4.201 pares
de altura-diametro. Diferentes modelos fueron evaluados y el mejor método para
estimar la relacion altura-didmetro se basé en los criterios estadisticos y graficos.
El modelo local usando efectos mixtos con la correccion de heterocedasticidade
fue eficiente y superior a otros modelos evaluados. Sin embargo, cuando se
utiliza una base de datos independiente el modelo generalizado ajustado por
minimos cuadrados no lineales genera resultados adecuados que se ajustan a la
productividad de las parcelas, ya que la inclusién de la altura dominante en el
modelo ayuda a predecir la altura a nivel local.

Palabras clave: Caoba africana, inventario forestal, modelizacién estadistica.
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INTRODUCTION
Tree height measurement is one of most difficult, time consuming and

expensive activities in forest inventories data gathering (Ribeiro et al. 2010;
Sharma and Breidenbach, 2015), although it is a fundamental variable to support
forest management since growth and yield models rely on accurate measures of
diameter and estimates of total tree height (Sharma, 2016). In many situations,
foresters save time and effort by directed measurements of just a few trees inside
the plot and predicting the other tree heights using a mathematical equation.

Height-diameter relationship (also known as hypsometric relationship)
can be classified as local and regional/generalized (Trincado and Leal 20086,
Paulo et al. 2011). The first type is usually dependent on one variable,
commonly the diameter, and the second adds, besides diameter, stand variables
or even inclusion of random effects models and dummy variables for eco-region
(Temesgen et al. 2014).

Huang et al. (2009), Robinson and Hamann (2011), and Zang et al.
(2016), among others, report that it is very common for data from natural
resources to violate basic statistical assumptions for application of regression
analysis via ordinary least squares method (OLS). This is because biological
data may have temporal, spatial and hierarchical structure with dependence
between observations, leading to a biased estimate of the parameters’ confidence
intervals. In mixed models, random effects are introduced in the model
parameters at different levels such as: region, site, plot, and tree (Ou et al. 2015,
Zang et al. 2016) in order to fix such dependences. Thus, studies using mixed
effect modeling are used with significant gains to predict tree height (Calama
and Montero 2004, Shawn et al. 2009, Paulo et al. 2011).

African mahogany cultivation is recent outside the species’ countries of
origin. In Brazil, the activity began in 1976 in the state of Para and since then its

cultivation is an alternative to the native mahogany (Swietenia macrophylla)
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market, with is immune to exploration since it is in threat of extinction (Franga
et al. 2016) and restricted in homogeneous plantations due to attacks by the
Meliaceae shoot borer Hypsipyla grandella. Therefore, the objective of this
study is to compare different fitting strategies to predict tree height in Brazilian
African mahogany plantations using well know local and regional models fitted
by: i) nonlinear least squares; ii) mixed effect and iii) mixed effect with
correction of heteroscedasticity modelled by power-variance function. As a
hypothesis, we expect that the modelling approach that most details the
estimated values residual errors (i.e. mixed effect with correction of
heteroscedasticity modelled by power-variance function) will yield the best
results; also, we believe that regional models will provide a simple means for

users to apply the models generated here to their own databases.

METHODS
The data from the African mahogany plantations used in this research

has similar forest management and genetic bases, with age ranged from 1.9 to 14
years old and at least two re-measurements. Diameter (d) and height (h > 1.3 m)
data set were gathered using metric tape and Vertex Il hypsometer,
respectively, from 149 permanent plots located in different Brazilian regions,
totaling 4,201 height-diameter (h-d) pairs (figure 1).
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Figure 1. Stands location (represented by a star) and plot of total tree height (h)
versus diameter at breast height (d) for the model fitting data (n=4,201).

Ubicacion del rodal (representado por una estrella) y gréafico de altura
total del &rbol (h) contra el diametro a la altura del pecho (d) para los datos de
ajuste de los modelos (n = 4.201).

Dominant height (hdom) was defined as being the mean height of the 30
thickest trees per hectare (Ribeiro et al. 2016), and not of the 100 thickest trees
per hectare, as usual, due the low density of the plantations in Brazil (spacing
used at most plantations is 6 x 6 m, and 12 x 12 m for the oldest). Similar
methodology was adopted by Paulo et al. (2011) for Quercus suber studies in
Portugal and Danquah (2012) for African mahogany species planted in Ghana,
where they selected 25 and 40 thickest trees per hectare, respectively, to
determinate mean dominant height.

A graphic of analysis of the data was performed for detection and
exclusion of extreme observations, attributed to measurements errors, trees that
were dead, damaged, and presenting a broken top or trunk. A summary of the

descriptive statistics of the data set used in this study are presented in table 1.
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Table 1. Summary statistics for the African mahogany plantations hypsometric
data set (n=4,201), where SD = standard deviation.
Resumen estadistico del conjunto de datos usados para la hipsometria

de plantaciones de caoba africano (n=4.201).

Variable Minimum Mean Maximum SD
d (cm) 1.3 15.1 69.3 5.7
h (m) 1.4 11.3 31.2 4.2
hdom (m) 3.8 12.3 28.2 3.9
Age (years) 1.9 4.2 14.0 1.6
Number of trees per hectare 55 320 563 70
Basal area (m2.hat) 0.4 5.9 16.2 3.2

Model fitting and selection

In general terms, regression analysis aims to represent the distribution of
a dependent variable () subject to values of an independent variable of known
values (X), f(Y|Xy, ..., X;), written in algebraic linear function [1].
Yi=PBo+p1Xi+& [1]
Where: S, and B; are fixed parameters and ¢; are errors; following the
assumptions of ordinary least squares method: 1) the relationship between X and
Y is linear; 2) £~N(0,02); 3) g are independent and 4) the sample is
representative of the population for which the inference is being made.

Several models are used to represent the relationship between height and
diameter in forest data and, studies have emphasized the superiority of non-
linear models (Huang et al. 2009, Mehtétalo et al. 2015). The mathematical
expressions tested in this study are presented in table 2. A 1.3 constant was used

to avoid the prediction of a height less than 1.3 meters when d is small.
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Table 2. The mathematical functions applied for height estimative*.

Funciones matematicas utilizadas para la prediccion de la altura*.

Model Mathematical function
d
h=134+-—— &
L P Gt par
5 }1_13+7(1M)}31
o Bo-d
X =13+ 500
h =13+ By exp(B.d 1)
dZ
5 h= st e P h.d+h,
h=1. I o D
6 B o6y d /6]
7 h =13+ By.[1 — exp(—p;. d)]F=
8 h = 1.3+ Bo. 911513[ B1. exp(—f2.d)]
0 h=13 1 exp [ﬁg+31( )Hs’z In(hdom) + Bs. ln(G')]
1o h =13+ exp [,&o +(’8 )+ﬁ2 ln(hdmn)]
I h713+exp[ﬁg+,811n(hdmn)+,82d1+B31n( )+§41n( )]
12 h =13+ exp [,80 + Bi.In(hdom) + Bz.t 71 + B5.1n(N.d) + Ba. ln( )]
13 h =13+ (hdom — 1.3). exp[(ﬁg Br. hdom + Ba. 1000) (d ddm)]
" h =13+ exp [,80 4 By 1™ 485 In(hdom) + B5.In(G) + Ba.In ( d)]
dg
15 h713+exp[,6’0+ﬁ-lt1+ﬁzln(d)+ﬁaln(dg r)]

*Where: B;=model parameters; h=total height (m); d=diameter at breast height (cm);
hdom=dominant height (m); G=basal area (m2.hal); N=number of trees per hectare;
t=age (years); dg=quadratic mean diameter (cm) and ddom=dominant diameter (cm).

For the local (models 1 to 8) and regional (models 9 to 15) functions
three fitting strategies were followed. The first consisted of estimative of
parameters without specifying any random effects, fitting a basic model by
nonlinear least squares techniques (NLS). Parameter estimates and all statistical
inferences were made using the program R (R Core Team, 2016) with the nls
function performing a nonlinear regression analysis via Gauss Newton
algorithm.

The second strategy (NLME) involved inclusion of a random effect in
the parameters estimates of the best models chosen in step 1, initially

considering all parameters as random as suggested by Pinheiro and Bates (2000),
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using the nlme package (Pinheiro et al. 2016) of R. The parameter estimation
was based on the maximum likelihood and nested models tests were made based
on the likelihood ratio (random part) and conditional F tests (fixed part). When
mixed models are used, the goal is to predict values for Y from a continuous
predictor variable X and add a categorical variable for each stipulated group,
written in algebraic form as presented in [2].

Yii = (Bi +up)-Xij + €5 [2]
Where: Y;; is the height of tree j on plot i and the corresponding tree diameter at
breast height by X;;, ; is the fixed parameter, u; is the random parameter and
g;; are residual errors. In this paper, it was defined as a group of random effect
the combination of the local, plot, and measurement occasion, totaling 380
groups. More detailed definitions on mathematics of mixed modeling process
can be found in Pinheiro and Bates (2000), Robinson and Hamann (2011) and
Mehtéatalo et al. (2015).

The third approach (WNLME) was made when we verified violations of
assumption of constant variance (homoscedasticity) in steps 1 and 2. If the plot
of the standardized residuals versus the fitted values showed that the within-
individual error variance was heterogeneous, a variance power function
(Var (¢) = 2. (d)?®) was used to model the variance error structure within
groups using covariates with an exponential parameter delta (3) estimated by
iterative processes. We chose initial 6 value=0.5, which implies a linear
relationship between the variance and tree diameter. A similar procedure was
performed by Paulo et al. (2011) and Mehtétalo et al. (2015) to fit height in
forest stands. We worked on the program R through the nlme package with
specification of the variance function by the argument weights.

The models were chosen according to the goodness-of-fit, predictive
ability, biological sense and compliance with the assumptions of OLS

(homoscedasticity, lack of autocorrelation and normality of residuals). The
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homoscedasticity was analysed using the plot of standardized residuals versus
predicted values, while the normality of model errors was inspected using a
normal probability plot. The goodness-of-fit of the functions was analyzed
through the root mean squared error (RMSE, [3]) and value of the Akaike

information criterion (AIC, [4]).

RMSE = /%:”2 [3]

AIC = —2In(mv) + 2p (4]
Where Y = observed dependent variable; ¥ = estimated dependent variable; n =
number of observations; In = natural logarithm; mv = maximum value of the

likelihood function and p = number of parameters of model.

RESULTS
Local model

Statistical criteria and visual plot analysis of residuals versus fitted
values for each fitted model (table 3) showed that the models 1, 4 and 7 had the
best results considering the local models adjusted by nonlinear regression using

least squares method (NLS).
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Table 3. Coefficients and goodness-of-fit of the local height diameter functions

using least squares method (NLS)*

diametro utilizando el método de los minimos cuadrados (NLS)*.

Coeficientes y bondades de ajuste de las funciones local de altura y

NLS 8o B B, RMSE AIC

Model 1 2.504 0.145 - 1.78 16,767
Model 2 0.914 0.109 - 2.28 17,712
Model 3 105022  139.178 - 1.93 17,445
Model 4  32.732 -17.135 - 1.77 16,735
Model 5 0.005 1.541 -2.146 2.06 17,990
Model 6  23.021 15.147 6.889 1.81 16,919
Model 7 25.946 0.065 1.966 1.76 16,675
Model 8 23.550 3.561 0.096 1.78 16,754

*All estimated parameters are significant at P level < 0.05.

The goodness-of-fit criteria for all equations were similar (table 1), with

a slight superiority for model 7, followed by models 4 and 1. However, the

residual plot for model 4 was biased, overestimating the predicted heights below

5 meters and all models showed trends of non-normality for higher values of

prediction (figure 2).
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Figure 2. Residual versus fitted values and normal Q-Q plot for the best local

fitted models.

Valores residuales versus valores ajustados y Q-Q normal grafico para
los mejores modelos locales ajustados.

The distribution of residuals for models 1 and 7 were similar, as was
their goodness-of-fit, being model 1 chosen for the other two fitting strategies,
since it has less parameters, and fitted better for the higher height values (larger
than 25 m). Model 1 was adjusted using a mixed effects model considering all
random parameters [5] where all variables were defined in [2].

.2
hij =13+ [(B0+u0i)+d(l[;1+u1i).dij]2

The fixed parameters estimated for model 1 with NLME and WNLME

[5]

fitting strategies, the variance parameters for the random effects in the mixed

model and the statistical criteria are presented in Table 4.
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Table 4. Estimative of fixed and random parameters, variance components for

the random parameters for model 1, where SE = standard error and SD =

standard deviation.

Estimacion de parametros fijos y aleatorios, componentes de varianza

para los parametros aleatorios para el modelo 1, donde SE = error estandar y SD

= desviacion estandar.

Strategy Parameters Valuee SE RMSE AIC
Bo 1.9759 0.0414 1.23 15,222
Fixed effects B1 0.1801 0.0021
SD (o) 0.6069
2) NLME SD (uy) 0.0224
Random Correlation:
effects (U u)  -0.8780
Residual
variance 1.2991
Fixed effects Bo 2.0561 0.0392 1.24 14,710
B1 0.1756 0.0020
SD (uo) 0.5808
SD (us) 0.0221
3) WNLME  Random Correlation
effects (Uo, ) -0.8630
Residual
variance 0.1388
Variance

power function 0.8219

The residual plots (figure 3) shows a tendency of heterogeneity of

variance for the NLME method with inclusion of random effects on the

parameters, and correction of this when using a power type variance function

(WNLME) into the regression. The normality was not guaranteed for extreme

the values of height prediction for both methodologies (figure 3).
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Figure 3. Residual versus fitted values and normal Q-Q plot for model 1 with

different fitting strategies.

Valores residuales versus valores ajustados y Q-Q normal grafico

para el modelo 1 con diferentes estrategias de ajuste.

Generalized models

As for the local model fitting, generalized models were also first fit

using the NLS method without hierarchy, resulting in the following best models:

10, 11 and 13 (table 5) and residuals plot shown in figure 4.
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Table 5. Coefficients and goodness-of-fit of the generalized height diameter
functions*.
Coeficientes y bondades de ajuste de las funciones generalizadas de

altura e diametro*.

NLS Bo B4 B, B Ba RMSE  AIC
Model 9 0.0785 -0.6823 0.9246 0.0402™ 192 17,399
Model 10 1.3209 -9.1651 0.6427 1.38 14,659
Model 11 1.4024 0.6252 -9.7249 0.0115 -0.0265™ 1.38 14,652
Model 12 0.2828 0.6651 -2.2498 0.0231  0.5615 145 15,077
Model 13 -7.1662 0.0807™ -3.2597™ 141 14,784
Model 14 0.5014 -2.3690 0.6695 -0.0149™ 0.5792 1.46 15,085
Model 15 1.5972 -1.6892 -0.6270 0.2775 1.74 16,576

*ns = estimated parameters not significant at P level > 0.05.

Model 10

Standardized Residuals
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Figure 4. Residual versus fitted values and normal Q-Q plot for the best

generalized models fitted.

Valores residuales versus valores ajustados y Q-Q normal gréafico para
los mejores modelos generalizados ajustados.
We chose the more parsimonious model by selecting model 10 for

fitting of the two other fitting strategies. The inclusion of the random effect in
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the model parameters had best results for Sy, resulting in the following final
model [7]:

h; = 1.3 + exp [(ﬁ0+u0i) + (f—l) + Bz.ln(hdom]-)] [7]
ij

The fixed parameters estimated for model 10 with the NLME and
WNLME fitting strategies, the variance parameters for the random effects in the

mixed model and the statistical criteria are presented in table 6.

Table 6. Estimative of fixed and random parameters, variance components for
random parameters for Model 10, where SE = standard error and SD = standard
deviation.

Estimacion de parametros fijos y aleatorios, componentes de varianza
para parametros aleatorios para el Modelo 10, donde SE = error estandar y SD =

desviacion estandar.

Strategy Parameters Value SE  RMSE AIC
Fixed Bo 1.3760 0.0469 1.28 14,493
B1 -9.3996 0.1790
N|_2|2/|E effects B2 0.6268 0.0149
Random SD (uo) 0.0427
effects Residual variance  1.3035
Fixed Bo 1.5050 0.0441 1.27 14,187
offects B1 -9.5485 0.1504
3) B2 0.5807 0.0145
WNLME Random SD (uo) 0.0508

effects Residual variance 0.2789
Varlance_power 05688
function

When fitting [7] with the inclusion of random effects, a minor
improvement in the statistics used as selection criteria were observed, but the
residual distribution presented similarity to the model without hierarchy (figure

4), with a slight bias for height prediction for trees under 5 meters (figure 5).
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Figure 5. Graphical relationship between the standardized residuals and fitted
values for model 10 with different fitting strategies.
Relacion grafica entre los valores de los residuos estandarizados y

los valores estimados para el modelo 10 con diferentes estrategias de ajuste.

DISCUSSION
The main objective of the present study was to develop equations that

adequately predicted height for African mahogany stands in Brazil, respecting
statistical assumptions and parsimony. While some studies have reported growth
parameters and wood quality for Khaya ivorensis plantations considering limited
stand variation (e.g. Silva et al. 2016; Ribeiro et al. 2016), to our knowledge,
this study is the first to provide height-diameter models for a large scale
database in Brazil and beyond. Care must be taken when applying the models

outside the sampled database range (for other parts of the world or for ages
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greater than 14 years), especially considering the peculiarities of Brazilian
African mahogany silviculture (intensive management practices and wide
spacings).

It is expected that a model including stand variables (i.e. generalized
models) provide a better predictive equation for height, as noted by Trincado
and Leal (2006). It was clear in this work that when the models were fitted by
NLS method a predictive improvement of half meter error comparing local
model 1 with generalized model 10 occurred, besides the lowest AIC value for
the last equation.

Mixed effect modeling is one alternative to deal with correlated
observations, in which the variability between the sampling units can be
explained by including random parameters, which are estimated at the same time
as the fixed parameters (Calama and Montero 2004). Sharma and Parton (2007)
developing a h-d equation for species of boreal forest in Canada found that the
inclusion of random effects on the selected model parameters resulted in a lower
value of AIC and an improvement in the models’ predictive ability. Temesgen et
al. (2014) fitting the ratio of height and diameter for various species in China
used the mixed effect method in order to correct the hierarchical data structure
and generate a robust predictive equation. Our results confirmed this trend, were
the mixed effects models provided better results compared to the OLS
techniques.

For all selected models non-normality for extreme values occurred. Zang
et al. (2016) affirmed that since the height-diameter relationship is influenced by
numerous factors, it may be difficult to model using normal parametric models
and limitation of least-squares methods (e.g. normal distribution errors) may
present problems, especially in the case of generalized h-d equations. Crescente-
Campo et al. (2010) suggest the use of weighting factors to balance error

variance, to account for non-normality, and to take into account unequal
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selection probabilities. Although the impact of the weighting procedure was
minimal in their work, and the parameter estimates and approximate standard
errors showed the same magnitude, the goodness of fit statistics was also similar,
with slightly better values for the model fitted using unequal selection
probabilities. Our data is composed by seminal trees with no genetic
improvement, and the high variability in growth pattern is expected. Ofori et al.
(2007) studding the provenance variation in Khaya species found that 51% of
the observed variation in total height growth was genetically controlled,
highlighting the variations observed in growth parameters among progenies.

For the selected generalized model (model 10), the inclusion of a
random effect did not result in an explicit improvement of residual distribution
(figure 5), with a slight improvement on statistics values (table 6) comparing
with NLS method. That was expected since the inclusion of a stand variable into
the model works as a plot level control, improving the predictions in local scale.
The small effect of the random component for the generalized model was
confirmed its low value of standard deviation, of 0.04m compared to a residual
standard deviation of 1.14m for the NLME fit (table 6). The random
component’s standard deviation values were much more expressive for the local
models, reaching 0.61m compared to the residual standard deviation of 1.14m
for the NLME fit (table 4). However, when heteroscedasticity was corrected,
residuals were less biased and the values of the statistics were higher than for the
other fitting strategies. The relationship defined between the standardized
residuals and the tree height estimates did not suggest the presence of
heteroscedasticity associated with the error term for WNLME approach in the
local and generalized model selected, although non-normality still existed.
Calegario et al. (2005), estimating the height growth of clonal Eucalyptus trees,
obtained significant gains when modeling the heterogeneity of variance, where

the distribution of residues was significantly improved. We also came to the
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same conclusion when we applied the variance power function on the selected
model.

In the present study, the gain in the use of a generalized model (using
dominant height) compared to local models including random effects on the
parameters was not so significant. It is known that the dominant height is a
variable that reflects the local productivity, being correlated with the total height
of the trees, so the inclusion of the same in hypsometric designs results in an
improvement of the height predictions.

We plotted the different height-diameter selected models in varying
silvicultural scenarios to illustrate the models’ predictive ability, and also to
highlight the errors of selecting equations from literature without any calibration
(Figure 6). In Figure 6 we see that the most general model from our study
(Model 1_NLYS) is able to adequately describe the mean behavior of the height-
diameter relationship, but is not able to distinguish between different
productivities sites. Considering the strategies that take into account the plots’
productivity (Model 10 (gen.)_NLS and Model 1 (local) WNLME), we see that
they are able to better describe particular differences in the height-diameter
relationship in different plots (represented as black dots in Figure 6), with a
superiority for the mixed effects approach.
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Figure 6. Different height predictions for African mahogany dataset, where the
gray dots show the original data and the dark dots show the observed heights for
two sample plots.

Diferentes predicciones de altura para el conjunto de datos de caoba
africano, donde los puntos grises muestran los datos originales y los puntos

oscuros muestran las alturas observadas para dos parcelas.

Thus, the authors suggest that when a large scale database is available to
fit height-diameter models for Khaya ivorensis, model 1 using random location
parameters and correction of the heteroscedasticity of the residuals should be the
preferred method to estimate the height of unsampled trees. However, model
users that do not have this data can use the generalized model (model 10), since
inclusion of the dominant height into the model helps to predict height locally.
For Salas et al. (2016) in general models are good for the purpose which they
were built and it is very difficult to find a model that works well for all purposes.

Finally, to illustrate the need for calibration of the height-diameter
relationship and also to adhere to the range of the sampled database, we also

plotted a model from Silva et al. (2016) in Figure 6. These authors presented a
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local equation fitted with NLS method to predict height in 4-year-old African
mahogany stands close to the ones studied in this study. Here we see that while
Silva’s model predicted the height variation reasonably well for trees with
diameters with 10 to 20 cm, it provided large underestimation outside this range

specially for larger trees (d > 40 cm).

CONCLUSION
The modelling approach that most details the estimated height values

residual errors (mixed effect considering each plot’s measurement occasion as
the random effect and with correction of heteroscedasticity modelled by power-
variance function) yielded the best results. However, given the fact that users
will not always have a large database at their disposal, the generalized model 10
fitted using the plot’s dominant height can be applied to successfully estimate

tree height of other Khaya ivorensis stands.
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ABSTRACT

Site quality estimation is an important tool in forest management since it is
useful for modeling growth and yield for even-aged stands. Data from African
mahogany (Khaya ivorensis A. Chev.) Brazilian plantations were used to
develop a model to predict dominant height growth, comparing dynamic base-
age invariant site index models with the guide curve method (static models). For
the evaluation of the candidate models qualitative and quantitative criteria were
used. We also verified the stability of the candidate models, preferring a model
providing fewer site class changes when predicting site index from different
ages. The Lundqvist-Korf function fitted with the guide curve method proved to
be effective and accurate for site classification and dominant height predictions
of African mahogany stands. The range of observed site index, at a reference age
of 15, was between 17 and 33 meters.

Key words: forest management, nonlinear equations, dominant height, site

index

RESUMO
A estimativa da qualidade de sitio € uma importante ferramenta para 0 manejo
florestal, uma vez que auxilia na modelagem do crescimento e produgdo de
florestas equianeas. Dados de plantios brasileiros de mogno africano (Khaya
ivorensis A. Chev.) foram utilizados para avaliar modelos de crescimento em
altura dominante comparando modelos dindmicos invariantes com a idade
padrdo e modelos estaticos (método da curva guia). Para a avaliagdo dos
modelos foram utilizados critérios quantitativos e qualitativos. Também foi
verificada a estabilidade dos modelos candidatos, sendo preferido o0 modelo que
resultou em menos mudancas de classes na predicdo da mesma parcela em
diferentes idades. O modelo de Lundqvist-Korf com o método da curva guia se

mostrou eficaz, sendo recomendado para a classificagdo de sitios e para a
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predicéo de altura dominante em povoamentos de mogno africano. A amplitude
dos indices de sitio, na idade de referéncia de 15 anos, foi de 17 a 33 metros.
Palavras-chave: manejo florestal, equacbes ndo lineares, altura dominante,

qualidade de sitio.

INTRODUCTION
African mahogany, that includes the species Khaya ivorensis A. Chev.,

is a tree species that belongs to the botanical family Meliaceae and is well
known in the international wood market (PINHEIRO et al., 2011). The recent
cultivation of the species outside its native location is relatively new starting in
Brazil in 1976 at Para state with five seedlings (FALESI; BAENA, 1999). These
specimens yielded seeds which were used to start up plantations in other regions
of the country (FRANCA et al., 2016). The definition of an accurate prediction
of site productivity is fundamental to predict timber yields and for meaningful
simulation studies (VANCLAY, 1992; BRAVO; MONTERO, 2001). This
concern is not new and the first land classification system of productivity is
attributed to the roman Cato in 234-139 B.C. (TESCH, 1981) and several
methods for evaluating forest site productivity have been studied (BURKHART;
TOME, 2012).

Many are the models based on the dominant height-age relationship
applied to site index curves adjustment (SCOLFORO; MACHADO, 1998;
DIEGUEZ-ARANDA et al., 2006, DAVID et al., 2015), and those are the basis
of most traditional stand-level forest management regimes (RENNOLLS, 1995).
Among the techniques available to fit site index curves, most are based on three
general methods (CLUTTER et al., 1983): guide curve; parameter prediction,
and difference equation methods. Although there are many techniques available
for site classification no research has been published until now for African

mahogany plantations in Brazil or in other parts of the world.
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The guide curve represents the height development for the average site
index in the data. Heights at all ages for all other site classes are typically
assumed to be proportional to that of the guide curve (BURKHART; TOME,
2012).

The difference equation approach can be applied to any height-age
equation to produce families of anamorphic or polymorphic curves
(BURKHART; TOME, 2012). The height (hdom,) at a future age must be
expressed as a function of future age (t2), current age (t1) and current height
(hdom;), that is: hdom,=f(t2, hdom;, t1). The formulation of a growth function
as a difference equation can be obtained by substituting one parameter by its
value computed from the initial condition (t;, hdom;). The substitution of the
asymptotic parameter in the growth model produces anamorphic curves with
multiple asymptotes and the substitution of any other parameter produces
polymorphic curves with a common asymptote (PALAHI et al., 2004;
TAMARIT-URIAS et al., 2014; ERCANLI et al., 2014, TEWARI et al., 2014).

The objective of this study was to develop a site index model for Khaya
ivorensis A. Chev. stands in Brazil comparing the difference equation approach

with the guide curve methodology.

MATERIAL AND METHODS
Data were gathered in plantations located in three Brazilian regions

(Southeast, Midwest and North) comprising 150 permanent sample plots with
different ages and remeasurement times, usually around one year interval (Table
1 and Figure 1).
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Table 1. Characteristics of the sample plots of African mahogany plantations
used in the study.

Region Variable Minimum Mean Maximum SD

Southeast t 1.1 3.7 7.2 1.6

(n=125) hdom 1.7 10.9 23.0 4.9
nm 2 4 6 2

Midwest t 4.9 5.7 6.7 0.7

(n=20) hdom 11.4 16.5 20.3 2.3
nm 2 2 2 0

North t 14.0 19.2 39.0 9.9

(n=5) hdom 23.7 29.1 38.7 4.7
nm 2 2 2 0

Where: n = number of plots; t = age (years); hdom = dominant height (m); nm =
number of measurements; SD = standard deviation.
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Figure 1. Observed dominant height development of Khaya ivorensis A.

Chev. stands in Brazil.
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Forest management and genetic material of the plantations across Brazil
are similar, planted with a wide spacing (4x5 to 6x6 for plots with less than 8
years and 12x12 m for older plots), intensive fertilization regimes and in some
cases irrigation (areas with precipitation less than 800 mm per year). The plot
area varies with the spacing used (800 to 4,400 m2). The oldest plot (in the North
region) is composed of three trees planted in 1976 (about 20 meters from each
other), so the dominant height was computed as the average of those trees. It was
decided to keep these trees in the data base because they are the oldest and
highest African mahogany trees in Brazil, thus allowing a more realistic
estimation of the asymptote parameter of the models.

Given the low density of the plantations (the majority of the plots have
less than 300 trees per hectare), the traditional definition of dominant height
(Assmann’s mean height of the 100 thickest trees per hectare) would require
height measurement of an excessive number of trees per plot. Also, some of
plots have less than 100 trees per hectare, making Assmann’s dominant height
definition inviable. To avoid these problems, we defined the dominant height as
being the mean height of the 30 thickest trees per hectare. Similar strategies have
been adopted by Paulo et al. (2011) for Quercus suber stands in Portugal and
Danquah (2012) for African mahogany species planted in Ghana, selecting 25
and 40 thickest trees per hectare, respectively, to calculate the average of
dominant height.

Several candidate functions to estimate the dominant height (Table 2)
were selected, a total of 434 height-age pairs were used to fit the dynamic
functions and 584 observations to fit the base functions (static) for the guide
curve method. All candidate dynamic functions have the property of being time
invariant, ensuring that projections using different starting ages but with equal

final ages are equal, as described by Palahi et al. (2004).
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Table 2. Candidate models for dominant height estimative in function of age for

Khaya ivorensis A. Chev. stands in Brazil.

Base function Parameter
Model Dynamic function

(integral form) related to site
(Lit )
Lk Lundqvist-Korf k hdom, = Al@
1) (1
— Ae—kite A
LA hdom = Ae~kit A hdom, = hdorm,e [(’f} {‘3 ]}
LG Ak hdom, — eA=(kit,)Hin(hdom)—A+{kit, )| e—(11t, )| e—(11t,)]
I it}
Rk Richards hdonm, — A|1 -h 1@' ’
g V(m)
RA hdom = A(1—e—k)"(=") k hdorm, = hdom, 1 ¢ ‘:{
—e K,
Rm A hdoms, = AT={In{1—&-+:)/in(1—g-#)) hdom"(~=*=/r-<)
Hossfeld IV/ A
. . hade -
MD MchII-Amattkels m domsy 1_(1— (A" hdomy) (1, )
hdom = A———
Ac+tk

The Richards function has been widely utilized in forest growth
modelling (PIENAAR; TURNBULL, 1973; AMARO et al., 1998; NUNES et
al., 2011, RETSLAFF et al.,, 2015) as has the Lundqvist-Korf and McDill-
Amateis functions (TOME, 1988; CIESZEWSKI; BAILEY, 2000; FONTES et
al., 2003, NUNES et al., 2011).

The algebraic difference approach (ADA) presents the structure of
equations as base-age invariant, and the generalized algebraic difference
approach (GADA) improves the traditional ADA, allowing more flexible
dynamic equations which can be polymorphic and with multiple asymptotes
(TAHAR et al., 2012). When only one parameter of the base model is related to
a theoretical site quality measure, GADA is equivalent to ADA (NUNES et al.,
2011).

The derivation of difference equation follows the methodology proposed
by Amaro et al. (1998) for Richards and Lundqvist-Korf functions, consisting in
equating subdefined ratios of base equations for the ADA method (BAILEY;
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CLUTTER, 1974). GADA (CIESZEWSKI; BAILEY, 2000) method was also
used. The McDill-Amateis function (McDILL; AMATEIS, 1992) has the
Hossfeld 1V as integral form and has been used with success in several growth
studies (WANG; PAYANDEH, 1996).

The parameter estimation was done using the nls function of the
statistical environment R (R Core Team, 2015), performing a nonlinear
regression analysis using the Gauss Newton algorithm. The model selection was
based in qualitative and quantitative criteria (goodness-of-fit statistics). The root
mean square error (RMSE) in meters, the relative error in predictions (RE) in
percentage and the bias (&) were calculated as follows:

2 (i — 9i)?
n—p

RE (%) = NONCY —}_/}A’i)z/n—l? _

n
1 X
e = Z()’i -3
=1

where: p is the number of parameters in the model, n is the number of

RMSE =

100

observations used to fit the model, y; is an observed dominant height, ¥; is the
corresponding predicted dominant height and y is the average of the observed
dominant height.

For the qualitative criteria an evaluation of the different candidate
models involved visual examination of the residuals against the estimated values
and the fitted curves for different site index classes overlaid on the profile plots
of the stands. Visual inspection is an essential point in selecting the most
accurate model because curve profiles may differ considerably, even though
goodness-of-fit statistics are similar (DIEGUEZ-ARANDA et al., 2006). The

models were chosen according to the goodness-of-fit, predictive ability,
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biological sense and compliance with the assumptions of nonlinear least square
method (homoscedasticity, lack of autocorrelation and normality of residuals).
Due to the absence of continuous forest inventory data till the final
rotation and the recent implementation of African mahogany culture in Brazil,
an independent database for validation is not available, so the consistency of the
models was analyzed by observing the stability of the site classification at the
plot level, preferring classifications that were more stable, with fewer class
changes for a single plot throughout the remeasurements. While this approach
has been applied before (e.g. SCOLFORO, 1992; SELLE et al., 1994;
MACHADO et al., 2011) it has been used to determine if the selected model
produced an adequate classification using qualitative criteria. Here we propose a
quantitative test to enable the comparison of the stability of the site classification
generated by different models. This is done by quantifying the number of times
each permanent plot changed site index over its life span. We then attributed
weights for the number of changes with lower values for fewer changes (0 for no
changes, 1 for one change and so on). The sum of the number of changes
multiplied by this weight permitted the comparison of different classifications,
identifying the model that presented the most stable classification as being the

one with the lowest weighted sum.

RESULTS AND DISCUSSION
The model with the best performance using the guide curve method

(integral form) was the Lundqvist-Korf. For the dynamic functions the models
Lk, LG and MD had the best statistics (Table 3). The nonlinear regression
analysis using the Richards dynamic function either did not converge (Rk) or
didn't have all the parameters significantly different from zero (RA), exception

for model Rm with the m parameter as site specific.
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Table 3. Goodness-of-fit statistics and parameter estimations of candidate
functions, where ns indicates a non-significate parameter at 95% of probability.

Model RMSE RE e Parameter Estimate SE t-value
Guide curve method
A 57.9873 3.9614 14.64

L“r}‘fgr‘;'“' 150 129 -0.008 K 3.2358 0.0508 63.71
d 05393 0.0266 20.27
A 342267 09611 3561
RIChards 1 co 136 0040 K 01311 0.0080 16.32
m 01276 0.0265 481
MCDill- A 395019 14591 27.14
Amateis 154 133 -0.034 K 1.2604 0.0332 37.97

c 0.3195 0.0114 28.10

Difference equation method
A 35.6852 2.2150 16.11
0.7301 0.0345 21.17
k 2.8727 0.0756 38.02
c 0.6776 0.0377 17.99
A 3.3246 0.0166 200.66
k
c

Lk 098 7.71 0.020

LA 1.13 8.89 0.057

3.2222 0.0716 45.04
1.0879 0.0134 81.36

LG 094 736 0.014

Rk Did not converge

0.0588 0.0694 0.847™
-0.0209 0.0330 -0.634™

k
RA 149 11.71 -0.203 m
A 24.8564 0.7210 34.47
k
A
k

Rm 1.04 813 0.019
0.24732 0.0149 16.53

23.2717 0.5912 39.36
1.7581 0.0398 44.16

MD 097 757 0.032

The Lundqvist-Korf model had a rather high asymptote (A=58 m), more
realistic values were found in equations Lk and Richards (A=35 m), although
Lemmens (2008) reported growth for K. ivorensis reaching 60 meters tall.

Considering the goodness-of-fit statistics and the behavior of the asymptotic
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values of the model parameters we chose Richards, Lundqvist-Korf, McDill-

Amateis for the guide curve method and Lk, LG and MD for the dynamic base-

age invariant as the best candidate equations for site classification and discarded

the others from further analysis.

Of the six selected models, the models fitted with the guide curve

method presented a tendency towards heteroscedasticity (Figure 2). However,

only the Lundqvist-Korf model did not present some tendency to underestimate

values for smaller dominant height estimates (below 7 m) that could be observed

for the other candidate models.

Lundqvist-Korf

Standardized residuals

T T T
0 10 20 30 40
Fitted values

Lk

Standardized residuals

T T T T T
0 10 20 30 40
Fitted values

Standardized residuals

Standardized residuals

Richards

McDill-Amateis

Standardized residuals

T T T
0 10 20 30 40
Fitted values

LG

T
0 10 20 30 40
Fitted values

MD

Standardized residuals

T T T T T
0 10 20 30 40
Fitted values

T T T T T
0 10 20 30 40
Fitted values

Figure 2. Standardized residuals plotted over the fitted values for the

best equations to estimate dominant height.

Before proceeding to the actual site classification, we plotted the site

class limits of the best models to evaluate their behavior (Figure 3).
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Lundqvist-Korf Richards

McDill-Amateis

hdom (m)

T T T T T T T N
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T r T T T T T T T T r T
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Age (years) Age (years) Age (years)

Figure 3. Comparison of height curves produced by the best models selected for

site classification of African mahogany plantations in Brazil.

Although the values of the goodness of fit for functions Lk and MD
were good, the curves showed unrealistic shapes. For both models even fixing
the asymptote parameter still yielded curves with unrealistic classifications, but

with better shape (Figure 4).

Lk MD

Age (years) Age (years)

Figure 4. Height curves for equation Lk and MD with fixed asymptote
parameter (A=45 and A=40, respectively).
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Palahi et al. (2004) modelling site index for Pinus sylvestris in Spain
also found that the McDill-Amateis model (MD) did not perform well resulting
in poor estimates when extrapolated outside the age and site index range data,
showing a similar curve shape as we found in our study to the highest site index
before fixing the asymptote parameter.

For the final decision of the best model for site classification the
classification stability (Table 5) was analyzed for the three more realistic models
(Lundgvist-Korf and Richards using the guide curve method and LG using

dynamic base-age invariant method).

Table 5. Classification stability of the best models selected for site

classification.

Stability of the site classification

Number of changes

(weight attribute) Lundgvist-Korf Richards LG

0 (x0) 50 (0) 42 (0) 43 (0)
1(x1) 41 (41) 44 (44) 37 (37)
2 (x2) 40 (80) 33 (66) 34 (68)
3 (x3) 15 (45) 22 (66) 26 (78)
4 (x4) 4 (16) 9 (36) 9 (36)
5 (x5) 0(0) 0(0) 1(5)
Total 150 (182) 150 (212) 150 (224)

The Lundgvist-Korf function was superior for the stability of the site
classification. Model LG is a dynamic site index equation with 2 site-specific
parameters (a representing the asymptote and b the inflexion point), providing
two important and desirable attributes for site index classification,

polymorphism and multiple asymptotes (CIESZEWSKI, 2002). In developing
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site index prediction systems, some desirable characteristics of site index models
are polymorphism, multiple horizontal asymptote, one inflection point, and base-
age invariance (ELFVING; KIVISTE, 1997; CIESZEWSKI; BAILEY, 2000).

Castro et al. (2015) evaluated the efficiency and reliability of two
methods, guide curve and differences equations, concluding that the model
developed by the difference equations method was more efficient to perform the
prognosis of the studied Eucalyptus stand in Brazil. Arias-Rodil et al. (2015)
comparing the age-dependent method with age-independent alternatives for
estimating site index curves for Maritime Pine in Spain found that the age-
independent equation performed best.

To check if our selected models presented autocorrelation, we used the
plotted residuals versus lag residuals (Figure 5). The Lundgqvist-Korf and
Richards equations fitted with the guide curve method present a positive
autocorrelation, confirmed by the significant values of the Durbin Watson test
(d=0.797 for Lundqvist-Korf and d= 0.815 for Richards). Equation LG did not
show a strong temporal autocorrelation (d= 2.197) at P<0.05. The Q-Q plot of
the standardized residuals for all equations showed that the residuals follow
approximately the normal distribution. Due to the characteristics of the
modelling data, the assumption of the independence of the error term is likely to
be violated (PALAHI et al., 2004), however, hypothesis test may be quite
unnecessary when the form of the model being fitted is limited, as the case of the

traditional Lundgvist-Korf and Richards models.
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We are aware of the restrictions of our data, since few continuous forest
inventories are available in Brazil and only three plots with measurements over
the age of 10 compose the data base. Model selection was viewed as a
compromise between statistical and biological considerations (reasonable values
for prediction of dominant height for future ages as presented in Table 6), so the
Lundgvist-Korf in its integral form is more indicated for site classification, but
the polymorphic equation derived by the GADA approach from Lundqvist-Korf
function (LG) resulted in a more adequate model for prediction of dominant
height. Although advantages of dynamic site equations have been pointed out in
several studies (AMARO et al.,, 1998; CALAMA et al.,, 2004; LOPEZ-
SENESPLEDA et al., 2014) we decided to choose the more parsimonious model
of Lundqvist-Korf using the guide curve method for site classification.

The site quality curves obtained in this study clearly show that Brazil is
an excellent territory for African mahogany growth. The mean annual diameter
increment for the different site quality classes (Figure 6) showed high values
compared with other places that plant African mahogany, e.g. Heryati et al.
(2011) comparing the growth of K. ivorensis A. Chev. in three different soil
series in Malaysia reported values of mean annual increment for diameter from
2.32 to 2.88 cm year™. Erskine et al. (2005) conducted a trial with exotic species
for five years in Australia with, including K. nyasica, related a mean annual

increment in diameter for the Khaya of 1.58 cm year™.
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Figure 6. Mean annual increment in diameter of plantation grown Khaya
ivorensis A. Chev. in Brazil considering different site index classes obtained by

the Lundqvist-Korf integral form model.

A more detailed study on quality of the proposed site classification
should be carried out at the end of the first rotation of the plantations, with the
aim of confirming whether the chosen model and reference age limits remain the
most appropriate for the Khaya ivorensis A. Chev. plantations. Using the model
selected on this study (Lundqvist-Korf integral form) for the five site indices, we
calculate the limits for the dominant height by age and classes for the different

site classes (Table 6).
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Table 6. Dominant height estimative limits in meters by age and site index
classes for Khaya ivorensis A. Chev. in Brazil.

Age Site classes
(years) V (17) IV (21) 11 (25) 11 (29) 1 (33)
1 1.6-20 20-25 25-29 29-33 33-38
5 7.7-9.8 98-11.8 118-139 139-159 15.9-18.0

10 12.4-158 158-19.1 19.1-224 22.4-257 25.7-29.0
15 15.0-19.0 19.0-23.0 23.0-27.0 27.0-31.0 31.0-35.0
20 16.4-20.7 20.7-251 251-294 29.4-3338 33.8-38.2
25 17.1-216 216-26.2 26.2-30.7 30.7-35.3 35.3-39.8
30 17.4-221 221-26.7 26.7-314 31.4-36.0 36.0 - 40.7
35 176-223 223-27.0 270-31.7 31.7-36.4 36.4-41.1

CONCLUSIONS
For site classification purposes, we found that the Lundqvist-Korf

model, using the guide curve method, is the one with the most stable
classification:
hdom = 57.98734.exp(—3.23577/t%53930)
This model leads to the following equation for S prediction:
S = hdom. exp[—3.23577(1/t,%53930 — 1/¢,0-53930)]
This was confirmed by the higher mean annual increment in diameter

for the higher productivity classes.
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ARTIGO 4 - Compatible system of equations to predict diameter class
production for african mahogany stands in Brazil

Sistema de equagOes compativeis para predicdo da producao por classe
diamétrica em plantios brasileiros de mogno africano

ABSTRACT

Khaya ivorensis A. Chev is an African tree from the western portion of
the continent. Growth information from continuous forest inventories of African
mahogany plantations using a well-defined sampling system are still scarce.
Predictions are crucial in modern forest planning and decision-making
techniques, the modeling of diameter distribution allows accurate planning, as it
provides information of stand variables. The objective of the research was to
model the diameter distribution of African mahogany stands in Brazil using
different probability density functions: Weibull 2 and 3 parameters and
Johnson’s Sb, with the parameters estimation through the recovery method in
order to complement a prognosis system for stand volume and basal area yield.
The results showed a consistent prognosis system with exception of the variance
equation, all equations presented reasonable predictions values, with relative
error values lower than 28%. The Weibull 2 parameters function was the best
with the highest adherence to the observed values (94% according KS test),
providing satisfactory goodness-of-fit results. The prognosis system developed
is reasonable in estimating African mahogany volume and basal area production
per hectare or per diameter classes. Since few data from continuous forest
inventories are available in Brazil and the majorities of the K. ivorensis stands
are far from the final rotation, the models presented in this study possess some
restrictions and should be updated when more observed data be available.

Keywords: Probability density functions. Forest management. Prognosis system.
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RESUMO

Khaya ivorensis A. Chev é uma arvore africana da porc¢do ocidental do
continente, e informagdes sobre o crescimento a partir de inventarios florestais
continuos usando um sistema de amostragem bem definido em plantacdes de
mogno africano, ainda sdo escassas. As previsdes sdo cruciais no planejamento
florestal moderno e nas técnicas de tomada de deciséo, sendo a modelagem da
distribuigdo do didmetro uma ferramenta para um planejamento preciso, pois
fornece informacdes sobre as variaveis do povoamento. O objetivo da pesquisa
foi modelar a distribuicdo do didmetro dos povoamentos de mogno africano no
Brasil utilizando diferentes funcbes de densidade de probabilidade (pdf):
Weibull 2 e 3 pardmetros e Sb de Johnson, com a estimacdo dos pardmetros pelo
método de recuperacdo, para complementar um sistema de prognose para o
volume e &rea basal do povoamento. Os resultados mostraram que o sistema de
prognose desenvolvido foi consistente, com exce¢do da equagdo de variancia,
todas as equagdes apresentaram estatisticas de ajuste razoaveis, com valores de
erro relativo inferiores a 28%. A melhor pdf foi Weibull 2 pardmetros com a
maior aderéncia aos valores observados (94% de acordo com teste KS),
proporcionando resultados satisfatorios de qualidade de ajuste. O sistema de
prognose desenvolvido é razoavel para a estimativa do volume e &rea basal de
mogno africano por hectare ou por classes de didmetro. Poucos dados de
inventarios florestais continuos estdo disponiveis no Brasil, e as maiorias dos
povoamentos de K. ivorensis estdo longe da rotagdo final, os modelos
apresentados neste estudo possuem algumas restricGes e devem ser atualizados
quando mais dados observados estiverem disponiveis.

Palavras-chave: Funcdo de densidade probabilistica. Manejo florestal. Sistema
de prognose.
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1 INTRODUCTION

African mahogany (Khaya ivorensis A. Chev) is a tree species from
western portion of the African continent, distributed from the east coast of Ivory
Coast and Cameroon to south of Angola (VERZIGNASSI et al., 2009), it also
occurs in Congo (LEMMENS, 2008; ORWA et al., 2009). Forest plantations for
Khaya exist in Africa, tropical Asia, South America and Australia (FAO, 1997;
NIKLES et al., 2008; PINHEIRO et al., 2011; WARNASOORIYA and
SIVANANTHARWERL, 2015). Growth information from continuous forest
inventories of African mahogany plantations using a well-defined sampling
system are still scarce (APPIAH, 2013). Researches such as Foli (2000),
Krishnapillay (2002), Ahmad Zuhaidi et al. (2006), Lemmens (2008) and
Heryati et al. (2011) characterize some experiences of K. ivorensis growing in
Africa and Malaysia.

In Brazil, the interest for the species is increasing, attributed to the high
wood value and acceptation in the global market (RIBEIRO et al., 2014a; ITTO,
2015; SILVA et al., 2016). For foresters one of the most important sources of
information is the existence of quantitative relationships and mathematical
models that are consistent and numerically compatible to predict the
development of the stand at any age. Thus, forest growth models are the key
tools in modern forest planning and decision-making techniques (PALAHI et al.,
2007) for both managing and understanding forest dynamics (SALAS et al.,
2016).

Diameter distribution is a simple and powerful tool to represent a forest
structure (ARCE, 2004). Bailey and Dell (1973) asserted that quantification of
diameter distribution production and its relationship with site index, composition
of the stand, age and density are valuable for economic and biological purposes.

Hence, modeling the diameter distribution allows accurate planning, as it
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provides information of stand variables (e.g number of stems, stand basal area,
total stand volume or the volumes of different timber assortments) enabling
forest managers do make correct prescriptions of silvicultural treatments
(GORGOSO et al., 2012). Until the present, examples of prognosis systems
based in diameter class models that illustrate Khaya ivorensis thinned stand
growth are scarce on literature.

Therefore, the objective of the research was to develop and validate a
prognosis system for volume yield and basal area for African mahogany stands
in Brazil testing different probability density functions (Weibull 2 and 3
parameters and Johnson’s Sb), simulating two scenarios of thinning operation

and one without thinning, projecting the final cut to 20 years.

2 MATERIAL AND METHODS

2.1 Data summary

Data were gathered in plantations located in different Brazilian regions
(Southeast, Midwest and North) from permanent plots of continuous forest
inventory, which are circular or squared in shape and sized from 573 to 4,400
m?, depending on the spacing used. The spacing used at most plantations are 6 x
6 m, and 12 x 12 m for the oldest. The wide spacing of the oldest plantation is
due to the fact that this area was managed as an agroforest system, with planting
of black pepper between the trees up to age of 10 years. After this age, the
agronomical portion was abandoned due to excessive shading by the trees. A
total of 149 permanent plots were used to model diameter distributions of
African mahogany, of which 78 were reserved for validation and 71 for fitting

the initial models, comprising a total of 426 measurement pairs (98 for
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validation and 328 for parameterization) with different ages and remeasurement
times, usually around one year interval.

Mean dominant height was defined as being the mean height of the 30
thickest trees per hectare, since the low density of the plantations in Brazil
would require field measurement of an excessive number of trees if the
traditional value of 100 trees per hectare was used (RIBEIRO et al., 2016). The
majority of the plots (about 97%) used in the present study were less than 8
years old and had no thinning operation yet, presenting an obstacle for the
application of the prognosis system in older ages. Table 1 summarizes data used

to build and evaluate the models.

Table 1 Statistics of dendrometric characteristics of African mahogany (Khaya
ivorensis) permanent plots data base.

Parameterization data Validation data

- (1) - - - -
Variable Minimum  Mean Maﬁmu sD err:mu Mnea Maxmu sD
t 11 35 6.3 15 1.7 4.8 15.0 2.5
17 13.0 24.6 5.4 6.8 16.2 53.1 7.8
Sd2y 0.1 5.2 63.8 7.8 0.4 8.1 116.0 15'
dg 1.8 13.2 25.0 5.5 6.9 16.4 53.8 8.0
h 1.7 9.7 18.3 4.3 4.2 11.8 28.3 4.4
hdom 1.7 10.8 215 4.5 4.4 135 28.8 4.9
V 0.05 33.2 172.9 31.0 35 58.2 163.0 Sg'
G 0.04 45 16.2 3.1 14 7.6 17.1 3.3
N 125 278 417 32 55 388 563 80

@ t=age(years); d=diameter at breast height (cm); Sd2s=variance of the diameters (cm?);
dg= quadratic mean diameter (cm); h= height (m); hdom=dominant height; V= volume
(m3.ha?); G=bhasal area (m2ha?l); N= Number of trees per hectare and SD=standard
deviation.

2.2 Estimation of stand variables

Testing of several models was performed to estimate forest

characteristics (site index, stand volume, stand basal area, stand tree survival,
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mean diameter variance, dominant height, minimum and maximum diameter) to
develop an equation system to project stand growth. Projection models were
preferred since they present good simulating flexibilities and biological
capacities (HONG-GANG et al., 2007) and when initial input information is
necessary the average of the variables can be used as present data (predict
models).

For volume estimative a taper function was fitted with a total of 499
trees sampled across all plantation conditions (TABLE 1). Measurements of
diameter at different stem heights were collected using the Wheeler Pentaprism
caliper. Measurement intervals above breast height varied between 1 to 5 m
depending on the total tree height. Observed volumes, in cubic meters, were
calculated using Smalian’s formula (SMALIAN, 1837 cited by ROJO et al.,
2005). A taper function using a polynomial with fixed exponents was selected
(1), since it is traditional applied in forest studies and provides accurate results
(SANQUETTA et al., 2015).

o () 8.5 8 (8 4 (2 g

First the data was used to adjust just one function, but due the height
variablilite of the data base, we decided to split it in two, one to fit a taper
function for age of thinning operation (4,281 pairs of height and diameter
measured along the stem with age < 10 years old) and another for final cut (220
pairs of height and diameter measured along the stem with age 14-15 years old).

The system of equations developed used to estimate the stand attributes
that were, in turn, used to recover the Weibull and Johnson’s Sb distributions
parameters are presented in Table 2, where all parameter estimation was done
using the nls and Im functions of the statistical environment R (R CORE TEAM,
2016).
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Table 2 Stand models used to estimate number of trees (N), diameter variance (S2d),

maximum diameter (dmax), minimum diameter (dmi») and basal area (G).

Variable Expression

Number of trees t
(N, ha't) N, = Nyexp [,31(tz —t) + B;log ( Z/tl)]

¢
Variance of d Sd*, = 5d*exp [Bl(tz —t) + B;log ( z/tl)]

(Sd2, cm)
. . ¢ .
Maximum diameter dmaxz = Prdmax1 ( 1/t2) + B2 [1 - ( 1/t2)] dg,
(dmax, €M)
Minimum diameter log[1-exp(Bzt,)]
d,.; log[1—exp(Baty)
(dmin, Cm) dminZ = ‘81( mml/ﬁl) gl p(B2t1)]
t B2
Basal area G, = g (Gl/ )( Ye,)
(G, m2. ha'l) 2 1 By

To predict total height per diameter class a generalized hypsometric

model was applied, where the model was previously adjusted by Ribeiro et al.

(2017). To predict dominant height and site index a previously equation adjusted

by Ribeiro et al. (2016) was used.

The future stand quadratic mean diameter was estimated using the

results from the basal area and survival projection equations, using the

expression: dg? = 6/0.0000785398.N' Since the variables mean diameter,

quadratic mean diameter and population diameter variance follow the same logic

as a Pythagorean equation, the mean diameter at breast height can be estimated

using the following equation: d = /dg2 - 5,2
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2.3 Probability density function

To test the ability of the prognosis system in generating the diameter
class productivity values, the penultimate data for each plot from the validation
data was used to estimate the stand characteristics up to the least measurement
data. This data was then used to recovered the pdf parameters using the moments
method.

The choice for Weibull and Johnson’s Sb distributions and the best
fitting method to estimate tree density in the different diameter classes was
based in previously studies with the same species in Brazil (MAYRINCK et al.,
2017), besides their wide application in forest literature (ZHANG et al., 2003;
FONSECA et al., 2009; MIGUEL et al., 2010; MATHEUS; TOME, 2011;
BAYAT et al., 2013; RIBEIRO et al., 2014b). The parameters of the probability
functions were recovered using iterative methods for numerical integration, as
the calculation of the moments of the distributions do not yield an analytical
solution, using the Generalized Reduced Gradient solving method for nonlinear
optimization (SGHAIER et al., 2016) in the validation data set.

For Weibull 2 parameters (2P, equation 2) the fitting procedure followed
the methodology applied by Ferraz Filho et al. (2015), for Weibull 3 parameters
(3P, equation 3) by Retslaff et al. (2012) using 10% of the minimum diameter
for the location parameter and for Johnson’s Sb (equation 4) similar as presented
by Matheus and Tomé (2011) using 25% percent of minimum diameter as the

location parameter.

Weibull 2P~ f(d)= [g)(g]elemﬂ 2

Weibull 3p ~ f(d) =@(d ;ajﬂe“dm 3)
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_ s 2 ~ d-¢ \|'| @
Johnson’s Sb f(d)_\/ﬂ(d—g)(ﬂ+g—d)exr){ 0'5[7/+5'In(/1+5—dﬂ}

Where f (d) = probability density function of diameter (d in centimeters); = Pi
constant (3.14159265...); e= Euler’s constant (2,71828182...); a,b,c,5,4,¢,y =

parameters to be estimated.
2.4 Validation of the system

For models validation without data loss, since few information is
available, a three-phase validation scheme was applied (VANCLAY;
SKOVSGAARD, 1997): first, the models were fitted without the validation
database, then the model validation was carried out and, to conclude, the
database was regrouped to recalibrate the final parameter values with all data
available.

The selection of the stand models was based on the root mean square
error - RMSE (5), the relative error in predictions — RE (6) in percentage and the
bias - & (7).

RMSE = /M (5)
n-p
/z;l=1(yi_37i)2/n_p
RE (%) = .100 (6)

e= % Yie1 i — ) ()

Where p is the number of parameters in the model, n is the number of

observations used to fit the model, y; is the observed variable, y; is the



122

corresponding predicted variable and y is the average of the observed variable.
As for the qualitative criteria for evaluation of the different candidate models
involved, visual examination of the residuals versus estimated values was
performed.

To evaluate the goodness of fit of the probability functions tested, the
mean and standard deviation of the Kolmogorov-Smirnov test value (D,) with
alpha 0.1 level was compared. The D,, (8) is obtained for each plot measurement

from the greatest difference between observed and estimated data.

Dy = max|F(x) — S(x) )

Where F(x) is the cumulative distribution value for the estimated data and S(x)
is the cumulative distribution value for the observed data. The percentage of
plots whose estimated distribution was statistically equal to the observed data
(according to Kolmogorov-Smirnov test with 99% confidence) was evaluated.
Also, in order to observe the behavior of the errors by diametric class an error
index (REYNOLDS et al., 1988) was calculated for each diameter distribution
as the sum of the absolute differences between predicted and observed number
of trees per hectare (CAO, 2004). The KS test looks for the greatest difference
between the observed and predicted frequencies while the error index is
summing all the differences (SIIPILEHTO, 2009).

The diameter distribution fitting was also evaluated by comparing the
observed basal area to the basal area predicted by the selected diameter
distribution model. This comparison was motivated by the importance of basal
area estimation in forest applications, and the fact that errors among the larger
and thereby more valuable trees have more weight for forest planning (NORD-
LARSEN; CAO, 2006).
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2.5 Thinning simulation and prognosis

As a final analysis of the compatible system of equations chosen to
predict stand variables by diameter classes for Khaya ivorensis plantations, a
thinning simulation was carried out. The first simulation (scenario 1) was done
considering one thinning operation at 10 years of age and the remaining forest
data was projected to 20 years of age as the final rotation age. The second
simulation (scenario 2) was done considering two thinning operations, the first at
age of 8 years, the second at age of 15 years and the remaining forest data was
projected to 20 years of age as the final rotation age

Due the absence of continuous forest inventory data up to the final
rotation and the recent implementation of African mahogany culture in Brazil,
the database did not contain thinned plots, so a previously developed thinning
simulator was used (SCOLFORO et al., 2001; RETSLAFF et al., 2012;
FERRAZ FILHO et al., 2015). The simulator estimates the proportion of trees to
be removed in each diameter class, using the following equation (9) established

for Pinus taeda plantation in Brazil by Acerbi Junior et al. (2002).

_ 2 271.55101998
P = ¢—0:26074486.(DC?/dg?) (9)

Where P is the proportion of trees to be removed from the diameter class (DC)
and dg is the quadratic mean diameter of the plot.

After thinning operation, the occurrence of regular mortality was not
considered since the low density remaining and initial wide spacing adopted,
besides the low mortality register in forest inventories data for the species (<
2%).
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3 RESULTS
3.1 Stand variables equations

To predict total height per diameter class a generalized hypsometric
model was applied (equation 10), with values of RMSE=1.38 m, RE=12.3% and

bias=0.02 m.

—9.3996
da

h = 1.3 + exp[1.3760 + ( ) + 0.6268.In(hdom)| (10)

The dominant height values that distinguish the different sites
productivity at the reference age of 15 years are: 15 to 19 m (site index, SI=17
m), 23 to 27 m (S1=25) and 31 to 35 m (SI=33 m), provided by the equation 11
with values of RMSE=0.98 m, RE=7.7% and bias=0.02.

S=hdom.expiii[—3.23577(1/t,%23930 — 1/t,053930)] (11)

The parameters of the equations required to project stand variables, their
root mean square errors (RMSE), their relative errors in predictions in
percentage (RE) and their bias (&) are presented in Table 3, where all the

parameters were statistically significant at a 95% confidence level.
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Table 3 Initial and final data base parameters and goodness-of-fit for the prognosis

system equations for African mahogany (Khaya ivorensis).

Database  Model* By B RMSE RE e

N -0.04079 0.13432 5.94 1.53 1.78

Sd? -0.04810 1.32860 1.74 19.24  0.92

Initial Omax 1.00274 1.99986 0.76 3.47 0.01
Omin 12.94278 -0.66519 2.97 26.20  0.65

G 50.5578 0.67910 0.59 7.01 0.23

N -0.02818 0.09925 14.97 4.90 1.45

Sd2 0.00563 1.17152 5.43 76.28 110

Final Omax 1.00971 1.97611 0.88 4.57 0.04
Omin 16.70975 -0.34698 2.63 2739  0.02

G 60.79515 0.64296 0.50 8.19 0.03

* Number of trees (N), diameter variance (S2d), maximum diameter (dmax), minimum
diameter (dmin) and basal area (G).

An important step in evaluating the fitted equations is to perform a
graphical analysis of residuals (TEWARI et al., 2014). The plots showed that

residuals for most variables had some systematic trend for the equations selected

to compose the prognosis system, positive and negative biases occur in lower

values, but the positive bias prevails indicating that the model tends to

underpredict (FIGURE 1). This underestimation is understandable since the

material is from seminal seddlings and present a high variation for most

variables.
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Figure 1 Standardized residuals plotted versus fitted values for selected equations to
estimate stand variables.

Total volume was calculated using a taper function for African
mahogany stands in Brazil. The choice was made since taper function allowed

calculate volume by assortments and provides the input to economic analysis.
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Since just one equation leded to unrealistic values of volume, two equations
were developed. One for thinning (eq. 12, with values of RMSE=0.2 cm,
RE=21% and bias=0.00 cm) and other for final cut (eq. 13, with values of
RMSE=0.1 cm, RE=6% and bias=0.00 cm), the last did not had the parameters

of exponent 4 and 5 statistically significant at a 95% confidence level, resulting

in:

% = 1362064 — 4595449 (h;) +16.383932 (%)2 — 27.874492 (%)3 +

19.393368 (%)4 — 4661310 (%)5 (12)
% = 112693 — 248765 (%) + 5.64583 (%)2 — 428525 (%)3 (13)

3.2 Density probability function

All functions performed well, Weibull 2 parameters function (2P) had
the highest adherence to the observed values according to Kolmogorov-Smirnov
test at 1% probability (94% of the plots did not significantly differ from
observed distribution in the validation data set), followed by Weibull 3P (92%)
and Johnson’s Sb (91%). Weibull 2P have the advantage of probabilities can
easily be produced without the need for numerical integration so it was selected
as the best pdf to integrate the prognosis system. Another advantage of selecting
Weibull 2P is that it is more parsimonious than the other distribution functions,
since it does not require estimation of minimum and maximum diameters.

To confirm the superiority of Weibull 2P function, Reynold’s error
index was computed and the results showed a mean error of 128 trees for
Weibull 2P, followed by Weibull 3P with 133 trees and Johnson’s Sb with 141
trees. To clarify the error between predicted and observed number of trees per

hectare we plotted the error by diameter classes (FIGURE 2).
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Figure 2 Errors of number of trees per hectare by diametric classes for Weibull 2P,
Weibull 3P and Johnson’s Sb functions fitted for African mahogany.

As an example, Figure 3 shows the evolution of the observed and
simulated diameter distribution for two different plots from the validation data
set, 5 and 15 years old.
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Figure 3 Observed and estimated diameter distribution for two different sample plots of
African mahogany stands.

Since an important question in validating a model is not whether the
model is correct but rather how close predictions from the model are to what is
observed in empirical forest stands (MATHEUS; TOME, 2011), observed basal
area was plotted versus estimated values for the validation dataset (FIGURE 4).
The estimated values closely followed observed values of basal area for the

chosen density function, the Weibull 2P.
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Figure 4 Observed basal area in each plot of the validation data set versus the basal area
estimated with the simulated diameter distribution Weibull 2P.

3.3 Thinning simulation and Prognosis system

The thinning simulation was done calculating the proportion of trees to
be removed in the first diameter class of the stand and for each following
diameter class until the desired number of trees to be removed was reached, in
this case going from approximately 271 to 150 trees per hectare at age of 10
years for the first scenario and for the second scenario going from 271 to 150
trees per hectare at age of 8 years and going from 150 to 75 trees per hectare at
age of 15 years old. The diameter distribution before and after the thinning
operation was determined for five site indexes for both scenarios (A=one
thinning at age of 10 years old - Figure 5 and B=two thinning operations at age
of 8 and 15 years old - FIGURE 6).
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Figure 5 African mahogany tree diameter distributions before and after one  thinning
simulation in different site indexes.

Tree removal occurred in all diameter classes, which is expected in a
selection thinning from below operation, due to the fact that tree size is not the
only criteria for choosing trees to be removed but also adequate spatialization of
remaining trees, stem quality, among other. As expected, tree removal was
greater in the smaller than larger diameter classes. The prognosis started with
input data at age of 5 years and end up to age of 20 years, since we believe 20

years will be a close age to final rotation.
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Figure 6 African mahogany tree diameter distributions before and after two thinnings
simulation in different site indexes.
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The basal area projection with and without thinning, observed through
the five selected plots representative of the five different site indexes for the
thinning simulation are showed in Figure 7.
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() -

al area (m*ha')

Bas

1 6 8 10 12 14 16 18 20
Age (years)

Figure 7 Basal area projection for unthinned (A), one thinning at age of 10 years old
(B) and two thinnings at age of 8 and 15 years old (C) for African mahogany
stands in five different site indexes.

After thinning simulations, the attributes of the remaining diametric
distributions were projected to final cut age (20 years) and the volume was
computed using equations 12 and 13. With Weibull 2P parameters recovered for
thinning and final cut age, we obtained the theoretical diameter distributions and
stand variables for each site index (TABLE 4).
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Table 4 Estimates of the attributes and parameters of the Weibull 2P function for each

scenario™.

Sl

N

dmin

dmax

d

dg

Sd%y

G

b

Initial

17
21
25
29
33

263
275
280
276
263

7.7
7.7
9.1
10.1
13.6

19.2
19.9
224
23.7
27.2

153
16.5
18.5
19.3
19.9

15.6
16.7
18.6
19.5
20.8

9.3
6.9
4.0
7.6
14.6

5.0
6.0
7.6
8.2
8.9

Scenario A

(unthinned)

17
21
25
29
33

197
206
210
209
199

16.5
16.5
225
19.5
16.5

525
49.5
46.5
52.5
61.5

36.4
37.1
38.4
39.3
40.9

37.1
37.6
38.7
39.8
41.8

47.2
36.2
20.0
39.7
75.6

21.3
22.9
24.7
26.1
27.3

39.2
39.6
40.3
41.9
44.3

6.0
7.2
10.4
7.4
54

Scenario B

(Before 1°
thinning)

17
21
25
29
33

245
256
262
258
245

14.6
14.6
14.9
15.2
16.1

33.6
34.8
36.8
38.8
42.7

244
254
26.8
27.9
294

24.8
25.7
27.0
28.2
29.9

20.6
15.3
8.4
16.5
32.3

11.8
13.3
15.0
16.1
17.2

26.2
27.0
28.1
29.6
31.7

6.3
1.7
11.2
8.2
6.0

Final cut

17
21
25
29
33

150
150
150
150
150

225
25.5
285
25.5
255

49.5
46.5
46.5
49.5
55.5

38.4
38.9
39.8
41.2
43.1

38.7
39.1
39.9
414
435

22.2
19.4
11.7
20.4
33.6

17.6
18.0
18.8
20.2
22.3

40.3
40.7
41.2
431
45.6

9.8
10.8
14.7
11.2

8.9

Scenario C

(Before 1°
thinning)

253
265
271
267
253

12.6
12.7
13.2
13.9
155

27.4
28.6
30.6
325
36.4

21.1
22.2
23.7
24.7
26.2

215
22.5
23.8
25.0
26.7

15.7
11.6
6.4
12.5
24.6

9.2
10.5
12.1
13.1
14.2

22.7
23.6
24.8
26.2
28.3

6.2
1.7
11.4
8.3
6.2

Before 2° thinning

150
150
150
150
150

16.4
16.7
16.9
16.7
16.7

48.6
47.6
48.4
51.4
56.7

34.1
34.8
35.8
37.1
39.3

34.3
34.9
35.9
37.3
39.6

16.3
12.8
7.0
14.7
26.6

13.9
14.4
15.2
16.4
18.5

35.8
36.3
37.0
38.8
41.4

10.2
11.8
16.6
11.7
9.1

Final cut

33

20

75
75
75
75
75

315
31.5
345
34.5
345

49.5
49.5
49.5
52.5
55.5

42.9
43.1
43.7
455
48.3

43.1
43.2
43.8
45.6
48.5

15.8
125
7.5
13.1
20.6

10.8
111
11.3
12.3
14.1

44.6
44.6
44.9
47.1
50.3

12.5
15.7
20.5
15.4
13.0

*S1, N, dmin, dmax, d, dg, Sd2%; and G are described in Table 2, b is scale parameter, and ¢
is shape parameter of the Weibull 2P function.
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Total volume was calculated for the three scenarios and values ranged
from 235 to 465 m3.ha?’ (mean=346 m3.ha') for A (without thinning), for B
(one thinning) from 219 to 436 m3.ha' (mean=324 m3.hatl) and for C (two
thinning) from 203 to 416 m3.ha! (mean=303 m3.ha), as illustrated in Figure 8

where mean diameter values by class are presented in parenthesis.
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Figure 8 Simulated total volume harvested in African mahogany stands and mean values
of diameter in parenthesis for different site indexes and scenarios (A, B and C).

4 DISCUSSION

Models, which are described as deliberate ‘abstractions of a system’ are
used to calculate forest attributes that cannot be easily measured, to understand
how forest ecosystems works, to extrapolate forest attributes over space, and to
project how forests change over time (BARRETT,; FRIED, 2004).
Unfortunately, a lack of continuous forest inventory data along the years exist
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for African mahogany plantations, and we are aware of our data base restriction
since few continuous data are available in Brazil and only four plots with
measurements over age of 8 years compose the present prognosis system.

We adopted age 15 as reference age for site classification since it
corresponds to the age of the oldest plots. We assumed 20 years as the final cut
age, in accordance to the rotation ages of stands destined for solid wood
products production of fast growing species (NIKLES, 2006; NIKLES et al.,
2008; FERRAZ FILHO et al., 2014; NASCIMENTO et al., 2015). Lemmens
(2008) suggest that in mixed plantations with Khaya ivorensis in Malaysia, a
final density of 80 trees.ha! and a rotation of 30 years is recommended, where
we adopted as final density 75-150 trees.ha* for 20 years rotation. However, this
must be confirmed with future plot remeasurements and variation of this age
may occur due to site and/or desired target diameter size. For Barrett and Fried
(2004) growth models are often combined with forest planning models to project
how inventory will change over time and such models can have very substantial
impacts on forest policy, even though they have at times proved inaccurate
results. Hence, continuous update and researches should be done to confirm the
real growth and yield performance presented in this paper, since the majority of
the data used are from young stands and the real growth is unknow, besides the
high genetic variability and different management techniques.

All the model selection was viewed as a compromise between statistical
and Dbiological considerations. As expected, when the final model
parameterization was carried out using the combined parameterization and
validation database, the values of the goodness of fitting statistics increased,
since more data was added increasing the distribution range of all the tree
characteristics and, therefore, resulted in a greater variability (FERRAZ FILHO
et al., 2015). With exception of the variance equation, all equations presented

reasonable predictions values, with RE values lower than 28%. Retslaff et al.
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(2012) reported that the diameters variance equation showed the worst fit
statistics and accuracy in the system of equations on the age of first thinning for
eucalyptus plantations in Brazil.

Although the Johnson’s Sb distribution is presented as flexible to model
distributions with different shapes (MATEUS; TOME, 2011) in the present
study this distribution was the least accurate, and Weibull 2P was chosen as the
best pdf. Lima et al. (2015) modeling tree diameter distribution in natural
forests, evaluated 10 statistical functions, including the distributions selected in
this research. The authors reported the superiority of Weibull compared to
Johnson’s Sb distribution. Arce (2004) using Weibull 2P reported that the
function is flexible and characterized by excellent fit statistics to estimate the
diametric distributions of Populus deltoides clones from 1 to 9 years old. The
only literature related with the subject for African mahogany is the work of
Nokoe and Okojie (1984), who studied Khaya ivorensis stands with age ranged
between 26 and 47 years, and proved the reliability of predictions of Weibull 3P.
In general, when parameter ¢ is higher than 3.6 and b is positive (Table 4), the
distribution is negatively skewed, as we found in our study (Figure 3) and
explain by presence of dominated trees with growth rates stopping to increase.
As expected, parameter b showed an increasing trend with age, Duan et al.
(2013) also found that the relationship between scale parameter b of Weibull
distribution and stand age was positive.

The values for the projection of basal area and total volume at age of 20
years are plausible (FIGURE 7 and FIGURE 8), comparing with growth
patterner (FIGURE 9) and observed values for the oldest plots in the data base
which present mean values of basal area and volume for 15 years old stands
planted in an initial density of 69 trees per hectare equal to 13.4 mz.ha? and
134.5 m3.ha, respectively. Yahya et al. (1999) reported growth values for 40

year old African mahogany stands in Malaysia, with initial density of 1,111 trees
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per hectare with values of 26.6 m2.ha? for basal area, 305.5 m3.ha? for total
volume, and 390 remaining trees per hectare. Lemmens (2008) informed that
plantations at 30 years old in tropical Africa, the mean annual increment (MAI)
is 2-4 m3.hat.year?. On good soil in Cote d’Ivoire a 31-year-old stand with 70
N.ha® produced MAI=8 m3halyear!. In a 26/28-year-old plantation in
Malaysia, mean annual increments of 7.4/7.7 m3.ha.year? have been recorded
(LEMMENS, 2008).
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Figure 9 Data set growth pattern for basal area and total volume.

Due to the wide spacing used in Brazilian stands, resulting in low
competition and increased on individual tree growth, the total volume found in
this study was higher when compared to other researches, present MAI=17.3
m3.hatyear! for 204 trees per hectare at age of 20 years (scenario A),
MAI=13.9 m3.hal.year? for 150 trees per hectare at age of 20 years (scenario B)
and MAI=8.7 m3.ha™.year! for 75 trees per hectare at age of 20 years (scenario
C). This is an ongoing study and the projection values must be validated as the
permanent plots reach the final rotation age to ensure that the simulation is

accurate.
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5 CONCLUSION

Stand equations and Weibull 2 parameters probability density function
provided satisfactory goodness-of-fit results to describe the growth behavior of
African mahogany plantations in Brazil.

The prognosis system developed is reasonable to estimate African
mahogany volume and basal area production per hectare or per diameter classes.

Since few continuous forest inventories are available in Brazil and the
majorities of the K. ivorensis stands are far from the final rotation, the equations
presented in this study possess some restrictions and should be updated when

more observed data be available.
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ARTIGO 5 - Financial analysis of brazilian african mahogany plantations
for commercialization of multiple products

Avaliacao financeira do cultivo de mogno africano no Brasil para venda de
multiplos produtos

ABSTRACT

Wood demand is increasing in quality and quantity, and economic
studies are fundamental to analyze the feasibility of implementation of a forest
project. These researches are in line with management and silvicultural studies,
highlighting growth and yield modeling. This work proposes a financial
evaluation of implementation of African mahogany stands in Brazil under
different perspectives of forest management. Data are from plantations ranging
from 1.1 to 15 years of age in different regions of Brazil. Equations of various
natures were used to determine the growth and yield of the species over the
years. Financial analysis was undertaken using net present value (NPV), equal
annual equivalent (EAE) and internal rate of return (IRR) for a 20-year period
considering three situations (A — unthinned, B - one thinning at age 10 years
remaining 150 trees.ha® and C - two thinnings, first at age 8 remaining 150
trees.ha* and second at age 15 years remaining 75 trees.ha) considering initial
density of 278 trees.ha™. A Monte Carlo simulation was performed taking into
account different risk variables. Results showed that discount rate is the variable
that most influences the viability of the project. All site indexes and
management regimes lead to a feasible financial return with NPV values ranging
from R$30,730 to R$138,592 ha. The Monte Carlo simulation showed that the
probability for an unfeasible investment is almost zero, highlighting African
mahogany as a great forest investment opportunity, providing high values of
interest rates (15% - 27%), superior of most market rate of return.

Keywords: Forest investment. Monte Carlo simulation. Risk analysis de Monte
Carlo. Analise de risco.
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RESUMO

O crescimento na demanda por madeira se dad em qualidade e
quantidade, sendo os estudos econdmicos fundamentais na analise da viabilidade
de implantacdo de um projeto florestal. Tais estudos estdo alinhados aos estudos
de manejo e silvicultura, destacando a modelagem do crescimento e producéo.
Este trabalho propde a avaliagdo financeira da implantagdo do mogno africano
no Brasil, sob diferentes perspectivas de manejo florestal (sem desbaste, um ou
dois desbastes). Os dados sdo provenientes de plantios variando de 1,1 a 15 anos
de idade em diferentes regides do Brasil. Utilizou-se equacbes de diversas
naturezas para determinar o crescimento e a producéo da espécie ao longo dos
anos. Uma andlise financeira foi realizada utilizando o valor presente liquido
(VPL), valor anual equivalente (VAE) e a taxa interna de retorno (TIR) para
uma rotacdo de 20 anos de idade considerando regime de ndo desbaste e duas
situacBes de desbaste (A — ndo desbastado, B — um desbaste aos 10 anos de
idade com 150 arvores por hectare remanescentes, e C — dois desbastes, primeiro
na idade de 8 anos remanescendo 150 arvores por hectare e, segundo aos 15
anos com 75 arvores por hectare remanescentes) considerando uma densidade
inicial de 278 arvores por hectare. Uma simulagdo de Monte Carlo foi realizada
levando em consideracdo diferentes variaveis de risco. Os resultados mostraram
que a taxa de desconto foi a variavel que mais influencia o investimento. Para
todas as classes de sitio e regimes de manejo os valores de VPL foram positivos,
variando de R$30.730 a R$138.592 ha*. A simulagdo de Monte Carlo mostrou
que a probabilidade de insucesso do investimento é praticamente 0%,
destacando o mogno africano como uma boa opgéo para investimento florestal,
uma vez que possui altos valores de taxa interna de retorno (15% - 27%)
superiores a maioria das taxas de investimento disponiveis no mercado.

Palavras-chave: Investimento florestal. Simulacdo de Monte Carlo. Anélise de
risco.
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1 INTRODUCTION

In recent years, the Brazilian forest sector has become one of the most
important players in a global scale. With an area of 7.8 million hectares of
planted trees, the sector is responsible for 91% of all wood produced for
industrial purposes in the country and has great potential to contribute to
building a green economy (IBA, 2016). According Duerr (1960) in all parts of
the world the growing interest in forest plantations and their use are demanding
new attention, particularly in the economic aspects of the activity. Although it is
an old quote, it still valid, especially in cases when recent crops are introduced,
such as African mahogany species (Khaya ivorensis) in Brazil, known as a high-
value timber fetching export sawnwood prices of up to 848 euros per cubic
meter (ITTO, 2016a) from native Ghana’s forest.

Financial evaluation of forest management regimes through a process of
simulation can be done by aggregating economic criteria to volumetric results
supplied by growth and yield models (GOMES, 1999; HIESL et al., 2016).
Modeling the diameter distribution and applying a taper function allows the
obtention about biological and economical information of the forest stands,
providing answers to perform management practices, permitting to valuate in
detail the yield of the forest (FISCHER et al., 2001) and providing knowledge of
forest assortment, as well as its evolution over time, essential for planning
purposes and use of different material produced (FIGUEIREDO FILHO et al.,
2014). Financial analysis examines the costs, returns and project selection for a
unique community, owners or companies, with the intention of maximizing the
return on invested capital measured as the purchase and selling at market prices
(CUBBAGE et al., 2013).
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Simulations of total volume and wood price from African mahogany
stands in Brazil exists (MUDAS NOBRES, 2016), but are not yet confirmed,
since the majorities of the K. ivorensis stands are far from the final rotation. For
Wagner et al. (2013) estimating the influence of silvicultural treatments on forest
growth and yield has a long and rich history in literature and practice, also being
true for the economic valuation of even-aged silvicultural treatments (e.g.,
thinning, fertilization) and determining optimal rotation age or cutting cycle
length. The available market for Khaya spp. products from native forests has, in
the recent years, motivated farmers to grow the species as a cash crop. However,
there is limited empirical data on costs and benefits of the species production in
Brazil, besides little information on management and silvicultural treatments.
Hence, the present study assessed financial viability of growing K. ivorensis
with the objective to provide information on yields, costs, and benefits of
growing African mahogany for multiple purposes production based in

previously prognosis information from Brazil.

2 MATERIAL AND METHODS

Data were collected from continuous forest inventories of African
mahogany plantations located in different Brazilian regions (Southeast, Midwest
and North) with ages varying between 1.3 to 15 years old. The site index
classification was done in previous research (RIBEIRO et al., 2016), as was the
modelling of growth and yield applying taper functions (RIBEIRO et al., 2017)
to estimated volume by products as shown in Table 1. A thinning simulation was
also carried out considering two situations: one thinning operation at 10 years
age and the remaining forest data projected to 20 years as final rotation age and
two thinning operations, first at age of 8 and second at 15 years and final cut at
age of 20 years (RIBEIRO et al., 2017).
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Revenues were derived by multiplying estimated timber volume by
mean values of tropical timber (TABLE 1), since no data are available for sale
of Brazilian African mahogany plantations, besides, when estimating the value
of a forest property, the most common way to incorporate timber prices is to
apply mean prices based on the realized prices of the past, assuming that future
price development is in accordance with past development (HOLOPAINEN et
al., 2010).

Table 1 Wood assortments specifications and sale prices for African mahogany products.

Assortment Price
Product diameter (cm) Length (m) (R$/m3)*
Veneer d>35 2.2 2,950.37
Plywood 25<d<35 2.2 2,105.47
Sawnwood 18<d<25 2.2 1,005.14
Industrial roundwood 8<d<18 2.2 488.04
Residual d<8 - 50.70

*Mean values for tropical timber sales are from Annual Review Statistics Database of
International Tropical Timber Organization (ITTO, 2016b) based on year of 2014
provided in US dollars and converted to Real by a 3.38 exchange rate average in
November/2016 (BCB, 2016).

Costs were based in personal information from forest consultants during
the year of 2016, open data available on websites and values reported by
Pinheiro et al. (2011) relating African mahogany crop in Brazil and Cubbage et
al. (2014) for pinus and eucalyptus crops in Brazil. Since forest investments are
affected by diverse factors, some of which are easy or difficult to measure due to
dynamic business environment (LANGAT et al., 2015), and to ease the
complexity of the analysis, it was necessary to make assumptions to reflect the
likely scenarios such as wood sale, costs of harvesting (assuming same harvest
yield for all site indexes since the difference in diameter is around 5 cm from
less to high productivity), among others. All implementation costs (e.g. tillage,
herbicides application, ant control, planting, replanting) may vary due to local

peculiarities and particularities of each grower, with less obvious effect in
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economic analysis (REZENDE et al., 2006). We adopted the same total average

prices for all site indexes and assumed adequate edaphic and climate conditions

for crop implementation. Initial density of 278 trees per hectare was considered

and the costs, presented in Table 2, were developed as follows:

a)

9)

costs of activities and inputs required for implementation, including
machines and labor for land preparation (plowing, harrowing, pitting
and planting);

seedling purchase and transportation;

fertilization and mid-rotation fertilizer;

general cleaning (slashing, herbicide and ant control);

general maintenance (administration and management);

cost of harvest (felling, bucking and hauling timber to the nearest
accessible forest road) set at R$55.00 per cubic meter for thinning and
clearcut wood,;

land value estimated using mean value presented by Cubbage et al.
(2014) for Brazilian forest investment set as R$15,210.00 per hectare.

Table 2 General costs for planting and maintenance of 1 hectare of K. ivorensis

considering a 20 years rotation using a 6x6 m spacing.

Activity Year Cost (R$/ha)
Implementation and land preparation 0 3,348
Seedling purchase 0 1,699
Fertilization 0,2,4,6,8,10,12,14,16,18 2,634
General cleaning 0,2,4,6,8,10,12,14,16,18 700
General maintenance 1to 20 350
Cost of land 1to0 20 1,521

Financial analysis was undertaken using Net Present Value (NPV),

Equal Annual Equivalent (EAE) and Internal Rate of Return (IRR) for a 20-year

period considering unthinned or two thinning situations (A — unthinned, B - one

thinning at age 10 years remaining 150 trees per hectare and C - two thinnings,
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first at age 8 remaining 150 trees per hectare and second at age 15 years
remaining 75 trees per hectare) for African mahogany stands planted in initial
density of 278 trees per hectare.

The NPV (1) is the present value of expected future revenues minus the
present value of expected future costs, with the costs and benefits discounted at
the appropriate interest rate. The EAE (2) is a simple convertion of NPV to an
annual value paid at the end of each year or period for the life of the investment,
allowing comparation or rank of investments that are not equal in duration.
The IRR (3) is the rate of interest at which the initial investment NPV is zero,
being the level of profit expected from an investment project expressed as an
equivalent annual percentage rate of interest on all the money invested in that
project. The respective formulas follow:

B. C
NPV = Yoo qrn — Zn=0 g3 pm )
_ i(1+0)"
EAE = NPV [ (1+i)"—1] )

where n = year number; Bn = benefit in year n; Cn = cost in year n; i = annual

discount rate and N = rotation length. IRR: i such that:

N Bn _ yvN Cn
n=0 (1+i)n - n=0 (1+i)n (3)

A discount rate is the interest rate applied to convert future revenue
streams and costs to present values and rates. For Gregersen and Contreras
(1992), the rate for smallholder tree growers will tend to be higher than the rate
for well-established, low risk companies borrowing from regulated banks, being

in many cases, a rough approximation of the average of the various rates
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relevant to different individuals, suggesting the use of an estimated average bank
lending rate. We adopted in our analysis a discount rate equal 10% per year in
accordance with BNDES Florestal program (BNDES, 2016).

Positive NPVs and EAEs indicate that a timber investment would be an
acceptable option in order to receive an 10% annual rate of return. In practice,
forest landowners often accept rates of return of less than 10%, and do not get
additional payments (CUBBAGE et al., 2014). Greater NPVs, EAEs and IRRs
indicate preferred investments based on these financial criteria.

The Net Present Value (NPV) concept is an important tool in forest
economics, but the NPV of forested land is subject to various uncertainties
(HOLOPAINEN et al., 2010) since in forestry revenues and expenses are
estimated using yield value simulations, sources of uncertainty include growth
and yield models used in the simulators, development of timber prices, the rate
of interest used and uncertainties in the input data, etc. The uncertainty caused
by inadequate data, price and costs information and the influence of discount
rate was verified using a probability risk analysis through a Monte Carlo
simulation (ARNOLD; YILDIZ, 2015). Monte Carlo simulations, in their
simplest form, proceed by taking a random value from a specified probability
density function of each variable in the model. The process is repeated for a very
large number of iterations resulting in a probability distribution of the model
estimate (BROWN et al., 2005). This was done using the @RISK 5.5 software
(PALISADE, 2009) and the input variables followed a symmetrical triangular
distribution, which had central peak (mode) and endpoints (minimum and
maximum). They are easy to understand and commonly used in uncertainty
analysis when there is no credible information about the probability distribution
of the weighted variables in the stochastic model (SIMOES et al., 2016).

Sensitivity analysis was used to assess the relative importance or

contribution of variables in a model to the overall uncertainty and used to
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prioritize effort to reduce uncertainty. In practice the analysis is carried out by
changing the parameter or component (input) and observing the corresponding
effect on predicted output (SOARES et al., 1995). In our study the NPV value
was chosen. Spearman rank correlation coefficients was used to quantify
individual variable’s contribution by ranking the values simulated in the Monte
Carlo process. Therefore, a sensitivity analysis for six major input variables in
each situation were conducted, where modifications in the following parameters
inputs were considered: (1) implementation cost (+/- 10%), (2) different
discount rates (8%, 10% and 12%), (3) forest production (+/- 30%), (4) wood
product sale price (+/- 50%), (5) land cost (+/- 25%) and (6) harvest cost (+/-
40%).

3 RESULTS AND DISCUSSION

Mean values of stand variables and volume harvested from K. ivorensis
stands in Brazil by product and site indexes is presented in Table 3 for situation
A (no thinning), situation B (1 thinning) and situation C (2 thinnings). These
values were used to calculate the cash flow revenue, multiplying the volume per
product price (TABLE 1).
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Table 3 Mean stand variables and wood volume harvested from African mahogany for

different thinning situations.

Variables Volume by product (m3)

Situation sl t N d h G Veneer Plywood Sawnwood rcl)rlﬁtclj?/tvrcljzld Residual
17 20 197 364 206 213 519  126.9 39.9 13.9 25

(A) 21 20 206 37.1 235 229 662 1616 453 121 25
25 20 210 38.4 263 247 679 2244 40.1 11.4 3.0

Finalcut 29 20 209 39.3 29.0 26.1 1469 201.3 38.2 15.1 2.9
33 20 199 409 317 27.3 2224 1785 455 15.3 2.8

17 10 245 244 154 118 0.0 0.1 131 9.6 0.7

(B) 21 10 256 254 17.7 133 00 48 202 11.9 11
;« 25 10 262 268 200 150 00 132 31.4 10.4 12
thinning 29 10 258 27.9 222 161 00 14.6 323 11.7 0.9
33 10 245 294 244 172 00 13.0 30.6 10.2 0.9

17 20 150 38.4 20.8 17.6 37.54 12230 2493 8.82 1.90

(B) 21 20 150 38.9 238 180 5242 14050  26.15 7.81 1.62
25 20 150 39.8 26.6 18.8 5521 17863  22.09 7.93 2.08
Finalcut 29 20 150 412 29.3 202 120.80 16383  19.52 9.57 2.12
33 20 150 43.1 32.0 22.3 19429 14854  27.43 8.87 1.97

17 8 253 211 136 92 000  0.00 5.00 13.12 0.64

(© 21 8 265 222 157 105 000  0.00 13.61 15.75 1.26
;o 25 8 271 237 179 121 000 123 25.07 17.07 1.66
thinning 29 8 267 247 198 131 000 470 29.00 15.50 1.18
33 8 253 262 219 142 000 576 27.27 14.37 1.06

17 15 150 341 19.0 139 059  36.93 23.01 5.41 1.03

() 21 15 150 34.8 21.7 144 484  46.39 25.60 4.35 1.04
e 25 15 150 358 243 152 692 6496 22.29 3.78 1.22
thinning 29 15 150 37.1 268 164 1384  73.03 18.22 5.87 1.16
33 15 150 39.3 294 185 2841 77.84 21.52 5.93 1.13

17 20 75 429 213 108 5222 56.58 8.65 4.43 0.75

() 2120 75 431 243 111 6214 69.18 7.16 4.52 1.09
25 20 75 437 27.1 113 67.46 8284 5.82 5.10 155
Finalcut 29 20 75 455 29.9 123 119.17 63.91 7.46 3.70 0.75
33 20 75 483 327 141 17049 59.97 9.85 4.01 0.86

* Sl=site index (m); t=age(years); N= Number of trees per hectare d=diameter at breast
height (cm); h= height (m); G=Dbasal area (m?.ha'%).

Adopting 10% of discount rate, all situations lead to economic viability

for K. ivorensis investments in Brazil (FIGURE 1). For most productive sites (29

and 33 m) a 2-thinning management yielded higher income when analyzing the

NPV and EAE values, with slight superiority of 1 thinning for site 29 when
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analyzing the IRR value. For less productive sites (17 and 21 m) a 2-thinning
management is also the most profitable, although the superiority of the values is
not eminent. For site 17 the results of NPV and EAE for no thinning situation is
preferable than 1 thinning, since the cost of harvest increased the total cost and
the thinning revenue was not very significant (low volume — TABLE 3). For
average site (25 m) the results showed that just 1 thinning is the most profitable
management regime for NPV, EAE and IRR values.
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Figure 1 Net present value, Equal annual equivalent and Internal rate of return for all

management situations and site indexes for African mahogany investments in
Brazil.

Sensitivity analysis of the model was carried out in order to infer which
variables are most important to the realistic prediction of NPV for African
mahogany investment. Spearman rank order correlation sensitivity analysis
suggests that discount rate (coefficient values up to -0,59), wood sale price for
the two most expensive products (veneer and plywood) and volume production

of these two products were the most relevant variables for NPV value variation
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(FIGURE 2). Note from Figure 2 the relative longer bars at the top show most
significant variables while the shorter bars at the bottom the least.
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Figure 2 Spearman’s rank-order correlation coefficient of the most critical input
variables of the stochastic simulation model in relation to the simulated NPV

of financial investment projects for situation A (no thinning), B (1 thinning)
and C (2 thinnings) in five site indexes of African mahogany.



157

The negative correlation of the most critical variable that influenced the
NPV of the financial investment projects (discount rate) suggest that among
other, the increase in discount rate leads to lower NPV. The variables of land
cost, harvest cost, and implementation cost also have an inverse relationship
with NPV and thus increase the risk level of NPV. Price and volume of wood
products had a proportional relationship with NPV and thus decrease the risk
level of NPV.

Since discount rate is the most relevant variable for the investment, we
carried out a sensitivity analysis varying the values of discount rate (Figure 3).
The sensitivity analysis illustrates the negative relationship between NPV and
interest rate. For example, in the best site index (33) and best situation (C), the
variation of the rate by 10% (from 5% to 15%) results in a profit reduction of
R$297,229 per hectare. Similar behavior also arises in other situations (A and
B), confirming the high sensitivity of NPV values when changes in interest rate
occurs.

For the site index 17, discount rates up to 15% for all situations lead to a
negative return, making the project almost not sustainable economically. For site
index 21, discount rates of up to 16% for situation A, 17% for situation B, and
18% for situation C result in an uneconomic project. For site 25, discount rates
superior to 18% (situation A), and 20% (situations B and C), lead to negative
NPV values. For site index 29, discount rates of up to 19% (situation A), and
22% (situations B and C) result in negative NPV values. Finally, for site index
33, discount rates superior to 20% (situation A), 23% (situation B), and 24%

(situation C) lead to negative NPV values.
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Figure 3 Variation of NPV values as a function of the discount rate applied to African
mahogany projects in 3 management regimes and different site indexes.

A relevant method to evaluate an investment project is the net
present value (NPV). However, if the project is profitable (NPV>0) in a
more likely scenario, it is important to obtain information about the
robustness of the result to support decision-making in the risk assessment
of a project (VAN GROENENDAAL, 1998). By analyzing the
cumulative frequency of the NPV trough a Monte Carlo simulation
(FIGURE 4) for all situations, the probability of non-profitability

investment is inexistent in 90% of the confidence interval.
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The risk is higher for lower productive sites, especially for site 17,
although all situations lead to a positive NPV, the management regime without
thinning has lower probability of return (NPV values range from R$13,000 to
59,000 for situation A) and site index 33 with NPV values ranging from
R$94,000 to 192,000 for situation C. For site index 21 the probability of success
is similar for all situations, but with greater values for 2 thinning management
regime.

To the best of our knowledge, our research is the first to incorporate
financial risk in mahogany plantations economic analysis. Even though we
didn’t find previous risk analyzes for African mahogany plantations, our
estimates were compared with risk results for other forest species. For example,
studies carried out with Eucalyptus spp. plantations in Brazil for charcoal
production had a probability of 25% to obtain a negative NPV (FERNANDES,
2013), 30% according Castro et al. (2007) and 0% as reported by Cordeiro et al.
(2010). While for Pinus radiata in Chile the negative NPV value had 50%
probability of occurrence due to the low productivity site (CARMONA,;
ARANDA, 2003).

The probability distribution of NVP can be used with success to evaluate
the investment risk in African mahogany plantations. Results showed that the
probability of occurrence of negative values of NPV were almost zero for all
situations (FIGURE 4), and consequently there is little perceived investment
risk. Moreover, the most likely value of NPV for the best scenario (site index 33
and situation C) was R$131,177 per hectare, with values ranging from R$94,000
to 192,000. These high values confirm the attractive returns for a forestry
investment. Cubbage et al. (2014) studying global timber investments and trends
during the period of 2005-2011, indicated that Brazil had the greatest increase in
timber investment returns during the period examined and reported values of

IRRs for Pinus species equal 19% to 23% and positive values of NPV.
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4 CONCLUSION

The discount rate is the variable that most influence the viability of the
project. All site indexes and management regimes tested lead to feasible
financial return with NPV and EAE positive values (ranging from R$30,730 to
R$138,592 and R$3,609 to R$16,278, respectively). Althoutgh, it is important to
hiligth the variability of the data base and the many assumptions adopted in the
present work, the return can vary according the stands site, regime of
fertilization, irrigation and other silvicultural activites.

The Monte Carlo simulation showed that the probability of an unfeasible
investment is almost zero, highlighting African mahogany as a great forest
investment since it provides high values of internal interest rates (15%—27%),

superior to most market rates of return.
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