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ABSTRACT – The purpose of this study was to evaluate the efficiency of using total and partial analysis
data of the trunk of Tectona grandis trees and of permanent plots, for the construction of site index curves
and growth and production modeling, at the level of individual trees and of the settlement. Data were collected
in settlements located in the State of Mato Grosso, with ages ranging from 2 to 10 years at the time of tree
logging for trunk analysis. At that time, 40 permanent plots were installed, that were measured in the five
subsequent years. Trunk analysis data obtained from those plots were used for validation of a variable density
model. This model estimated the production with accuracy and consistency. Then, data from permanent plots
were added to those of trunk analysis and the model was readjusted.  It can be concluded that the trunk analysis
of Tectona grandis trees is an efficient alternative of data collection for growth and production studies. The
possibility of grouping past data, obtained by trunk analysis, with permanent plots, for growth modeling purposes,
was also confirmed. Finally, the efficiency of trunk analysis data for growth modeling at a level of individual
trees was evaluated and confirmed.

Keywords: Site index; Validation; Grouping data.

MODELAGEM DO CRESCIMENTO DE ÁRVORES E DE POVOAMENTOS DE
TECTONA GRANDIS UTILIZANDO DADOS DE ANÁLISE DE TRONCO E DE

PARCELAS PERMANENTES
RESUMO – O objetivo deste estudo foi de avaliar a eficiência do emprego de dados de análises total e parcial
do tronco de árvores de Tectona grandis e de parcelas permanentes, para construção de curvas de índices
de local e modelagem do crescimento e da produção, em nível de árvores individuais e de povoamento.
Os dados foram obtidos em povoamentos localizados no estado do Mato Grosso, com idades, variando de
2 a 10 anos no momento do abate das árvores para análise de tronco. Nesse momento, foram instaladas
40 parcelas permanentes, que foram mensuradas nos cinco anos subsequentes. Dados de análise de tronco
obtidos dessas parcelas foram utilizados para validação de um modelo de densidade variável. Esses modelos
estimaram a produção com exatidão e consistência. Em seguida foi incluído os dados das parcelas permanentes
aos de análise do tronco e o modelo foi reajustado.  Pode ser concluído que a análise de tronco em árvores
de Tectona grandis é uma alternativa eficiente para obter dados visando estudos de crescimento e produção.
Também foi confirmada a possibilidade de agrupar dados passados, obtidos por análise de tronco, com
parcelas permanentes, visando a modelagem do crescimento. Por fim, foi avaliada e confirmada a eficiência
dos dados de análise de tronco para modelagem do crescimento em nível de árvores individuais.

Palavras-Chave: índice de crescimento; Validação de dados; Agrupamento de dados.
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1.INTRODUCTION

Even-aged forest management is primarily informed
by three elements, namely land classification, prescription
of growth parameters, and prediction of growing stock
behavior and production for each management unit
(Davis and Johnson, 1987; Campos and Leite, 2013).
Land classification in particular encodes productive
capacity; site indices are in turn used as inputs for
predicting production. Therefore, both land classification
and estimation of growing stock and harvesting yield
require permanent plot or stem analysis data (Campos
and Leite, 2013). Data from other sources, such as
temporary plots or experimental designs, are often too
restrictive for modeling and managing these two elements.
Productive capacity, along with tree and/or stand growth
modeling, is broadly treated here as growth and
production modeling (GPM).

GPM can be calculated by sampling plots from
stands through either minimum or maximum data
stratification. The models for the first case, such as
Clutter's (1963) or Buckman's (1962) model, are more
comprehensive, with more independent explanatory
variables. In the latter, the models are simpler, with
production or growth expressed as a function of age
only, using sigmoid or exponential models (Campos
and Leite, 2013). In this case, predictive equations can
be transformed for use in projections (Oliveira, 2005;
Alcântara, 2012).

In Brazil, it is most efficient to use permanent plots
in commercial plantations to determine GPM; nonetheless,
data from permanent plots in continuous forest
inventories (CFIs) are also employed (Campos and Leite,
2013). These inventories contain random plots within
stands, with annual measurements performed up until
right before cutting (Soares et al, 2011). The plots are
stratified with respect to various parameters internal
to the stands, including edaphic, climatic, and
physiographic features, as well as continuous variables
such as age and categorical variables such as cutting
program and region.

In most cases, one plot is sampled for every 10
to 20 ha of CFI (Campos and Leite, 2013). Plot area
varies between companies, but rarely exceeds 600 m²,
except when the stands are subjected to thinning. Every
time a plot is analyzed, the diameters of all the trees,
and the heights of some, are measured; the rest are
estimated using either artificial neural networks (ANNs)

(Binoti et al., 2013a; Binoti et al., 2013b; Vendruscolo
et al., 2015) or regression (Leite and Andrade, 2003;
Nanos et al., 2004; Guimarães et al., 2009; Silva et al.,
2009; Ribeiro et al., 2010; Soares et al., 2011; Mendonça
et al., 2015). Meanwhile, the volume of each tree is
obtained using volume or taper equations adjusted
to the sample data (Thomas et al., 2006, De Souza et
al., 2008; Leite et al., 2011; Soares et al., 2011; Campos
and Leite, 2013), or through ANN models (Leite et al.,
2001; Gorgens et al., 2009; Binoti et al., 2014). In the
case of teak and eucalyptus, it is common to cut six
trees per 2 cm diameter class (Campos and Leite, 2013),
two in an intermediate condition and two in productive
capacity extremes.

The use of stem analysis data for growth modeling
and classifying productive capacity is an intuitive
technique that is well attested in the literature (Carrom,
1968; Meyer, 1962; Novaes, 2009; Campos and Leite,
2013). However, in Brazil, Tectona grandis stands are
still commonly analyzed using CFI plots. According
to García (2005), data from both stem analysis and
permanent plots are sometimes available, making it
important to verify that the relationships between height
and age are consistent with each other.

In Brazil, this is the most common way that variables
necessary for eucalyptus, pine, and teak stand GPM
are obtained. Depending on the company size, this
process requires the measurement of a large number
of plots every year, necessitating considerable
investment. There are always many plots in the
intermediate condition, which is not necessary for
modeling; however, these plots are needed to better
estimate confidence limits on the population mean
(Campos and Leite, 2013).

One way to minimize sampling effort needed to
obtain GPM data is to use a metaheuristic method to
optimize sampling (Loures, 2014). In addition, when
it is possible, complete and partial tree stem analysis
data for a single age can be used (Campos and Leite,
2013). However, this second alternative applies more
to hardwood, Araucaria, and Pinus species (Figueiredo
Filho, 2001).

Experiments on Tectona grandis have been
underway in Brazil since the end of the 1960s. According
to Mahaphol (1954), Streets (1962), and Lamprecht (1990),
as cited by Dresscher (2004), teak originates in Southeast
Asia and the Indian subcontinent between 10° N and
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25° N. There has been a great deal of research into
its silviculture, implantation, artificial debranching,
thinning, and wood use (Torres, 1982; Långström and
Helqvist, 1991; White, 1991; Torres et al., 1995; Bhat,
1995; Baillères and Durang,2000).

The total area devoted to teak planting in Brazil
increases significantly each year; for example, between
2012 and 2013, there was an increase of about 20,941
ha (IBA, 2014). Given this widespread increase and
the availability of growth ring visualization, it is important
to evaluate the efficiency of the employment of stem
analysis data in GPM. In addition, according to García
(2005), both permanent plot and stem analysis data
are available in certain cases; it is important to verify
the consistency in growth trends of these two data
sources.

The main objective of the present study is to validate
the adjusted Clutter model put forth by Novaes (2009);
this was to be accomplished using five measurements
of permanent plots taken after complete and partial
stem analysis. An additional objective was to corroborate
past partial stem analysis data with those measurements,
as well as to evaluate the accuracy of estimates generated
by an individual tree model using only partial stem
analysis data.

2.MATERIALS AND METHODS

 2.1.Data Acquisition

The data for this study were obtained from Tectona
grandis stands located in the municipality of Santo
Antônio do Leverger, in the state of Mato Grosso,
Brazil. The stands had an initial spacing of 3 x 2 m,
and were subject to pre-commercial thinning with the
goal of eliminating trees that were defective or dominant
after the growing space was fully occupied. The ages
of the trees in these stands varied from 2 to 10 years
at the time of the initial data collection performed by
Novaes (2009). At that time, a total of 40 permanent,
rectangular plots measuring 60 x 20 m (1200 m²) were
marked in the stands. The diameter at breast height
(Dbh), in this case at 1.30 m from the soil for each tree,
and the total height were measured for the first 15 trees
in each plot. The diameter data were grouped into 2.0
cm diameter classes centered at Dbh. The height of
the remaining trees in each plot were estimated using
a regression model. These plots were measured over
the following five years. In these plots, the height of

five dominant trees was also measured according to
the process established by Assmann (1977). Data from
these five trees were used to determine the dominant
height of the plots for each age after stem analysis.

 2.2.Complete stem analysis

A total of 32 dominant trees were selected for
complete stem analysis. These trees were cut and wooden
discs of about 3 cm in thickness were removed at cutting
heights of 0.3 m, 1.3 m, and then every 2 m up from
that point, up until the Dbh (Dbhob) was about 6 cm.
Rings were counted using a transparent ruler over two
orthogonal positions. In this manner, and following
Clutter et al. (1983) and Campos and Leite (2013), height
and age data pairs were obtained for each dominant
tree. These data were used to adjust the logistical model
in order to reach a classification of productive capacity;
the guide curve method was used, with an index age
of 8 years. The obtained curves were applied to the
permanent plot data to validate the stem analysis
classification.

2.3. Partial stem analysis and growth modeling

In each plot, 2 cm diameter classes centered around
Dbh were established, with one sample core collected
from each of two trees in each class at a height of 1.3
m. According to Novaes (2009), this frequency of two
trees was established arbitrarily; however, the entire
range of diameter distribution of each plot was considered
in the tree selection, aiming to follow the overall
distribution within the corresponding stand. The cores
were removed using an auger, after which they were
attached to wooden containers with space for four
cores (Campos and Leite, 2013). These containers were
identified by plot number, tree, and Dbh class. The
growth ring measurements completed by Novaes (2009)
used a transparent ruler, graduated in millimeters, placed
in two positions perpendicular to each other. The radius
of each section and age was measured for each case.
With the resulting data, the basal area and volume
of each plot were calculated for the different reconstituted
ages.

To estimate the Dbhob of previous ages, a simple
linear model was adjusted to correlate Dbhob and Dbh
under bark (Dbhub) as observed in the cores or cut
sample trees, where Dbhub is the diameter at 1.3 m
without bark. This model was adjusted using both the
partial stem analysis data and some complementary
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tree sampling data from another 138 trees that were
felled in the stands. This analysis considered ages
from 3 to 10 years and the diameter classes delineated
for the corresponding plots for complete and partial
stem analysis. This linear model was adjusted for
each age.

Data from these 138 trees were also used to fit
the non-linear form of the model to estimate tree volume
developed by Schumacher and Hall (1933),
LnHt = 

0
 +

1
 Ln(I) + 

2
 LnDbh +  . The basal areas

of each plot at different ages were obtained by
multiplying the average sectional areas by the total
number of surviving trees at the time of stem analysis.
Finally, volumes were obtained using the formula V=
10000NV A-1  , where V is the volume per hectare without
bark, N is the total number of trees in the plot, V is
the mean volume per tree in m3, and A is the plot area
in m2.

2.4. GPM

Data obtained through partial stem analysis were
initially employed to fit a model to estimate growth
in diameter. This model, developed by Pienaar and Shiver
(1982), was used to estimate the stem diameter without
bark for periods both before and after the age at which
stem analysis was performed. The statistical models
used were:

Volume, basal area, and site index data were collected
for each plot at the age at which the stem analysis
was performed and for previous ages; these data were
then used to adjust Clutter's model (1963), appearing
as it most frequently does in Brazil based on the work
by Campos and Leite (2013):

 The model was adjusted by the two-stage least
squares method (Gujarati, 2001), after which the process
was validated using the permanent plot data derived
from the five measurements. In addition to graphical

analysis of the residue, the validation step included
the calculation of the following parameters: mean absolute
difference (MD), relative error (Bias%), and the correlation
coefficient between observed and estimated values
of production (m3 ha-1) (Siipilehto, 2000; Campos and
Leite, 2013), all calculated as follows:

where  a Y
i
, Y

i
 and Y re the observed value, the

value estimated by the model, and the observed mean
value, respectively, and n is the number of cases.
According to Campos and Leite (2013), these statistics
were interpreted relative to previous, similar studies.

To verify that the production curve tendency was
the same before and after the stem analysis, the data
observed in the five plot measurements were plotted
on the estimated curves along with the stem analysis
data. In addition, Clutter's model was also adjusted
with the grouped stem analysis and permanent plot
data. The site indices were defined by the classification
made using the complete stem analysis data, given
the consistency observed in Figure 1 (a, b). The estimates
obtained by Clutter's model, with and without the inclusion
of the permanent plot data, were compared both
graphically and through the validation statistics.

3.RESULTS

The logistical model was considered adequate for
constructing local index curves for the sampled stand.
This is based on the observed consistency between
the curves and the dominant heights of both the stem
analysis (blue) and the permanent plots measured from
2008 to 2012 (black) (Figure 1 (a)). The estimated equation
using data from the complete analysis of the trunk
was Hd = 15.343068 (1 + 5.98063e 0.614544I) , where
I = age (years) and r

yy
 = 0.9268; applying an index age
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of 8 years, the equation yielded:

Hd = S
1

The expression 1 was used to construct the local
index curves shown in Figure 1 (b), with the limits on
dominant height based on site index. The transformation
of this expression yielded the site indices for each plot
and age. The growth trend in dominant height before
and after stem analysis was similar (Figure 1 (a)).

In Figure 1, the dominant height data from the
five plot measurements were plotted over the curves
generated with the stem analysis data. This analysis
was performed to verify the consistency between this
data and the generated curves.

The adjusted equations for estimating bark diameter
as a function of the respective non-bark diameters obtained
from the stem analysis are presented in Table 1.

The equations 2, 3, 4 and 5 were adjusted
to the felled and cubed sample tree data when completing
stem analysis:

Ht = e0.873575 + 0.206082Ln I + 0.456641Ln dbh, r
yy 

= 0.9149    (2)

V
ob

 = 0.00006547 58Dbh1.71506Ht1.05047, r
yy

 = 0.9930 (3)

V
ob

 = 0.00006133 32Dbh 1,72334 Ht1.05786, r
yy

 = 0.9910 (4)

Dbh
2
 = Dbh

1
e-9,969526 (I

2
 - 0,143675 - I

1
 -0,143675), r

yy
 = 0.9889  (5)

Clutter's model was adjusted with the reconstructed
plots, with the age expressed in months, using the
two-stage least squares method (Gujarati, 2010):

LnV
2
 = 1.43799 - 14.8093I

2
-1 +

0.014842S
1
 + 1.08090LnB

2

LnB
2
 = LnB

1
I

1
I

2
-1 + 2.458695

(1-I
1
I

2
-1) + 0.057271 (1-I

1
I

2
-1)S1

By grouping the stem analysis data with the
permanent plot data, the following system of equations
was obtained:

  LnV
2 
= 1.2317 - 20.76411

2
-1 + 0.0093S

1
 + 1.2415LnB

2 
 (8)

LnB
2
 = LnB

1
I
1
I
2
-1 + 3.402703 (1-I

1
I
2
-1)                    (9)

The validation statistics of the (α )6 , (α )7 , (α )8 ,

and (α )9  models are presented in Table 2 and Figure 2.
There was no bias in the estimates of acceptable accuracy
when compared to similar studies (Cruz et al., 2008).

The estimated tree-level equations, which yielded
the individual tree model, were:

LnHt = 0.873575 + 0.206082LnI + 0.456641Lndap;,

with I being the age in years

Ht
2
 = e2.5998-11.065101 (I

2
Dbh

2
)-1

Dbh
2
 = Dbh

1
e -9.969521(I

2
-0.143675-I

1
-0.143675), r

yy
 = 0.9771

V
ob

 = 0.00006547 58Dbh 1.71506 Ht1.05047, r
yy

 = 0.9771

V
ub

 = 0.0000613332Dbh1.72334 Ht1.05786, r
yy

 = 0.9010

Eq4
(1 + 5.98063e 0.614544(8))
(1 + 5.98063e 0.614544I)

(1)

(7)

(6)

(10)

(11)

(12)

(14)

(13)

^

^

^

^

^

^

^

^

^

Figure 1 – Dominant height growth trends in data of the complete trunk analysis and in data from permanent plots, measured
after trunk analysis (a) and site index curves for Tectona grandis, built with complete trunk analysis data, for
an index age of eight (8) years, obtained by the curve fitting method (b). Black dots are dominant heights observed
in permanent plots measured after trunk analysis

Figura 1 – Tendências de crescimento em altura dominante nos dados de análise completa do tronco e nos dados de parcelas
permanentes medidas após a realização da análise de tronco (a) e curvas de índices de local para Tectona grandis,
construída com dados de análise completa de tronco, para uma idade índice de oito (8) anos, obtidas pelo método
da curva-guia (b). Pontos pretos são alturas dominantes observadas em parcelas permanentes mensuradas após
a análise de tronco.
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Age Class 
0


1

R² F p-value Sxy

10 7.865344 0.706453 0.7143 11.00 0.0452 0.4536
8 2.813622 0.935632 0.9513 79.12 < 0.01 0.5843
7 0.560170 1.074103 0.9918 971.27 < 0.01 0.3153
6 0.411671 1.096542 0.9912 453.06 < 0.01 0.2044
5 0.679659 1.059668 0.9970 2299.68 < 0.01 0.2453
4 1.889067 0.974727 0.9962 2358.06 < 0.01 0.2238
3 0.639653 1.108563 0.9838 182.80 < 0.01 0.3424

Statistics Partial analysis of the trunk Partial analysis of the trunk data
plus permanent plots data

V (m³ ha-1) B (m² ha-1) V (m³ha-1) B (m² ha-1)

e 3.15 8.46 2.38 7.45

r
yy

0.9932 0.9309 0.9920 0.9391

Bias% 4.87 2.56 1.66 1.92

Table 2 – Statistics obtained by the application of the Clutter model, adjusted to the data of partial analysis of the trunk
and to such data were added those of the permanent plots measured from 2008 to 2012.

Tabela 2 – Estatísticas obtidas com a aplicação do modelo de Clutter, ajustado aos dados de análises parciais de tronco
e aos esses dados, acrescidos dos dados das parcelas permanentes medidas de 2008 a 2012.

^

Figure 2 – Diameter estimated at a height of 1.3 m, under (a) and over (Dbh) (b), and the corresponding diameters observed
in trunk analysis. Relationship between volumes estimated by the Clutter model adjusted to trunk analysis data
(c) and to such data grouped with the data of permanent plots (d).

Figura 2 – Diâmetro estimado a 1,3 m de altura, sem (a) e com casca (dap) (b), e correspondentes diâmetros observados
na análise de tronco. Relação entre volumes estimados pelo modelo de Clutter ajustado aos dados de análise
de tronco (c) e aos esses dados agrupados aos dados de parcelas permanentes (d).

Table 1 – Coefficients of the adjusted equations for a diameter over bark at 1.3 m in linear function of the diameter under
bark at this height (Dbh

ob
 = b

0
 + B

1
Dbh

ub
 + e), and their main statistics.

Tabela 1 –Coeficientes das equações ajustadas para diâmetro com casca a 1,3 m em função linear do diâmetro sem casca

à esta altura )( 10   sccc dapdap , e suas estatísticas principais.^ ^
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As mentioned, regular mortality was not considered
part of the modeling since stem analysis is performed
on live trees in real time. According to Campos and
Leite (2013), when using stem analysis there is no way
to know what the mortality was in previous years. In
ddition, the stands were to be subjected to selective
thinning at a low height. The diameter and volume
estimates obtained with the previous equations were
accurate and free of bias (Figure 2). The statistical
parameters used in the validation also resulted in
satisfactory values for production estimates, with less
than 5% bias and mean absolute differences of 3.15
and 2.38 m3 ha-1 (Table 2).

The adjusted model incorporating stem analysis
data was applied to developing projections of the tested
permanent plots (Figure 3). Graphical analysis of the
residue using this model is represented in Figure 2,
where the modeling effectiveness can be verified. The
statistical parameters relating to accuracy,  e, r

yy
, and

Bias%, were obtained when the model was applied
were.

The results of this study confirm the applicability
of stem analysis data for GPM, either at the level of
a stand or at the level of an individual tree. They also
show that it is possible to group past data obtained
with stem analysis with later data from permanent plots
for growth modeling. This can decrease cost without
affecting accuracy.

4.DISCUSSION

One of the more notable features of wood from
Tectona grandis is that growth rings can be easily seen
in various parts of the shaft. This allows for complete
and partial stem analysis, quickly and inexpensively
generating data for growth studies. In this study, it
was possible to visualize and measure growth rings
on the analyzed wood discs without any additional
treatment.

Drescher (2004) reported using stem analysis data
for teak growth and production, taking data from plants
ranging in age from 2 to 10 years and with an initial
spacing of 3 x 2 m. This study took place in the
municipalities of Santo Antônio do Leverger and
Brasnorte, in Mato Grosso. Both temporary plot data
and partial and complete stem analysis data were used,
with the complete analysis data being used to construct
local index curves. The author presented hypsometric
and volumetric equations. In addition, the volume per
hectare was obtained using the mean basal area, the
mean height, and an artificial form factor, estimated
by means of regression; stand volume tables were
subsequently generated. However, even though the
data was available, no GPM models were generated
as was done in the present study.

Bermejo et al. (2004) used data from 318 permanent
plots, 500 m² in size, for the construction of empirical

^

Figure 3 –  Production curves generated by the Clutter model adjusted to trunk analysis data (a) and production curves generated
by the same model, adjusted to the data of partial analysis of the trunk and to such data were added those of
the permanent plots measured from 2008 to 2012 (b). The data plotted in a and b are observed productions in
permanent plots.

Figura 3 – Curvas de produção geradas pelo modelo de Clutter ajustado aos dados de análise de tronco (a) e curvas de
produção geradas pelo mesmo modelos, ajustado a dados de parcelas permanentes (b). Os dados plotados em
a e em b são produções observadas nas parcelas permanentes.
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production tables for stands located in Guanacaste,
Costa Rica. The volume per hectare was obtained by
taking the product of the number of trees per hectare
and the average diameter. Again, although it would
have been possible, no GPM models were created.

Cruz et al. (2005) and Nogueira et al. (2000) reported
using permanent plot data for the construction of teak GPM
models. In the first study, a stand-level model was constructed
for young and non-thinned plants located in Tangará da
Serra, Mato Grosso. In the second study, an adjusted diameter
distribution model was used for stands located in municipalities
of this state. In this case, a two-parameter Weibull distribution
was used to construct the model.

Novaes (2009) used stem analysis data to adjust and
evaluate Clutter's and Buckman's models, modified by Silva
(2001), in addition to working with a diameter distribution
model. At the time, model validation was completed with
permanent plot data measured both for the year in which
stem analysis was performed and for the subsequent year.
The possibility of obtaining consistent estimates of acceptable
accuracy using stem analysis data was demonstrated in this
case, both with the data used in the adjustment and
with those measured in permanent plots for two
consecutive years.

The efficiency of the adjusted model to project the
diameters of individual trees demonstrates that modeling
at the level of an individual tree can be efficiently accomplished
using stem analysis data. However, this application is still
limited in that it does not account for the mortality component.
An alternative approach might be to merge stem analysis
data with permanent plot data. This would necessitate installing
a small number of plots at an early age in order to monitor
survival until the first thinning. After the first thinning,
it may no longer be necessary to model regular mortality,
at least when thinning occurs at low heights (since the least
fit individuals would be eliminated at each intervention).

This study confirms that it is possible to estimate
teak stand growth and production using data from
complete and partial stem analysis. These analytical
methods should be used in special situations where
no permanent plot data is available, and offer the
advantage of providing data for older stages of plants
by taking a single current sample.

5.CONCLUSIONS

Stem analysis is an efficient alternative by which
to obtain data for growth and production studies of

Tectona grandis in Brazil, whether at the level of an
individual tree or a stand.

Previously acquired data obtained with stem analysis
and grouped with later data from permanent plot studies
allows for studies of growth and production, without
a loss of accuracy.

Although no economic analysis has been performed,
it is possible that the use of both data sources can
reduce modeling costs. This is because the permanent
plots would be measured a certain amount of time after
the stem analysis.

Clutter's model, in its most common form, efficiently
modeled the growth and production of the stands sampled
in this study.
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