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Abstract

Aim of study: We investigated the most suitable thinning ages and intensities to maximize productivity and minimize
the rotation age of Tectona grandis clonal plantations in the Brazilian Eastern Amazon.

Area of study. Capitdo Pogo, State of Pard, Eastern Amazonia, Brazil.

Materials and methods: We used diameter, height, and volume data from 72 permanent plots measured on nine oc-
casions. We determined the classification of forest sites using the generalized algebraic difference approach (GADA).
Clutter’s segmented model was used to simulate different intensities of basal area reduction, determining the technical
ages according to the projected increments.

Main results: The polymorphic site curves generated by the GADA method revealed that there were sites with different
productive characteristics. The Clutter model produced compatible projections of basal area and volume that followed the
behavior of the productivity classes. The final production was maximized when three thinning intensities (basal area reduc-
tions) were applied: 1* thinning (50%), between the ages of 3.5 to 4.2 years; 2" thinning (50%), between the ages of 6.1 to
7.3 years; and 3" thinning (25%), between the ages of 10.6 to 12.8 years. Projected rotation ages ranged from 13.9 to 16.6
years. The simulations increased the net volume by 8.3%, on average, compared to no thinning.

Research highlights: Simulations with three thinnings maximized production compared to the no thinning scenario.
The time interval between thinnings was less than five years. The research results can help forest management deci-
sion-making and reveal production increases of 7. grandis clonal stands in a shorter time.

Additional key words: modelling; GADA,; silvicultural treatments; simulation; site index.
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Introduction

Forest plantations are the main way to meet the increas-
ing demand for timber worldwide, replace products from
natural forests, and prevent deforestation (Cuong et al.,
2019). Among the species with great expression for the
establishment of planted forests, Tectona grandis Linn. F.
(teak) stands out (Quintero-Méndez & Jerez-Rico, 2017;
Orrego et al., 2020). This is a Southeast Asian native spe-
cies, widely used in shipbuilding and in the production of
fine furniture and decks since it presents highly durable
wood, good dimensional stability, high workability, and
aesthetic quality (Upadhyay et al., 2005). Due to these
characteristics, commercial plantations of such species
have expanded in several countries, such as Costa Rica,
the Ivory Coast, India, Indonesia, Malaysia, Tanzania,
Thailand, Laos, Myanmar, and Brazil (Tewari et al., 2013;
Kollert & Kleine, 2017).

Worldwide, commercial teak plantations cover an area
of 6.9 million hectares, of which 88.2% are located in Asia,
7.8% in Africa, and 4% in Latin America (Midgley et al.,
2015; Graudal & Moestrup, 2017). Brazil has the largest
area of teak plantations in Latin America, c. 94 thousand
hectares (IBA, 2020), presenting a high productive poten-
tial, advanced technology for cultivation and management,
favorable edaphoclimatic conditions, and extensive po-
tential areas for reforestation, which makes it even more
promising to expand plantations of this species in the
country (Stape et al., 2001; Gongalves et al., 2008).

The growing global demand for certified timber, as well
as the concern about the extensive logging of natural for-
ests, justifies the need for scientific and technological ad-
vances in the development and improvement of superior
genetic materials of teak, whose plantations are mostly of

seed origin. Therefore, genetic improvement supported by
its wide genetic variation can assist in the selection of gen-
otypes with better growth and production characteristics
(Graudal & Moestrup, 2017; Mulyadiana et al., 2020).

In this context, studies aimed at developing best man-
agement practices to increase the timber production of teak
in clonal stands are necessary (Souza et al., 2022). Regard-
ing management practices in Brazil, there is a strong need
to study productive capacity and to forecast the timing of
technical thinning and rotation age (Medeiros et al., 2017).
Teak thinning and rotation technical ages are longer com-
pared to other industrial plantations in Brazil of species,
such as Eucalyptus sp., Pinus sp., Acacia sp., and Schizolo-
bium parahyba var. amazonicum (Graudal & Moestrup,
2017; IBA, 2020), due to their growth rates, commercial
products with large dimensions, and wood quality (Seta et
al., 2021). Silvicultural treatments, such as thinning, are
important for boosting tree growth, especially in diameter,
concentrating production on a smaller number of trees and
improving the wood’s technological properties and, con-
sequently, its market value (Kanninen et al., 2004; Pachas
etal.,2019).

Monitoring growth and yield along the rotation will help
to develop models that include variables such as density
and productive capacity, improving the stand’s thinning
plan (Medeiros et al., 2017). In Brazil, Clutter’s model
(Clutter et al., 1983) is the most used by forest compa-
nies, which is part of the modeling at the total stand level,
in which it estimates the average volume as a function of
the plantation density, age, and site index. Several studies
have been developed using Clutter’s model for forecasting
production in non-thinned stands (Valeriano et al., 2020).

Most teak silvicultural research has been carried out in
stands established from seedlings. A gap exists in mode-

Figure 1. Study area location and spatial arrangement and separation of sampling plots
by age in teak clonal plantations in Eastern Amazonia, Brazil.
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Table 1. Descriptive statistics for the variables of clonal teak plantations in Eastern Amazon, Brazil.

Fit data Validation data
Variables!! Min. Max. Mean Spo! Min. Max. Mean g
A 2.00 9.00 423 1.69 2.00 9.00 4.16 1.72
Dh 7.8 19.39 13.27 2.53 6.04 17.93 12.80 2.84
BA 227 34.73 14.68 5.95 237 25.58 14.69 591
% 8.67 231.30 82.12 40.15 8.33 159.38 81.28 39.89
dbh 7.50 31.57 16.52 443 6.04 29.01 16.25 4.68

I A: age (years); Dh: dominant height (m); BA: basal area (m* ha™'); V: volume (m® ha™); dbh: diameter at breast height (cm). *! SD: standard

deviation.

ling thinned stands and forecasting yields in clonal plan-
tations at different ages and thinning intensities, as well as
in determining the best technical rotation age (Adu-Bredu
et al., 2008; Novaes et al., 2017). This is important in the
process of species forest management planning since mod-
els that disregard silvicultural treatments cannot be used
(Souza et al., 2022).

Our research addresses the following scientific ques-
tion: What is the technical age, thinning intensity, and ro-
tation age of clonal teak plantations that maximize volume
production? We tested the hypothesis that three thinning
interventions over a period of less than 20-years rotation
would give the best response to the timber yield of the spe-
cies in clonal stands in the Brazilian Eastern Amazonia.

Material and methods

Study area and silvicultural practices

This study was carried out in teak clonal plantations lo-
cated in the municipality of Capitdo Poco, State of Para,
Eastern Amazonia, Brazil (2°30°00” S; 47°20°00” W and
2°20°0” S; 47°30°0” W) (Fig. 1). In this region, Dense
Ombrophilous Forest is the main forest type, and reliefs
range from flat to smoothly undulating (IBGE, 2012). The
main soil types occurring in the region are Petroplintic
Dystrophic Yellow Latosol, Typical Dystrophic Yellow
Latosol, and Petric Concretionary Plintosoil (EMBRAPA,
2013). The climate is Am according to Koppen's classi-
fication and is characterized as warm and humid, with a
short dry season (Alvares et al., 2013). The total annual
rainfall and temperature are 2256 mm and 26.1°C, respec-
tively (INMET, 2020).

The area (745.4 ha) was divided into 19 monoclonal
stands planted manually at spacings of 3.5 x 3.5 m, 3.75
x 3.75 m, and 4 x 4 m. The stands were 4, 5, 6, 7, and 9
years old during the study period. Silvicultural practices
consisted of controlling leaf-cutting ants with ant killers;
liming with dolomitic limestone (3 tons ha™); fertilization
(200 g plant™! of NPK 8-28-16 and 100 g plant ™' of KCl);
controlling invasive plants through hoe crowning, mecha-
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nized brushing; pruning; and fertilizing with the applica-
tion of boron (7 g plant™) and KCI (100 g plant™). Thin-
nings were carried out at 4.5 and 8.5 years, reducing the
basal area by 50% (Souza et al., 2022).

Forest inventory

Nine assessments were carried out in 72 permanent
sample plots of 500 m? laid out systematically over the
plantation area in a regular grid of 320 x 320 m. In each
plot, we measured the diameter at breast height (dbh), and
the total height (h) with a Vertex IV hypsometer (Haglof,
2007). In each plot, height measurements were performed
in five dominant and five randomly selected trees. We esti-
mated the total height and the volume over bark for the rest
of the trees in each plot using the Gompertz hypsometric
(Eqg. 1) and Schumacher—Hall volume equations (Eq. 2),
respectively. The dominant height (Dh) was determined
according to the criterion established by Assmann (1970),
which considers that the Dh is the average height of the
100 trees with the largest diameters in one hectare. The
dataset was divided into two random groups covering all
ages and site classes (Table 1): a database to develop the
models (58 plots—80%) and a database to validate the
models (14 plots—20%).

h=24.392345¢

e{ 045230779 + 0.05900041 dbh) ( 1 )

v=0.000106486 dbh 76"t 018 )

where h is the total height (m); dbh is the diameter at breast
height (cm); and v is the volume (m?).

Site, growth, and yield modeling

We obtained site indexes using the generalized algebra-
ic difference approach (GADA), focusing on three dynam-
ic equations as candidates for determining the plantations’
productive capacity. We used the dynamic equations of
Lundqvist-Korf, Cieszewski, and Schumacher (Table S1
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[suppl]) (Cieszewski, 2001; Cieszewski & Strub, 2008;
Tewari et al., 2014). These equations allow polymorphic
solutions since this behavior represents the growth of the
main forest variables (Tewari et al., 2014). The GADA
methodology is based on changing certain parameters
of the base model by explicit functions of X and may be
adapted to account for the temporal correlation expected
for longitudinal data of dominant height evolution. This is
an unobservable independent variable that makes it pos-
sible to describe the productive capacity of the site (bi-
oedaphoclimatic factors) (Souza et al., 2022). The applied
reference age (RA) was 9 years, as it is the most advanced
and the closest to the rotation age (Campos & Leite, 2017).

The segmented Clutter model was used to model the
thinned stands. It consists of a system of simultaneous
equations in which the prediction of the parameters is
performed using the ordinary least squares method in two
stages. This model is the most indicated when there is sim-
ultaneity between the models (Gujarati & Porter, 2008),
which allows the prediction of the basal area (Eq. 3) and
volume (Eq. 4), and to simulate different thinning regimes
(Clutter, 1963).

ﬁ)+a1 (1_%) SI+Lne (3)

A
Ln(BA,) = LnBA, (A—l) +a, (1- o -

Ln(V,)=a+ B A;' +ySI+oLnBA, + Lng 4

where Ln is the natural logarithm; A, and A, are the current
and future age (months), respectively; BA and BA, are the
basal areas in ages A and A (m* ha™), respectively; V,
and V, are the volumes in ages A and A, (m® ha™), respec-
tively; Sl is the site index (m); a,, o.,..., o, o, B, ¥, and 6
are model adjusted parameters; and €, is the random error.

To use the prognosis models, we verified the compati-
bility (path invariance) of the projections (Clutter, 1963;
Campos & Leite, 2017), considering that the result of the
projection from state t, to state t, and from t, to t, should
be the same as the projection from t to t,. We obtained the
initial basal area (BA,) (input for the projection of the fu-
ture basal area) from the corresponding model for each site
class at 2 years, notably, simulating
from 2 to 3 years, from 2 to 4 years, and from 3 to 4 years.

We considered the hypothesis that thinning technical
age (TTA) and technical rotation age (TRA) occur when
the maximum annual mean increment (MAI) of the pro-
jected volume (m® ha™) is reached divided by the age of
the stand at age (Leuschner, 1990). We carried out thinning
simulations with different BA reductions (25, 30, 35, 40,
45, and 50%) by site classes over time to simulate stand
growth until TRA. Using Clutter’s equations, we deter-
mined the production of variable density, the graphic pro-
jection of growth, and the production of thinned stands.
Using this information, we evaluated the consistency of
the estimates over the effects of the initial basal area and
site index on the TTA and TRA.

Forest Systems

Selection and validation of the models

To evaluate the goodness of fit and verify the occur-
rence of bias, we used the following statistical criteria as
a basis: the highest adjusted coefficient of determination
(R, ) for the linear models (Clutter models for basal area
and volume); the highest Pearson’s coefficient of corre-
lation (r &) for nonlinear models; the smallest root mean
square error (RMSE) and root mean square percentage er-
ror (RMSPE); the smallest Bayesian information criterion
(BIC); graphical analysis of the distribution of residuals in
percentage; analysis of observed and predicted values; fre-
quency histogram of the relative error test; significance of
the regression parameters; and the normality of residuals
verified by the Shapiro—Wilk test (Shapiro & Wilk, 1965).

The algorithm of the Levenberg—Marquardt function
“nlsLM” from the software R package ‘minpack.Im’
(Elzhov et al., 2016) was used to fit the Clutter models,
applying instrumental variables (proxy). For GADA mod-
eling, the nonlinear generalized least squares method, the
“gnls” method, was used as a function of the ‘nlme’ pack-
age of R® software (R Core Team, 2022). We assumed an
autoregressive structure of residuals, whose models were
adjusted separately (Garcia et al., 2011). To account for
this possible autocorrelation, we modeled the error term
using a first-order continuous autoregressive error struc-
ture method that allowed the models to be applied to irreg-
ularly spaced and unbalanced data (Gregoire et al., 1995).

The equivalence TOST test (two one-sided test) based
on regression using bootstrap was used to validate the
models using 20% of the total measured plots, randomly
selected. This aimed to assess the equivalence between the
predicted and observed values (Robinson ef al., 2005). The
dissimilarity hypothesis was rejected or accepted accord-
ing to the equivalence regions for the regression parame-
ters (intercept and slope, with 25% at the 95% probability
level and 1000 bootstraps). Linear regression was estimat-
ed between the observed and predicted values to calculate
two confidence limits for the parameters and their respec-
tive comparisons with the estimated equivalence region.

Results

Site classification

Based on the selection criteria, we chose the Lund-
qvist-Korf model, which generated accurate estimates of
the Dh (Table 2). The model presented the lowest values of
BIC criteria, the highest r-value, and the lowest values for
RMSE and RMSPE when compared to the other models,
showing significance for regression coefficients (p < 0.05).

The distribution of the residuals (%) for this model did
not show any bias in the Dh estimate, with a residual am-
plitude of less than + 20% (Fig. 2a), presenting a high cor-
relation between observed and predicted values (Fig. 2b),
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Table 2. Results of growth models to estimate the dominant height of teak clonal plantations in Eastern

Amazonia, Brazil.

Precision indicators®!

Model Parameters!" SE™
r, RMSE RMSPE BIC
Lundqvist-Korf o =-36951.60 4751.499 0.962 0.678 4.719 764.975
B=117641.31 15168.286
v =0.630000 0.042
Cieszewski o =22.741305 7.780661 0.959 0.719 5.005 806.873
B=3.302115 0.697304
vy =0.814998 0.048407
Schumacher o=-4.315373 0.07790798 0.952 0.851 5.924 911.165

o, B and y: model parameters. %! SE: standard error. ' r : correlation coefficient; RMSE: root mean square error; RMSPE:
root mean square percentage error; BIC: Bayesian information criterion.

and with residuals concentrated in the error central classes
(Fig. 2c¢).

The curves generated by the Lundqvist-Korf model re-
vealed that there were locations with distinct productive
characteristics, resulting in a difference in productive po-
tential, represented by the site indexes (SI) at 15, 17, and
19 m. As this model had a low error (0.678 m), the 2 m
amplitude among the polymorphic curves was the one that
represented all Dh values in all ages, with three site class-
es (Fig. 3). We observed that 18.1% (n = 13), 65.3% (n =
47), and 16.7% (n = 12) of the sampling plots from the in-
ventory belonged to the classes of low, medium, and high
productivity, respectively.

Modeling growth and yield

Clutter

The Clutter model produced good fitting indicators
(Rzadj, RMSE and RMSPE) with accurate and consist-

60
254

30

N
1<)

EE o

Residuals (%)
o
>

Observed Dh(m)

-30

=)

j

-60

ent projections of basal area and volume (Table 3). In
the volume equation, the negative sign of the f coeffi-
cient (—6.906879) and the low value of the o coefficient
(1.087015) corroborate the consistency for future volume
projections. In addition, the behavior of these coefficients
denotes an increase of a smaller magnitude for volume es-
timation. All estimated coefficients were significant (p <
0.05), demonstrating the relationship between the SI and
both basal area and volume.

The distribution of residuals in percentage for basal area
and volume was within + 30% (Figs. 4al and 4a2), with
high correlations between the values observed and predict-
ed by the models (Figs. 4bl and 4b2). Most errors were
concentrated in residual classes of = 10% (Figs. 4c1 and
4c2). The volume model showed no trends in estimates,
while the basal area model showed slight trends to under-
estimate the basal area from 0 to 10 m? ha™! and overesti-
mate it from 25 to 35 m? ha™!. However, these slight trends
did not impact the models’ prognostic power for basal area
and volume.

(c)

150
S -W(p>0.05)

g
8

Frequency

133
1=}
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Predicted Dh (m)
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Figure 2. Distribution of residuals in percentage of the dominant height (Dh) growth model (a), correlation
between observed and predicted values (b), and frequency histogram of the relative error generated by
the Lundqvist-Korf model fitted to Dh (c) in teak clonal plantations in Eastern Amazonia, Brazil. The red
and orange lines (LOESS and linear regression, respectively) represent the data tendency lines.
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== Dominant height
= = Limits
- = Reference age

= SI=19m
SI=17m
— Sl=15m

Figure 3. Site index (SI) curves for clonal plantations
of teak in Eastern Amazonia, Brazil.

Validation of the models and compatibility of growth and
yield

The Dh, basal area, and volume models were validated
by the equivalence test (Table 4), confirming their accuracy
in re-estimating their respective variables. This test (€ = 0.25
and a = 0.05, with 1000 bootstraps) did not detect any statis-
tical difference between the estimated and observed values.
The dissimilarity hypothesis was rejected because the confi-
dence intervals of the parameters of each model were found
within the similarity region. Therefore, the Lundqvist-Korf
(site) and Clutter (basal area and volume) models can be
used to predict teak stands in the present study.

The compatibility test of the Clutter models for basal
area and volume showed that both models were compatible,
projecting the same value for basal area (16.96 m?ha™') and
volume (88.51 m® ha™'), at ages of 2 to 4 years and 3 to 4
years. This result allows the adoption of the Clutter model
for projecting the growth and yield of teak stands.

Growth and yield of thinned stands

The theoretical stagnation of stand growth occurred
when the mean monthly increment (MAI) reached its
peak and coincided with its current annual increment
(CAI) values in volume. The combination of BA reduc-
tions with three thinnings generated 56 different possi-
bilities for silvicultural interventions. BA reductions
of 50% (1* thinning), 50% (2" thinning), and 25% (3™
thinning) were found to be the best combinations. This
scheme resulted in higher growth and production in each
site class; therefore, this was the thinning regime selected
for projecting the volume production of plantations with
and without thinning.

Simulations of several BA reductions showed that the
thinning technical age varied according to the site class
and was anticipated in the most productive sites. When
projecting the stands without thinning, growth stagnation
occurred at 3.5, 3.8, and 4.2 years for SI 19, 17, and 15 m,
respectively, with a basal area reduction of 50%, as pre-
sented in Fig. 5 (c1, bl and al). The simulations of BA
reductions generated the following TTAs:

e 1% thinning—50% of BA reduction in site indexes
15, 17, and 19 m: TTA at 4.2, 3.8, and 3.5 years,
respectively.

» 2" thinning—50% of BA reduction in site indexes
15, 17, and 19 m: TTA at 7.3, 6.5, and 6.1 years,
respectively.

* 3" thinning—25% of BA reduction in site index-
es 15, 17, and 19 m: TRA at 12.8, 11.3, and 10.6
years, respectively.

The simulations projected TRAs of 13.9, 14.9, and
16.6 years for the high, medium, and low productivity
capacity classes, respectively. The least productive site
corresponded to 28.5% (73.50 m* ha™') of the final aver-
age production in the rotation age. However, the medium
(86.58 m* ha™') and high (100.99 m* ha™) productivity
sites corresponded to 33.16 and 38.68% of the final aver-
age production, respectively. The net production estima-
tion increased by 8.12% (13.83 m?® ha™), 8.37% (16.68

Table 3. Clutter model results for projecting basal area and volume of teak clonal plantations

in Eastern Amazonia, Brazil.

Stand parameter  Parameter!"

SE®

Precision indicators®!

R, RMSE  RMSPE%
Basal area a,=2.79492  0.29292 (p < 0.05) 0.99 0.97 5.88
a,=0.04367  0.01725 (p <0.05)
Volume a=1.087015  0.091401 (p <0.05)  0.97 571 6.06
B=-6.906879 1.530770 (p <0.05)
v=0.029434  0.006069 (p < 0.05)
c=1.094510  0.031195 (p < 0.05)

o, o, B, y and o: model parameters. ! SE: standard error. ' R? . adjusted coefficient of determination; RMSE:

root mean square error; RMSPE: root mean square percentage error.
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Figure 4. Distribution of residues (%) of the Clutter model in
basal area (al) and volume (a2), correlation between observed and
predicted values for basal area (bl) and volume (b2), and frequency
histogram of residues for basal area (c1) and volume (c2) in clonal
plantations of teak in Eastern Amazonia, Brazil. The orange lines
(LOESS and linear regression) represent the data tendency lines.

m® ha™'), and 8.35% (19.43 m* ha™') for the low, medium,
and high productivity of the site, respectively, compared
to no thinning (Table 5).

Discussion

Site classification

The Lundqvist—Korf model has provided a precise and
realistic adjustment of the Dh as a function of age, with an
error of less than 5%. The SI polymorphic curves showed
consistency in height prediction with the use of GADA.
Tewari et al. (2014) also reported similar findings when
performing SI modeling for teak stands in India. Tewari
et al. (2014) and Caiadas-Lopez et al. (2018) also pointed
out that this method can be used in stands of this species to

Forest Systems

determine their productive capacity. This is justified by the
possibility of explaining GADA according to the growth
rate and the asymptote in such a way that one more pa-
rameter of the model depends on the productive capacity,
generating more flexible curves with polymorphism and
multiple asymptotes (Cieszewski & Bailey, 2000).

The polymorphic curves reflected the evolution line
trend for the observed values of Dh, suggesting that the ap-
proach of the algebraic difference is efficient in determining
the site indexes, even in stands that have not yet reached
the rotation age (Tewari et al., 2014; Cafiadas-Lopez et al.,
2018; Souza et al., 2022) (Fig. 3). The SI curves showed
that the study area presented suitable conditions for the
establishment of clonal teak plantations, with two meters
of amplitude and three productivity classes (SI = 15, 17,
and 19 m), as also observed by Souza et al. (2022), when
assessing the same fertilized teak stands as in the present
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Table 4. Validation of dominant height, basal area, and volume models of teak clonal plantations in

Eastern Amazonia, Brazil.

Model Parameter Confidence interval Similarity region Dissimilarity
Dominant height Intercept 13.727 £ 14.109 13.632 £ 14.132 Reject
Slope 0913 +1.070 0.750 £ 1.250 Reject
Basal area Intercept 2.756 £2.797 2.502 +3.002 Reject
Slope 0916 +1.071 0.750 £ 1.250 Reject
Volume Intercept 4.460 + 4.506 4.206 +4.706 Reject
Slope 0.923 + 1.067 0.750 £ 1.250 Reject

study. According to Bermejo et al. (2004), the variability
of the sites highlights the importance of using the SI for
modeling and forecasting growth and productivity in cases
where most sites are in the intermediate yield class and a
smaller number of sites belong to high and low production

(a)

potential. This is in accordance with the findings of the
present study.

The Sls determined in this research for non-clonal teak
stands proved to be better than those found in similar stud-
ies carried out in Bangladesh (Upadhyay et al., 2005), and
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Figure 5. Growth and production curves by productivity class. Dashed lines represent
the current annual increment (CAI) and the continuous average annual increment
(MAI) (graphs: b, e, f, and g). Green lines indicate the 19 m site class; yellow lines
represent the 17 m site class; and red lines represent the 15 m site class. The vertical
dashed lines and black dots represent the moment when the MAI reaches its maximum
(graphs: e, f, and g). (a) represents production and (b) volume increments in the
scenario without thinning; (c) represents the projections for basal area and (d) volume
in the thinning scenario in clonal teak plantations in Eastern Amazonia, Brazil.
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Table 5. Volume production with and without thinning in clonal plantations of teak in Eastern Amazonia, Brazil.

TTA™M TRAE! Total Difference Gain
1 2nd 3rd (m* ha') (m?® ha™') (%)
Low productive capacity (SI =15 m)
Age 4.2 7.3 12.8 16.6
With thinning 38.75 38.54 19.50 73.50 170.29 13.83 8.12
No thinning - - - 156.45 156.45
Medium productive capacity (SI =17 m)
Age 3.8 6.5 11.3 14.9
With thinning 45.33 44.85 22.65 86.58 199.42 16.68 8.37
No thinning - - - 182.74 182.74
High productive capacity (SI =19 m)
Age 3.5 6.1 10.6 13.9
With thinning 52.82 52.44 26.39 100.99 232.65 19.43 8.35
No thinning - - - 213.22 213.22

WTTA: thinning technical age; 1%, 2" and 3™: first, second and third thinning, respectively. 2 TRA: technical rotation age. Reference

age: 9 years.

India (Sajjaduzzaman et al., 2005). Investigating SIs for
the same clonal teak stands, Souza et al. (2022) used the
algebraic difference approach and found site indices close
to those reported in this study at a reference age of 10 years
(SI=15.5,17.5, and 19.5 m). This comparison reaffirmed
that the approach, number of classes, class range, and site
indices were consistent with the reality of the stand un-
der study. Such results indicate that planting the species in
locations in Brazilian Amazonia can be successful when
submitted to soil fertilization. Thus, annual monitoring is
essential to obtain reliable information about the variables
of interest, to calibrate the models, and to make them more
accurate (Upadhyay et al., 2005).

Production of thinned stands

Clutter’s segmented model was efficient in predicting
the basal area and volume projection. In the study by No-
vaes et al. (2017), the Clutter model was used to estimate
the growth and yield of teak in non-thinned plantations in
the state of Mato Grosso, Brazil. The authors reported ac-
curate projections, with estimated errors below 10%. Sim-
ilar results were also observed in the present study, even in
the non-thinning scenario. These results highlight the effi-
ciency of the Clutter model for estimating teak behavior.

The use of the Clutter model for estimating basal area
and volume showed consistent behavior for forecasting
basal area and volume, as confirmed by the compatibili-
ty test. This is an important condition for obtaining good
estimates of these variables in forest stands (Roveda et
al., 2016; Campos & Leite, 2017). Other studies predict-
ing future volumes with the same model in Eucalyptus
sp. plantations, e.g., Azevedo et al. (2016), Pereira et al.
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(2016), and Roveda et al. (2016), also obtained suitable fit-
ting quality and validation, corroborating the results of our
study. In addition, our results showed the efficiency of this
model in predicting the future volume of thinned stands at
different ages and spacings.

Growth and yield behaviors were compatible with yield
classes, technical thinning, and rotation ages. The techni-
cal ages were expected earlier in high-productivity sites,
corroborating the results reported by Leite er al. (2011)
and Souza et al. (2022) in Brazil and Bermejo et al. (2004)
in Costa Rica. In our study, the thinning age intervals were
not greater than four years, which is different from what
was found by Bermejo et al. (2004), in which the simulat-
ed thinning intervals were five years. Projections of growth
and yield of clonal plantations of the species at each site
helped decision-making about the timing for silvicultural
interventions, especially thinning.

Simulations projected growth stagnation earlier in
highly productive sites, corroborating studies conduct-
ed elsewhere (e.g., Nunifu & Murchison, 1999; Bermejo
et al., 2004). The growth of teak increased rapidly until
it coincided with the inflection point of the accumulated
growth curve, where the MAI and CAI values coincided
(Fig. 5). This behavior is characteristic of homogeneous
and even-aged stands, occurring earlier in denser planta-
tions and more productive sites (Bermejo et al., 2004; Me-
deiros et al., 2017; Pachas et al., 2019).

In Brazil, in teak plantations originating from seeds,
rotations of 20-25 years are usual, with three or four
thinnings applied at intervals of four to six years, whose
intensity varies according to the region and silvicultural
objective (Bezerra et al., 2011). In other studies, such as
those by Bermejo et al. (2004) and Canadas-Lopez et al.
(2018), four thinnings were applied in rotations ranging
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from 15-25 years, according to the site potential. In our
study, the simulations projected rotation ages varying from
13.9to 16.5 years, reducing by 1.1 and 8.5 years relative to
the ages reported by those authors.

This study revealed the superiority of clonal stands
compared to seed stands since rotations of 20-25 years
are usually expected in plantations of seed origin, as re-
ported by Bezerra et al. (2011). Our results showed no
evidence to reject the hypothesis formulated for the sil-
vicultural prescriptions, i.e., three thinning interventions
with a basal area reduction of 50% (1* thinning), 50% (2™
thinning), and 25% (3" thinning), with intervals of less
than five years and rotation of less than 20 years. In addi-
tion, thinning produced larger diameters and volumes per
tree, which would add more value to the wood in future
harvests (Fig. 5), as also suggested by Seta et al. (2021)
studying clonal teak plantations.

Several studies demonstrate that genetic breeding and
silvicultural treatments can reduce rotation; however, they
do not necessarily improve wood quality (e.g., Hidayati et
al., 2013; Seta et al., 2021) or the amount of heartwood,
which is the portion of the stem that aggregates a higher
value (e.g., Moya et al., 2020). For Hidayati ez al. (2013),
wood properties can be enhanced through genetic im-
provement programs aimed at this purpose, aligning the
yield increase with the wood quality of this species.

Therefore, the present study focused on the yield of
clonal teak stands, trying to determine suitable technical
conditions for thinning interventions. Thus, we found that
the interval between thinning ages was less than five years.
We also found that the simulations with three thinnings
aiming at the basal area reduction of 50%, 50%, and 25%
maximized an average of 8.3% of the production, in com-
parison to the scenario with the absence of thinning. The
productive gain of the remaining trees can be even greater
with the recommended thinning system, as this technique
is responsive in diametric growth, and this variable is re-
sponsible for the commercial value of teakwood, together
with the proportion of heartwood. Furthermore, technical
rotation ages were anticipated in comparison to plantings
from seeds. This study is aligned with Brazilian and inter-
national initiatives of genetic improvement and better teak
management, aiming to increase the gains of production
in less time.

Authors’ contributions

Conceptualization: C. R. C. Santos, W. B. R. Martins,
and M. D. R. Lima.

Data curation: M. L. Santos.

Formal analysis: M. L. Santos.

Funding acquisition: M. L. Santos.

Investigation: M. L. Santos.

Methodology: M. L. Santos.

Project administration: E. P. Miguel.

Forest Systems

Resources: E. P. Miguel.

Software: Not applicable.

Supervision: E. P. Miguel.

Validation: M. L. Santos.

Visualization: M. L. Santos.

Writing — original draft: M. L. Santos, H. J. Souza, J. N.
M. Silva, J. E. Arce, and E. P. Miguel.

Writing — review & editing: C. R. C. Santos, W. B. R.
Martins, and M. D. R. Lima.

References

Adu-Bredu S, Bi AFT, Bouillet JP, Mé MK, Kyei SY,
Saint-André L, 2008. An explicit stem profile model
for forked and un-forked teak (7ectona grandis) trees in
West Africa. For Ecol Manage 255: 2189-2203. https://
doi.org/10.1016/j.foreco.2007.12.052

Alvares CA, Stape JL, Sentelhas PC, Gongalves JLM,
Sparovek G, 2013. Koppen’s climate classification map
for Brazil. Meteorol Zeitschrift 22: 711-728. https://doi.
org/10.1127/0941-2948/2013/0507

Assmann E, 1970. The principles of forest yield study: Stud-
ies in the organic production, structure, increment and
yield of forest stands. Pergamon Press, Oxford. 355 pp.
https://doi.org/10.1016/B978-0-08-006658-5.50004-2

Azevedo GB, Oliveira EKB, Azevedo GTOS, Buchmann
HM, Miguel EP, Rezende AV, 2016. Modeling production
by stand and diameter distribution in Eucalyptus planta-
tions. Sci For 44: 383-392. https://doi.org/10.18671/sci-
for.v44n110.11

Bermejo 1, Cafiellas I, San Miguel A, 2004. Growth and
yield models for teak plantations in Costa Rica. For Ecol
Manage 189: 97-110. https://doi.org/10.1016/j.fore-
c0.2003.07.031

Bezerra AF, Milagres FR, Silva ML, Leite HG, 2011. Eco-
nomic analysis of settlements of ZTectona grandis sub-
mitted to thinning in Mato Grosso. Cerne 17: 583-592.
https://doi.org/10.1590/S0104-77602011000400018

Campos JCC, Leite HG, 2017. Forest measurement, 5" ed.
UFYV, Vigosa, Minas Gerais. 636 pp.

Canadas-L A, Andrade-Candell J, Dominguez-A JM, Moli-
na-H C, Schnabel-D O, Vargas-Hernandez JJ, Wehenkel
C, 2018. Growth and yield models for teak planted as
living fences in coastal Ecuador. Forests 9: 1-14. https://
doi.org/10.3390/£9020055

Cieszewski CJ, 2001. Three methods of deriving advanced
dynamic site equations demonstrated on inland Doug-
las-fir site curves. Can J For Res 31: 165-173. https://doi.
org/10.1139/x00-132

Cieszewski CJ, Bailey RL, 2000. Generalized algebraic dif-
ference approach: A new methodology for derivation of
biologically based dynamic site equations. For Sci 46:
116 -126.

Cieszewski CJ, Strub M. 2008. Generalized algebraic dif-
ference approach derivation of dynamic site equations

December 2022 « Volume 31 o Issue 3 « €024


https://doi.org/10.1016/j.foreco.2007.12.052
https://doi.org/10.1016/j.foreco.2007.12.052
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1016/B978-0-08-006658-5.50004-2
https://doi.org/10.18671/scifor.v44n110.11
https://doi.org/10.18671/scifor.v44n110.11
https://doi.org/10.1016/j.foreco.2003.07.031
https://doi.org/10.1016/j.foreco.2003.07.031
https://doi.org/10.1590/S0104-77602011000400018
https://doi.org/10.3390/f9020055
https://doi.org/10.3390/f9020055
https://doi.org/10.1139/x00-132
https://doi.org/10.1139/x00-132

Forecasting production in thinned clonal stands of Tectona grandis in Eastern Amazonia 11

with polymorphism and variable asymptotes from Rich-
ards, Weibull, and other exponential functions. For Sci
54:303-315.

Clutter JL, 1963. Compatible growth and yield models for
loblolly pine. For Sci 9: 354-371.

Clutter JL, Fortson JC, Pienaar LV, Brister GH, Bailey RL,
1983. Timber management: A quantitative approach.
John Wiley & Sons, NY, London. 334 pp.

Cuong ND, Volker M, Kohl M, 2019. Facilitating objec-
tive forest land use decisions by site classification and
tree growth modeling: A case study from Vietnam. IF-
orest 12: 542-550.

Elzhov T, Mullen K, Spiess A, Bolker B, 2016. Package
“minpack. Im.” https://cran.r-project.org/web/packag-
es/minpack.lm/index.html

EMBRAPA, 2013. Brazilian soil classification sys-
tem. Brasilia. 353 pp. https://www.embrapa.br/
busca-de-publicacoes/-/publicacao/1094001/brazil-
ian-soil-classification-system

Garcia O, Burkhart HE, Amateis RL, 2011. A biological-
ly-consistent stand growth model for loblolly pine in
the Piedmont physiographic region, USA. For Ecol
Manage 262: 2035-2041. https://doi.org/10.1016/j.fore-
€0.2011.08.047

Gongalves JLM, Stape JL, Laclau JP, Bouillet JP, Ranger
J,2008. Assessing the effects of early silvicultural man-
agement on long-term site productivity of fast-growing
eucalypt plantations: The Brazilian experience. South
For 70: 105-118. https://doi.org/10.2989/SOUTH.
FOR.2008.70.2.6.534

Graudal L, Moestrup S, 2017. The genetic variation in nat-
ural and planted teak forests: Characterisation, use and
conservation for the future. In: The global teak study
analysis, evaluation and future potential of teak resourc-
es; Kollert W, Kleine M (eds). pp: 19-36. Vienna, Austria.

Gregoire T, Schanbenberger O, Barrett JP, 1995. Linear
modelling of irregularly spaced, unbalanced, longitudi-
nal data from permanent-plot measurements. Can J For
Res 25: 137-156. https://doi.org/10.1139/x95-017

Gujarati, DN, Porter, DC, 2008. Basic Econometrics, 5%
ed. McGraw Hill, NY. 800 pp.

Haglof, 2007. Vertex IV and Transponder T3 manual.
Sweden. 271 pp. https://www.haglof.jp/download/ver-
tex_iv_me.pdf

Hidayati F, Ishiguri F, lizuka K, Makino K, Tanabe J, Mar-
soem SN, et al., 2013. Growth characteristics, stress-
wave velocity, and Pilodyn penetration of 15 clones of
12-year-old Tectona grandis trees planted at two differ-
ent sites in Indonesia. J] Wood Sci 59: 249-254. https://
doi.org/10.1007/s10086-012-1320-4

IBA, 2020. Brazilian tree industry annual report - base year
2019. Assoc Brasleira Arvores 160. http://datafiles/pub-
licacoes/relatorios/relatorio-iba-2020.pdf

IBGE, 2012. Technical manual of the Brazilian vegetation.
IBGE, Rio de Janeiro. 271 pp. https://biblioteca.ibge.
gov.br

Forest Systems

INMET, 2020. BDMEP - Meteorological data-base for
teaching and research. http://www.inmet.gov.br/portal/
index.php?r=estacoes/estacoesConvencionais.

Kanninen M, Pérez D, Montero M, Viquez E, 2004. Inten-
sity and timing of the first thinning of Tectona grandis
plantations in Costa Rica: Results of a thinning trial.
For Ecol Manage 203: 89-99. https://doi.org/10.1016/j.
foreco.2004.07.054

Kollert W, Kleine M (eds), 2017. The global teak study:
Analysis, evaluation and future potential of teak re-
sources. IUFRO World series volume 36 the global teak
study. 52 pp. https://agris.fao.org/agris-search/search.
do?recordID=XF2018002119

Leite HG, Silva MLM, Binoti DHB, Fardin L, Takizawa
FH, 2011. Estimation of inside-bark diameter and heart-
wood diameter for Tectona grandis Linn. trees using ar-
tificial neural networks. Eur J For Res 130: 263-269.
https://doi.org/10.1007/s10342-010-0427-7

Leuschner W, 1990. Forest regulation, harvest scheduling,
and planning techniques. Wiley-Blackwell, NY. 304 pp.

Medeiros RA, Paiva HN, Leite HG, Salles TT, Aragjo Jr
CA, Davila FS, 2017. Technical age for the first thin-
ning of teak stands in different spacings. Sci For 45:
705-716. https://doi.org/10.18671/scifor.v45n116.11

Midgley S, Mounlamai K, Flanagan A, Phengsopha K,
2015. Global markets for plantation teak; implications
for growers in LAO PDR. http://laoplantation.org/
wp-content/uploads/2018/08/VALTIP-Teak-Market-
Report-Midgley-et-al.pdf

Moya R, Gaitan-Alvarez J, Ortiz-Malavassi E, Berrocal
A, Fernandez-Solis D, 2020. Equations for predicting
heartwood merchantable volume and tradable sawlog
in Tectona grandis. J Trop For Sci 32: 379-390. https://
doi.org/10.26525/jt52020.32.4.379

Mulyadiana A, Trikoesoemaningtyas, Siregar 1Z, 2020.
Evaluation of early growth performance of 41 clones
of teak (Tectona grandis Linn. f.) at four microsites in
Purwakarta, Indonesia. J For Res 31: 901-907. https://
doi.org/10.1007/s11676-019-00878-0

Novaes DM, Santos ACA, Soares CPB, Paiva HN, Reis
GG, Monte MA, et al., 2017. Modeling Tectona grandis
tree and stand growth using stem analysis and perma-
nent plot data. Rev Arvore 41(5): e410503. https://doi.
org/10.1590/1806-90882017000500003

Nunifu TK, Murchison HG, 1999. Provisional yield models
of teak (Tectona grandis Linn F.) plantations in north-
ern Ghana. For Ecol Manage 120: 171-178. https://doi.
org/10.1016/S0378-1127(98)00529-5

Orrego S, Montes C, Restrepo HI, Bullock BO, Zapata
M, 2020. Modeling height growth for teak plantations
in Colombia using the reducible stochastic differential
equation approach. J For Res 32: 1035-1045. https://
doi.org/10.1007/s11676-020-01174-y

Pachas ANA, Sakanphet S, Soukkhy O, Lao M, Savath-
vong S, Newby JC, et al., 2019. Initial spacing of
teak (Tectona grandis) in northern Lao PDR: Impacts

December 2022 « Volume 31 o Issue 3 « €024


https://cran.r-project.org/web/packages/minpack.lm/index.html
https://cran.r-project.org/web/packages/minpack.lm/index.html
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1094001/brazilian-soil-classification-system
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1094001/brazilian-soil-classification-system
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1094001/brazilian-soil-classification-system
https://doi.org/10.1016/j.foreco.2011.08.047
https://doi.org/10.1016/j.foreco.2011.08.047
https://doi.org/10.2989/SOUTH.FOR.2008.70.2.6.534
https://doi.org/10.2989/SOUTH.FOR.2008.70.2.6.534
https://doi.org/10.1139/x95-017
https://www.haglof.jp/download/vertex_iv_me.pdf
https://www.haglof.jp/download/vertex_iv_me.pdf
https://doi.org/10.1007/s10086-012-1320-4
https://doi.org/10.1007/s10086-012-1320-4
http://datafiles/publicacoes/relatorios/relatorio-iba-2020.pdf
http://datafiles/publicacoes/relatorios/relatorio-iba-2020.pdf
https://biblioteca.ibge.gov.br/
https://biblioteca.ibge.gov.br/
http://www.inmet.gov.br/portal/index.php?r=estacoes/estacoesConvencionais
http://www.inmet.gov.br/portal/index.php?r=estacoes/estacoesConvencionais
https://doi.org/10.1016/j.foreco.2004.07.054
https://doi.org/10.1016/j.foreco.2004.07.054
https://agris.fao.org/agris-search/search.do?recordID=XF2018002119
https://agris.fao.org/agris-search/search.do?recordID=XF2018002119
https://doi.org/10.1007/s10342-010-0427-7
https://doi.org/10.18671/scifor.v45n116.11
http://laoplantation.org/wp-content/uploads/2018/08/VALTIP-Teak-Market-Report-Midgley-et-al.pdf
http://laoplantation.org/wp-content/uploads/2018/08/VALTIP-Teak-Market-Report-Midgley-et-al.pdf
http://laoplantation.org/wp-content/uploads/2018/08/VALTIP-Teak-Market-Report-Midgley-et-al.pdf
https://doi.org/10.26525/jtfs2020.32.4.379
https://doi.org/10.26525/jtfs2020.32.4.379
https://doi.org/10.1007/s11676-019-00878-0
https://doi.org/10.1007/s11676-019-00878-0
https://doi.org/10.1590/1806-90882017000500003
https://doi.org/10.1590/1806-90882017000500003
https://doi.org/10.1016/S0378-1127(98)00529-5
https://doi.org/10.1016/S0378-1127(98)00529-5
https://doi.org/10.1007/s11676-020-01174-y
https://doi.org/10.1007/s11676-020-01174-y

12 Mario L. dos Santos, Eder P. Miguel, Cassio R. C. dos Santos, Hallefy J. de Souza, Walmer B. R. Martins et al.

on the growth of teak and companion crops. For Ecol
Manage 435: 77-88. https://doi.org/10.1016/j.fore-
€0.2018.12.031

Pereira JC, Dias PAS, Mergulhdo RC, Thiersch CR, Faria
LC, 2016. Clutters growth and yield model with latent
component to predictions of volume in a plantation of Fu-
calyptus urograndis with data spatially correlated. Sci For
44:393-403. https://doi.org/10.18671/scifor.v44n110.12

Quintero-Méndez MA, Jerez-Rico M, 2017. Heuristic for-
est planning model for optimizing timber production and
carbon sequestration in teak plantations. IForest 10: 430-
439. https://doi.org/10.3832/ifor1733-009

R Core Team, 2022. R: A language and environment for sta-
tistical computing. R foundation for statistical comput-
ing, Vienna, Austria: R Foundation for Statistical Com-
puting. https://www.r-project.org/

Robinson AP, Duursma RA, Marshall JD, 2005. A regres-
sion-based equivalence test for model validation: Shift-
ing the burden of proof. Tree Physiol 25: 903-913. https://
doi.org/10.1093/treephys/25.7.903

Roveda M, Dias AN, Filho AF, Scavinski V, Castro RR,
2016. Identity test models applied for the construction of
site index and curves for production of Eucalyptus gran-
dis. Sci For 44: 115-127. https://doi.org/10.18671/scifor.
v44n109.11

Sajjaduzzaman M, Subhan Mollick A, Mitlohner R, Mu-
hammed N, Kamal MT, 2005. Site index for teak (7ecto-
na grandis Linn. F.) in forest plantations of Bangladesh.
Int J Agric Biol 7: 547-549. http://www.fspublishers.org/
published papers/78216 ..pdf

Seta WGW, Hidayati F, Na'iem M, 2021. Impact of thin-
ning and pruning on tree growth, stress wave velocity,
and pilodyn penetration response of clonal teak (7ectona
grandis) plantation. Forest Sci Technol 17: 57-66.

Forest Systems

Shapiro SS, Wilk MB, 1965. An analysis of variance test
for normality (complete samples). Biometrika 52: 591.
https://doi.org/10.2307/2333709

Souza HJ, Miguel EP, Nascimento RGM, Cabacinha CD,
Rezende AV, Santos ML, 2022. Thinning-response
modifier term in growth models : An application on
clonal Tectona grandis Linn F. stands at the amazo-
nian region. For Ecol Manag 511: 120109. https://doi.
org/10.1016/j.foreco.2022.120109

Stape JL, Gongalves JLM, Gongalves AN, 2001. Rela-
tionships between nursery practices and field perfor-
mance for Eucalyptus plantations in Brazil: A histor-
ical overview and its increasing importance. New For
22: 19-41. https://doi.org/10.1023/A:1012271616115

Tewari VP, Mariswamy KM, Arunkumar AN, 2013. Total
and merchantable volume equations for Tectona gran-
dis Linn. f. plantations in Karnataka, India. J Sustain
For 32: 213-229. https://doi.org/10.1080/10549811.20
13.762187

Tewari VP, Alvarez-Gonzalez JG, Garcia O, 2014. De-
veloping a dynamic growth model for teak plan-
tations in India. For Ecosyst 1: 1-10. https://doi.
org/10.1186/2197-5620-1-9

Upadhyay A, Eid T, Sankhayan PL, 2005. Construction
of site index equations for even aged stands of Tecto-
na grandis (teak) from permanent plot data in India.
For Ecol Manage 212: 14-22. https://doi.org/10.1016/j.
foreco.2005.02.058

Valeriano MFO, Miguel EP, Vasconcelos PGA, Nappo
ME, Angelo H, Rezende AV, et al., 2020. Are models
of volumetric production at the diametric distribution
and total stand level mutually compatible? J For Res
31: 1691-1698. https://doi.org/10.1007/s11676-018-
0868-2

December 2022 « Volume 31 o Issue 3 « €024


https://doi.org/10.1016/j.foreco.2018.12.031
https://doi.org/10.1016/j.foreco.2018.12.031
https://doi.org/10.18671/scifor.v44n110.12
https://doi.org/10.3832/ifor1733-009
https://www.r-project.org/
https://doi.org/10.1093/treephys/25.7.903
https://doi.org/10.1093/treephys/25.7.903
https://doi.org/10.18671/scifor.v44n109.11
https://doi.org/10.18671/scifor.v44n109.11
http://www.fspublishers.org/published_papers/78216_..pdf
http://www.fspublishers.org/published_papers/78216_..pdf
https://doi.org/10.2307/2333709
https://doi.org/10.1016/j.foreco.2022.120109
https://doi.org/10.1016/j.foreco.2022.120109
https://doi.org/10.1023/A:1012271616115
https://doi.org/10.1080/10549811.2013.762187
https://doi.org/10.1080/10549811.2013.762187
https://doi.org/10.1186/2197-5620-1-9
https://doi.org/10.1186/2197-5620-1-9
https://doi.org/10.1016/j.foreco.2005.02.058
https://doi.org/10.1016/j.foreco.2005.02.058
https://doi.org/10.1007/s11676-018-0868-2
https://doi.org/10.1007/s11676-018-0868-2

	_Hlk97119627
	_Hlk97119672
	_Hlk97119683
	_Hlk97119693
	_Hlk97119742
	_Hlk97119842
	_Hlk97119755
	_Hlk97119800
	_Hlk106384572
	_Hlk106384631
	_Hlk106384639
	_Hlk106394680
	_GoBack

