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Abstract. In the Colombian Caribbean, 44 permanent sampling plots (PSPs) on 
teak (Tectona grandis) plantations in 20 stands ranging in age from 3 to 20 years 
have been measured annually for 17 years. We have developed a compatible growth 
and yield model using the state-space approach and Kopf’s growth equation fit-
ted by nonlinear mixed-effects-models (NLMEMs). For each site index class, the 
transition function of the basal area depends on the initial basal area (G1) and the 
initial age (t1), projected to a future basal area (G2) and its age (t2). In the transition 
function, the previous thinnings were added to not underestimate the total yield. 
We use NLMEMs to prevent autocorrelation by modeling annual measurements in 
the PSPs. The transition function is inserted in allometric stand models of three key 
variables: volume over bark, the volume under bark, and above-ground biomass. 
Tree allometric models for volume over bark, the volume under bark, and bio-
mass were parameterized, self-validated, independently validated, and recalibrated. 
Stand allometric models for the same three key variables, as a function of the stand 
basal area, were parameterized by using NLMEMs to evaluate proportional vari-
ance to the mean and variance as a potential function of the mean. In both tree and 
stand allometric models, the assumptions of the regression have been fulfilled. The 
resulting growth and yield model allows for the estimation of current growth and 
predicts future yields in volumes and above-ground biomass arising from thinnings 
treatments. The proposed model is a useful tool for teak efficient plantations man-
agement. The proposed growth models for teak in this paper may have a potential 
utility in newly teak planted areas, where such tools are scarce or non-existent. 
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Introduction

Perhaps the state-space approach (SSA) is the 
most advanced technique available today to 
generate compatible growth and yield mode-
ls in forest plantations. The SSA relies on the 
assumption that the state of a system at any 
given time contains the cumulated information 
of the past, and only information on the pre-
sent is needed to predict the future behavior 
of the system (García 1994, Nord-Larsen & 
Johannsen 2007, Weiskittel et al. 2011). Only 
recently, this technique has been incorporated 
to study the growth of teak in India (Tewari et 
al. 2014, Tewari & Singh 2018), under a very 
different monsoon climate from those of the 
Neotropics, and in Venezuela (Quintero et al. 
2012, Jerez et al. 2015).  Only in the studies 
from Venezuela, the thinnings were simulated. 
 Teak (Tectona grandis L. f.) is the most va-
luable tropical timber species under cultiva-
tion (Ladrach 2009, Kollert & Kleine 2017). 
Although teak has been planted in the Neo-
tropics since 1913 (Ladrach 2009), and since 
1884 in Africa (Wadsworth 1997), studies of 
its growth and yield have limitations to be 
applied in some sites and management condi-
tions where this species currently is cultivated. 
Some of these limitations are explained in the 
next three paragraphs.
 Most published equations to estimate the vo-
lume or biomass of teak trees use the diameter 
at breast height (dbh) and the height (Ht) of 
the trees, either as independent variables, or 
combined into a single expression. The deci-
sion on the selection of the most appropriate 
model is generally based only on the quality 
of the statistical adjustment. However, since 
dbh and Ht are positively correlated because 
they are allometically related (Ht = α(dbh)β), 
it must be verified whether these two variables 
or the combined variable, have autocorrelati-
on using an appropriate test that is not usually 
done. Frequently, non-linear volume and bi-
omass equations are transformed logarithmi-
cally. This procedure tends to increase statis-

tical adjustment and avoid heteroskedasticity. 
However, it has a cost represented in a syste-
matic bias that reduces the volume or biomass 
of trees when the equations become non-linear 
again. This bias was initially described by 
Meyer (1941), who proposed a remedial mea-
sure. Subsequently, Satoo (1982) reviewed all 
proposals to avoid this bias, although they are 
often not used in teak. This bias has dramatic 
effects when calculating the volume or bio-
mass per hectare. Zapata et al. (2003) found, 
by using three different proposals to avoid the 
bias in biomass equations, that it was underes-
timated by 23 to 24%, although the logarith-
mic equation reached an R2 of 97.9%.
 When using the SSA, the differential equa-
tions of the form dy/dt = f(y) are integrated to 
obtain y = f(t) equations usually fitted by least 
square methods, where y can be expressed in 
volume, biomass, or basal area per hectare, 
among other variables, and t is the time (years). 
If the variable y comes from permanent sam-
pling plots (PSPs) in which censuses are re-
peated over time, the resulting equations are 
affected by autocorrelation violating a regres-
sion assumption. Not all studies using the SSA 
on teak have filtered the autocorrelation. In 
whole-stands growth models, as is the case in 
all revised teak studies, when there have been 
thinnings in the PSPs at an age t, the value of y 
thinned must be added in the following period 
to the standing y, to not underestimating the 
total yield. We have noted that this procedure 
has not been followed when using the SSA in 
teak based on thinned PSPs. The same pro-
blem arises when temporary sampling plots 
that have received thinning are used because, 
although the number of initially planted trees 
and the final number of trees can be known, 
their contribution to thinning in volume, basal 
area, and biomass is unknown.
 Today, worldwide, forest plantations are 
used both to produce wood and to capture CO2. 
Tropical forest plantations are very promising 
because of their rapid growth, allowing us to 
cost-effectively combining wood and CO2

 cap-
ture through biomass. Therefore, it is currently 
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very important that the yield and growth mo-
dels and thinnings simulation, express the 
yield both in volume as in biomass. Owing to 
the high monetary value of teak wood and the 
increase in planted area, it is necessary a more 
precise and site-specific knowledge on teak 
growth and yield. Up to now, it seems that no 
previous research in teak has included, in the 
same paper, yield models for the volume over 
and under bark, the biomass, and thinnings si-
mulations of these three key variables. 
 The objectives of this study are: (i) to de-
velop tree and stand allometric equations of 
volume (over bark and under bark) and abo-
ve-ground biomass for teak and (ii) to deve-
lop simulation models of thinnings yield and 
final yield as a function of age, and site index, 
for volume with and without bark and for 
above-ground biomass. The models obtained 
should contribute to the efficient management 
of teak plantations, harvest planning, and the 
development of CO2 capture projects in areas 
where this information is scarce or non-exis-
tent.

Methods

Study area

The study area is near the Caribbean coast of 
Colombia (Figure 1). The altitude varies be-
tween 60 and 110 m. The mean annual rainfall 
is 2,480 mm, with a unimodal annual-pattern 
of monthly rainfalls, peaking during June and 
July. January and February are dry months 
with rainfalls lower than potential evapotran-
spiration; the other months are wet. The mean 
annual temperature is 27 °C.

Data collection from PSPs

Twenty permanent sampling plots (PSPs) were 
established three years after planting. The nu-
mber of PSPs increased during the following 
five years until completing 44. Of the total nu-
mber of PSPs, 23 are 600 m2 (30 m × 20 m), 
and the remaining 21 are 1000 m2 (40 m × 25 
m). The age of the PSPs ranged from 3 to 22 
years old; they were established in 20 stands 
and two plantation areas (Figure 1). The PSPs 

Study area showing the two planted areas in the Colombian Ca-
ribbean. The dots represent the permanent sampling plots (PSP).

Figure 1
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were established in pure, even-aged stands and 
subjected to different management treatments, 
as follow: the initial planting from 1000 to 
2500 trees · ha–1, two or three manual weedin-
gs during the first 2 years, two prunings during 
the fifth year (up to 3 m stem height, leaving 
about 7–15 m of the top of the trees unprun-
ed, depending on site quality), and during the 
ninth year (up to 6 m stem height, leaving 
about 4–18 m of the top of the trees unpruned, 
depending on site quality), and manual clea-
nings once a year from year 3 until clear-cut-
ting. Thinnings were carried out during ages 
7–8 and 12–13 to maintain approximately 26 
m2·ha–1. Each year, during 17 years, the diame-
ter at breast height (dbh) and the mean height 
of the dominant trees (    ) was measured on 
each PSP. Six dominant trees per 600 m2 plot 
and ten trees per 1000 m2 plot were measured. 
Also, in each census and each PSP, the total 
height (Ht) of 20 trees, in the 600 m2 PSPs, or 
30 trees, in the 1000 m2 PSPs of randomly se-
lected trees, different from the dominant trees, 
was measured.

Site quality

The site index (SI) was determined on each 
plot, as the mean height of the 100 dominant 
trees per hectare (     ) at a reference age of 12 
(total age since planting), using eq. 1 (Torres 
et al. 2012): 

(1)          

where exp is the base of the Naperian loga-
rithms e, and t is the age in years.

Volume and above-ground biomass equations 
for individual trees

Allometric models were used to fit the volu-
me (gross useful volume) over bark (vob) and 
under bark (vub) and the above-ground bio-
mass (b) of individual trees as a function of 
dbh. Stands were categorized into 17-age clas-
ses ranging from 3 to 22 years. Within each 
56

age class (but outside each PSP) 6 trees were 
randomly selected, for a total of 102 trees that 
comprise the entire range of diameters for each 
PSP. Then, the dbh was measured on each tree 
with a diameter tape. Trees were felled with a 
chainsaw as close to the ground as possible. 
The Ht and useful lengths (Hc), which exclude 
the apical branches, were measured. The use-
ful length of each stem (the distance from the 
stump to the point where the tree has thicker 
branches than the main trunk), was split into 
ten equal-length logs. The ends and middle 
diameters were measured on each log. From 
each of these three points, a piece of bark was 
removed and measured with a digital caliper. 
Logs were weighed in the field on an electro-
nic balance (maximum weight of 150 ± 0.01 
kg). At both ends of each log, approximately 
5 cm thick cross-sections disks were cut and 
weighed in the field using an electronic balan-
ce (maximum weight of 1200 ± 0.5 g). The 
cross-sections disks were dried to a constant 
weight in a forced-air oven at 103 °C. Leaves, 
flowers, and fruits were removed from the 
branches. The primary branches, extending 
laterally from the main trunk, were separated 
from the thin secondary branches, and both 
groups were weighed. An approximately 1 kg 
representative sample was weighed from each 
group of branches and dried to constant weight 
at 103 °C. 
 Following the measurement of the diame-
ter, the equivalent area was estimated for each 
section. To a cross-sectional disk cut from the 
base of the still-fresh trunk, its perimeter was 
reproduced on cardboard. On the cardboard, 
the cross-sectional area was measured with a 
digital planimeter, and the equivalent diame-
ter estimated. Newton’s formula for estimating 
the volume of each of the ten logs was used. 
By adding these ten logs, the volume of each 
stem results. The thickness of the bark was 
subtracted from each diameter to estimate the 
vub. The volume of each log was then measu-
red, as previously described.
 From the green weight (Gw) and dry weight 
(Dw) data, the ratio r = Gw/Dw was calcula-
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ted for each subsample (r1 and r2). Then were 
calculated r1 = Gw1/Dw1, and r2 = Gw2/Dw2, 
where Gw1 and Gw2 are the green weights of 
cross-sectional disk 1 and 2, respectively and 
Dw1 and Dw2 are the dry weight of cross-secti-
onal disks 1and 2, respectively. The weighted 
average (rw) was calculated from the two sec-
tions of the ends of each log based on the dry 
weight contribution: rw = [(Dw1)(r1) + (Dw2)
(r2)]/(Dw1 + Dw2) = (Gw1 + Gw2)/(Dw1+ Dw2). 
When the diameter of a branch at point of atta-
chment to the trunk was less than 10 cm, the 
dry weights of the thick branches were obtain-
ed by multiplying their green weight by the rw 
of the top section of the stem. When the dia-
meter was greater than 10 cm, it was estimated 
as the main stem; splitting it into logs, and 5 
cm cross-sectional taken from the ends. For 
the secondary branches, the dry weight was 
calculated by multiplying the green weight by 
the rw ratio from the subsample of thin bran-
ches. The total above-ground biomass of each 
tree (b) was therefore obtained by combining 
the dry weight of both the logs and branches. 
 One tree was randomly removed per every 
one year age classes (from age 3 to age 22), for 
a total of 17 trees. These trees were used for 
the validation of the allometric models. With 
the remaining 85 trees, allometric models (2) 
to (4) were fitted by nonlinear least squares 
(NLLS).

 vob = α1(dbh)β
1  (2)

 vub = α2(dbh)β
2  (3)

 b = α3(dbh)β
3              (4)

where vob and vub are in cubic meters per tree, 
b in kilograms per tree, αi, and βi are unknown 
parameters to be estimated, and dbh is in centi-
meters. For models recalibration, we proceed as 
follows: if there were higher values on the cri-
teria for independent validation of the 17-trees 
than in the self-validation of the best-weighted 
regressions using 85 trees, the allometric mo-
dels were assessed using different weights. If, 

however, the predictions proved to be reliable, 
new models were estimated using all the data 
(102 trees). The goodness of fit was evalua-
ted with the determination coefficient (R2), the 
homogeneity of the errors’ variance was exa-
mined with the modified Breusch–Pagan test 
(B-P test), normality of the residuals with the 
Shapiro-Wilk test (S-W test), and autocorrela-
tion with the Durban-Watson test (D-W test) 
(Greene 2018). If regressions did not meet all 
regression assumptions, a new estimate was 
made with nonlinear weighted least squares 
(NLWLS) using four weights. The first two 
weights were based on the residuals obtained 
by the NLLS: the inverse of the residuals ab-
solute value and the inverse of the residuals 
squared. The other two were: the inverse of 
the independent variable (dbh) and the inverse 
of the independent variable squared. The re-
sulting 12 models (four for each variable: vob, 
vub, and b) were assessed by the same tests 
(R2, S-W test, B-P test, and D-W test) before 
selecting a single model for each volume and 
above-ground biomass. Then, using data from 
the 17 previously selected trees to estimate the 
model, an independent validation was perfor-
med by residual plots and the following tests 
according to Vanclay (1994): the mean abso-
lute difference, mean relative difference and 
model efficiency, where y is vob, vub, and b 
(eqs. 2 to 4), respectively.

Comparison with other models

To compare the resulting models, other regres-
sions were fitted on ordinary least squares for 
vob and vub as a function of the combined va-
riable dbh2Ht, that has produced the best fit in 
teak (Moret et al. 1998, Bermejo et al. 2004, 
Pérez & Kanninen 2005, Tewari et al. 2013, 
Malimbwi et al. 2016, Subasinghe 2016, Za-
habu et al. 2018, Aguilar et al. 2019, Kenzo et 
al. 2020). These models are as follows:

 vob = α +  β(dbh)2 (Ht)              (5)

 vub = α +  β(dbh)2 (Ht) (6)
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 vob = α[(dbh)2 (Ht)]β               (7)

 vub = α[(dbh)2 (Ht)]β               (8)

Stand volume and above-ground biomass 
equations

Allometric stands models were used to mo-
del: volume over bark (VOB), the volume un-
der bark (VUB), and above-ground biomass 
(B). These variables are expressed in m3·ha-1 
for volume and in megagrams per hectare 
(Mg·ha-1) for biomass. Using the best model 
for individual trees (vob, vub, and b), these 
variables were estimated for each tree in each 
PSP census, and the basal area also estimated 
per individual tree. The same procedure was 
carried out for the trees thinned in each plot 
based on the dbh of each tree before thinning.
 For VOB, VUB, and B, per plot, the same 
variables for the surviving trees in each cen-
sus were added to each plot. The results were 
linearly scaled to a hectare to obtain VOB, 
VUB, the basal area in m2·ha-1 (G), and B. To 
fit the allometric models for the stands, VOB, 
VUB, and B were used as dependent variables 
of G, as has been suggested by García (2013a, 
2013b). Because the variables calculated for 
each yearly PSP census can exhibit autocorre-
lation, the models:

 VOB = α1G
β
1                     (9)

 VUB = α2G
β
2 (10)

 B = α3G
β
3 (11)

where: αi and βi are the parameters to be es-
timated, were fitted using nonlinear mi-
xed-effect-models (NLMEMs) (Fang et al. 
2001) to evaluate two types of variance in the 
independent variable, the proportional varian-
ce to the mean and the variance as a potential 
function of the mean. The two resulting mode-
ls for each independent variable were evalua-
ted according to the statistical significance of 

the parameters and compared with the Akaike 
Information Criterion (AIC) and the Bayesian 
Information Criterion (BIC) to choose a single 
equation for each variable.

Modeling yield in volume and above-ground 
biomass per hectare

The SSA was used to model the production 
of the stands (García 1994, 2013a, 2013b). In 
this approach, the system behavior is described 
by a one-dimensional state vector represented 
by G and three output functions representing 
VUB, VOB, and B. The transition function for 
G is analytically determined as follows: (i) a 
growth model for the gross basal area (Gg) is 
adjusted, (ii) this function is derived with res-
pect to time, (iii) Gg is explicitly expressed in 
the differentiated model and (iv) the model 
obtained in the previous step is integrated (Fi-
gure 2).
 Here, Gg is determined as follows: in the 
thinned plots, the basal area of thinned trees 
is added to the basal area of living trees in 
the post-thinning measurements. In non-thin-
ned PSPs, the basal area of the surviving trees 
corresponds to Gg. This procedure allows an es-
timation of the carrying capacity of the stands, 
and the continuous evolution of Gg over time 
for each plot could be obtained. For the yield 
function of Gg, von Bertalanffy’s (Vanclay 
1999) and Kopf’s (Kiviste et al. 2002) models 
were evaluated:

 Gg = A[1 – exp(–β1)t]
β
2                        (12)

 Gg = A exp[–(β1/t
β2)] (13)

where: A is the asymptote, exp is the base of 
the natural logarithms (e), and β1, β2, and β3 are 
parameters to be estimated. By anticipating the 
existence of autocorrelation, the models were 
restructured and fitted as NLMEMs:

(14)

Ann. For. Res. 63(1): 53-70, 2020
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where: β1 = ø + b. Here β1 is considered a mi-
xed parameter: one part with a constant value 
(ø) and the other with a random value (b), β2 
and β3 are unknown but fixed parameters in 
both models. Note that when t = t0 = 12, the 
gross basal area at the base age of 12 years 
corresponds to the site index curves used here 
(Torres et al. 2012). These site index curves 
were calculated in the same teak plantations 
of this study, and currently, the only one pub-
lished for this species in Colombia.
 Models (14) and (15) were fitted in SAS 
(2004) assuming β1 as a single random effect 
parameter. For each model, three variance 
structures were considered: a constant, a po-
tential function of the mean, and an exponenti-
al function of the mean. Each model was eva-
luated based on: (i) the statistical significance 
of the parameters and (ii) the AIC and the BIC 
statistics. After the model was selected, it was 
derived, written explicitly for Gg, and integra-
ted, which gave rise to a model for Gg that re-

presents the state of the system at any moment 
in time. Finally, the value of the parameter β1 
corresponding to the value of the Gg reached in 
the base age t0 will depend on the site quality, 
so a regression between site quality and β1 was 
carried out to obtain yield curves as a function 
of age and site quality.
 As the model (15) was selected (see in re-
sults eq. 26 and Table 4), the first derivative of 
the model (15) respect to time (t) is:

By writing Gg explicitly on the right-hand side 
of the eq. (16) gives:

The rearranging of eq. (17) for integration, gi-
ves eq. (18):

Integrating both sides of eq. (18) between Gg1 
59

Individual tree allometric models for the 
volume over bark (vob) volume under bark 
(vub), and biomass (b), depending on diam-
eter at breast height (dbh). Estimated (solid 
lines), observed values (dots).

Figure 2

(16)

(17)

(18)

(15)
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and Gg2 and between t1 and t2 gives the transiti-
on function (eq. 19):

(19)
 In eq. (19), Gg1 corresponds to the basal area 
at age t1, and Gg1 < Gg2. Other terms are equal 
to those of the original eqs. (15) and (26). In 
each PSP Gg involves the basal area of the li-
ving trees at time t2 plus the basal area of thin-
ned trees at age t1, if there were thinnings; the-
refore, the Gg2 values at any age t2 reflect the 
current basal area of the stand plus the basal 
areas of all previous thinnings.

Results

Volumes and above-ground biomass 
equations for individual trees

A sample of 102 trees was collected that cove-
red the entire range of age classes and diame-
ters of the PSPs, as shown in Table S1 (Supp. 
Info.). Table S2 (Supp. Info.) presents the sta-
tistical results of fitted models (2) to (4) with 
different weights before the validation. The fits 
of the un-weighted models (weighting multi-
plied by 1) are highly significant (R2 > 0.94, p 
< 0.0001) for all cases. But, in these models, 
the variance is not homogeneous (B-P test, p < 
0.05), and errors are not normally distributed 
(S-W test, p < 0.05). The same models were 
fitted by weighted least squares, resulting in 
all models that the best weighting was the in-
verse of the absolute value of the residuals (1/
abs(e), where e is the error). In the weighted 
models, the fits are also highly significant, but 
the proportion of the variance in the dependent 
variable predictable from the independent va-
riable is much higher (R2 > 0.99, p < 0.0001). 
They meet two regression assumptions for α ≤ 
0.05, but some heteroscedasticity persists, Ta-
60

ble S2 (Supp. Info.). Figure S1 (Supp. Info.) 
shows the residuals obtained with each model, 

both for the data used to fit the mode-
ls (self-validation) and for the inde-
pendent data (independent validation). 
The variations of the estimates in the 
independent data are within the natural 
range variation of the data used to fit 

the models. Table 1 presents the values for the 
mean absolute difference, mean relative diffe-
rence, and model efficiency for both data sets. 
The criteria in Table 1 show the suitability of 
the models with efficiencies above 92%. The 
mean absolute and relative differences in the 
independent data are smaller than those calcu-
lated for the data used for model fitting. The 
only exception is the model for b, whose mean 
relative difference for the model data was sli-
ghtly smaller than those for the independent 
data. The mean absolute difference for b, for 
both self-validation and independent valida-
tion, was much higher (15.91 and 14.97, re-
spectively) than for vob and vub (from 0.016 
to 0.022). Therefore, for this criterion, both va-
lidations for b are much less satisfactory than 
for vob and vub (Table 1 and Table S2, Supp. 
Info.).  Figure 2 and eqs. (20) to (22) show the 
models that were previously validated and ca-
librated with all the data:

vob = 0.000228(dbh)2.326409               (20)

 vub = 0.000113(dbh)2.48705                 (21)

 b = 0.131748(dbh)2.406413                   (22) 

 For the eqs. 20 to 22, the D-W statistic for 
α = 0.05 does not reject the null hypothesis of 
no first-order autocorrelation (Table S2, Supp. 
Info.).
 The results of fitting the models 5 to 8 are 
presented in Table 2. The goodness of fits of 
both linear and allometric models with com-
bined variables explain a high proportion of 
the variances (R2 > 0.81, p < 0.0037 for linear 
models, and R2 > 0.97, p < 0.0001 for allome-
tric models), and their parameter estimators 
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are above the 95% confidence level. However, 
they are lower than those of eqs. (20) to (22) 
(R2 > 0.99, p < 0.0001), do not conform to as-
sumptions of normality of errors (S-W test, p 
< 0.05), and homoscedasticity of errors (B-P 
test, α < 0.05). The linear-combined variable 
models have positive autocorrelation of errors 
(D-W test, α = 0.05), which is complicated by 
the fact that they involve the measurement of 
an additional variable.

Stand volume and above-ground biomass 
equations

The parameter estimators of models 9 to 11 
evaluated on each of the variance structures 
were statistically significant, with confidence 

levels over 95%. Table 3 shows the values of 
the two selection criteria that took each of the 
models under the two types of variance struc-
ture. Although all models were statistically si-
milar according to the AIC and BIC, the mode-
ls with variances proportional to the mean are 
the most suitable for VUB and B (lower values 
for AIC and BIC, in eq. (10.1) and (11.1); but 
not in VOB in which the variance as a potential 
function of the mean is better (eq. 9.2 in Table 
3). The fitted models are shown in Figure 3, 
whose equations are:

 VOB = 3.7468G1.2289             (23)

 VUB = 2.4414G1.2664                   (24)

Models Variable
Parametersa Verification of assumptionsb

p
α β R2 D-W S-W B-P

Linear-
combined
variable 

vub -2.19022 0.000072   0.8184
  0.0023

1.002
<0.05+

0.0029
<0.05n

3.271
<0.05h

   vob -2.45201 0.000076   0.8385
  0.0037

1.008
<0.05+

0.0064
<0.05n

3.447
<0.05h

Alometric-
combined 
variable 

vub 0.000049 0.953645   0.9782
<0.0001

1.900
<0.05

<0.0001
<0.05n

26.78
<0.05h

vob 0.000021 1.021213   0.9708
<0.0001

1.922
<0.05

<0.0001
<0.05n

27.59
<0.05h

Statistical results of volume over bark (vob) and volume under bark (vub) models for individual 
trees as a function of the combined variable. Linear-combined vob or vub = α + β(dbh)2(Ht), allo-
metric- combined vob or vub = α[(dbh)2(Ht)]β.

Table 2

Note. aParameter estimators: in all models, the parameters are over 95% confidence level. bR2 fitting for degrees of free-
dom. Durbin-Watson test (D-W, α = 0.05) for autocorrelation of the errors, + positive autocorrelation. Probability value for 
testing normality of the errors, Shapiro-Wilk test (S-W, α = 0.05), n - not normally distributed. Conditional number and 
probability value for heteroscedasticity test of errors, Breusch-Pagan test (B-P, α = 0.05), h - heteroscedasticity.

Self-validation and independent validation of the individual trees allometric equations are presented for vob 
(volume over bark, m3), vub (volume under bark, m3), b (biomass, kg) using three criteria for validation: 
mean absolute difference                         ,  mean relative difference                                            and model effi- 
ciency                                                    . Self-validation was calculated with the 85  trees used to fit the allo- 
metric regression. Independent validation with 17 randomly selected trees not used in the regressions.

Table 1

Models Equation 2  (vob) Equation 3 (vub) Equation 4  (b)

Validation criteria Self-
validation

Independent
validation

Self-
validation

Independent
validation

Self-
validation

Independent
validation

Mean absolute difference   0.022   0.016   0.021   0.018 15.912 12.467
Mean relative difference % 11.904 10.750 17.074 15.187 17.467 18.612
Model efficiency   0.956   0.945   0.941   0.922   0.953   0.944
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 B = 2.6342G1.2225                         (25)

Modeling of volume and above-ground 
biomass yield per hectare

The parameter estimators of models (14) and 
(15) evaluated in each of the variance struc-
tures were statistically significant, with con-
fidence levels over 95%. Table 4 presents the
values   of these parameters and the selection
criteria. Both models were statistically similar
for AIC and BIC, but Kopf’s model (15) with

constant variance in Gg (eq. 15.1 in Table 4), 
was the best:

          (26)

Keeping in mind that β1 (eq. 15) is a mi-
xed-effect parameter that represents the ran-
dom effect of environmental variability related 
to site quality. The value of this parameter re-
presents the basal area attained at the base age 
t 0= 12 years and     = 17.3 m (eq. 1). Then, 
27.8084 m2·ha-1 (eq. 26) is the average basal 

Stand allometric models for the volume 
over bark (VOB) volume under bark 
(VUB), and biomass (B), depending on 
the basal area (G). Estimated (solid lines), 
observed values.

Figure 3

Equation 9 (VOB) Equation 10 (VUB) Equation 11 (B)
9.1 9.2 10.1 10.2 11.1 12.2

Variance structure Proportional Potential Proportional Potential Proportional Potential
AIC* 2403.8 2273.6 2477.6 2496.5 2379.0 2410.2
BIC* 2411.0 2280.7 2484.7 2503.7 2386.4 2417.6

Values of the criteria Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) 
for selecting stand-level allometric models are presented (eqs. 9 to 11). Two variance structures in 
the independent variable are included (proportional, eqs. 9.1 to 11.1, and potential, eqs. 9.2 to 11.2): 
VOB (volume over bark, m3·ha-1), VUB (volume under bark, m3·ha-1), B (biomass, Mg·ha-1). The 
models selected in bold.

Table 3

Note. * The smaller the value, the better the model.

Ann. For. Res. 63(1): 53-70, 2020
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area (m2· ha-1) reached by the PSPs with mean 
site index at age 12 (17 PSPs classified in site 
index class 3, Figure S2 (Supp. Info.). 

Model fitting, validation, and calibration

The transition eq. (19) meets the properties of 
consistency, composition, and causality (Gar-
cía 1994): consistency, because if no time has 
elapsed, there will be no change in state; that 

is, if t1 = t2, then Gg1 = Gg2. Composition or se-
migroup property; the results of projecting the 
state from t0 to t1 and then from t1 to t2 are the 
same as the projection from t0 to t2. Causality, 
referring to the change of state, that can only 
be influenced by the entries in the time inter-
val considered; then, if the previous thinnings 
were not added, the model will underestimate 
the total yield. The parameter β1 in the Kopf’s 
model (which is Gg at the base age t0 = 12 

Parameter estimators’ β1, β2, and β3 of the two growth models (von Bertalanffy and Kopf) for the 
basal area (Gg) depending on age (t in years) fitted using three variance structures. The fitting cri-
teria were: Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). In bold, 
the criteria and parameter estimators of the model selected.

Table 4

Stand allometric models for the volume 
over bark (VOB) volume under bark 
(VUB), and biomass (B), depending 
on the basal area (G). Estimated (solid 
lines), observed values (dots).

Figure 3

Note. * The smaller the value, the better the model.

Models Equation 14 (von Bertalanffy) Equation 15 (Korf)
14.1 14.2 14.3 15.1 15.2 15.3

Variance structure Constant Potential Exponential Constant Potential Exponential
AIC* 1604.9 1629.6 1668.1 1582.7 1609.4 1703.3
BIC* 1613.6 1638.3 1676.8 1591.4 1618 1672.1

Parameter
estimators

β1 27.575 27.7049 28.1637 27.8084 27.4084 27.5321
β2 0.2158 0.2173 0.2079 4.9664 4.9428 4.9260
β 3 1.9415 1.9939 1.9729 0.9167 0.908 0.8826
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years) is directly related to site quality. The-
refore, a linear regression model fitted for β1 
depending on site index classes (SIC) of each 
PSP results in the negative linear regression 
(eq. 27):

β1 = 52.5100 – 8.8113(SIC)                    (27) 

with r2 = 0.8575 (p < 0.001) (Figure S2, Supp. 
Info.). It allows transition functions for diffe-
rent SIC (from 1 to 5) by only varying the va-
lue of the parameter β1. The output functions 
obtained in the previous phase, namely, the 
stand allometric models, are presented in eqs. 
(23) to (26), which can be used to estimate the-
se variables from the current basal area value
at a given time. There are three ways to obtain
the basal area: (i) by direct measurement in the

field, or calculating it from PSPs, (ii) estima-
ting it with the growth eq. (25), (iii) estimating 
it with the transition eq. (19), and β1 with eq. 
(27). Figure 4 shows the trends of the system 
over time for each site index class, and the ba-
sal area used in the output function estimated 
with eqs. (19) and (27).

Yield curves for VOB, VUB, and B for each site 
index class

When the transition eq. (19) is used to predict 
the behavior of the system, an infinite number 
of possible combinations may exist. Figure 5 
shows some possible system responses when 
thinnings are performed for three site index 
classes (1, 2, and 3). In this example, Gg2 is 
estimated by using eq. (19). Then, 30% thin-

Yield curves for volume over bark (VOB), the volume under bark 
(VUB), biomass (B) and basal area (Gg) depending on age for the 
five site index classes (SIC) found in the study area. The yield 
functions were estimated with the transition function (eq. 19): β1 
(eq. 27), β2 = 4.9664, β3 = 0.9167 (Table 4). β1 is the basal area at 
base age 12 depending on SIC at the same age: SIC 1 with domi-
nant height (      ) at age (t0) 12 =  23.3 m, and β1 = 43.8 m2·ha-1; SIC 
2 with       = 20.3 m, and β1 = 34.9 m2·ha-1; SIC 3 with      = 17.3 
m, and β1 = 26.1 m2·ha-1; SIC 4 with      = 14.3 m, and β1 = 17.3 
m2·ha-1; SIC 5 with       = 11.3 m, and β1 = 8.5 m2·ha-1.

Figure 4

Ann. For. Res. 63(1): 53-70, 2020
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nings of Gg1 are simulated at years 4, 6, and 9 
(t2 ages), and a final thinning of 15% of Gg1 at 
age 15. Finally, the values of Gg, those thinned 
and retained, were replaced by VOB, VUB, and 
B using the system’s output eqs. (23) to (25) 
to obtain volumes and biomasses thinned and 
retained. In Figure 5, only the results of VOB 
and B are presented. 

Discussion

In all cases, based on the criteria employed, 
nonlinear regression weighted by the inverse 
of the absolute value of the residuals, self-va-
lidation, independent validation, recalibration, 
and meeting the regression assumptions, the 
simple allometric models of b, vub, and vob 
as a function of dbh (eqs. (20) to (22) (Table 
1, and Table S2, Supp. Info.), were statistically 

better than other popular models (Table 2), 
such as the combined variables (dbh2Ht) and 
compound allometry (α[(dbh)2(Ht)]β) used in 
most previous teak studies. Similar results have 
been reported in India for b (Buvaneswaran et 
al. 2006). The percentage of variance explain-
ed by our simple allometric models for vob and 
vub was 99.14% and 99.51%, respectively (Ta-
ble S2, Supp. Info.). Therefore, other models 
with more variables and that to a lesser degree 
satisfy the regression assumptions, and that 
only explain between 81.84% and 97.82% of 
the variances are not justified to be used in this 
paper. From the statistical point of view, the 
main problem with the linear combined varia-
ble used in some volume equations is the auto-
correlation of the errors. Unlike of the methods 
suggested estimating the volume and biomass 
of teak that including as independent varia-
bles, dbh, and Ht (Bohre et al. 2013, Koirala 

Stand's simulations of thinning´s yield treatments and final harvest at age 
20 for volume over bark (VOB) and above-ground biomass (B) for site 
indexes classes (SIC): 1, 2, and 3. In this example, Gg2 is estimated by 
using eq. (19): β1 is eq. (27), β2 = 4.9664, β3 = 0.9167 (Table 4), and t0 
the base age 12. Then 30% thinnings of Gg1 were simulated at years 4, 
6, and 9 (t2 ages), and a final 15% thinning of Gg1 was simulated at age 
15. Finally, the values of Gg thinned and retained were replaced by VOB
and B using the system’s output eqs. (23) and (25) to obtain volumes and
biomasses thinned and retained. SIC 1 with dominant height (     ) at age
(t0) 12 of 23.3 m, and β1 = 43.8 m2·ha-1 (eq. 27); SIC 2 with      = 20.3 m
at age 12, and β1 = 34.9 m2·ha-1; SIC 3 with      = 17.3 m at age 12, and
β1 = 26.1 m2·ha-1.

Figure 5



Research article

et al. 2017), that are auto-correlated because 
trees with larger diameters tend to have grea-
ter heights (Tewari & Singh 2018b), it could 
be believed that the combined variable dbh2Ht 
works as a single variable, and there should 
be no autocorrelation; however, our data says 
otherwise, there are positive autocorrelations 
in our volume and biomass equations that in-
cluded this linear combined variable (Table 2). 
Among all the regression assumptions, auto-
correlation is the most inviolable for statistici-
ans because it means that the variables are not 
really independent. 
 Regarding the models with compound allo-
metry, in our study, they did not show auto-
correlation (Table 2). But it cannot be ruled 
out that, in other previously published studies, 
there has been autocorrelation. In the studies 
examined, the authors focus mainly on the go-
odness of fit, but neglect compliance with the 
regression assumptions. Note that a regression 
model is not discarded by the low statistical 
adjustment, as this is not a regression assump-
tion. Chaturvedi & Raghubanshi (2016) stu-
died the marginal gain when calculating the 
volume of teak using simple allometry with 
dbh in teak, compared to the composite allo-
metry ρ(dbh)2Ht, were ρ is wood density; they 
concluded that “it should be determined whe-
ther it is biologically relevant to take efforts 
to measure ρ and/or Ht for a small gain in the 
performance of the model”.
 The equations used by most authors only 
include vob, but nor b neither vub. Only the 
study by Jerez et al. (2015) includes these three 
variables but based on volume and biomass 
equations taken from the literature that neither 
verify compliance with the regression assump-
tions nor were independently validated. Most 
models used for teak explain less variance, are 
less parsimonious, or do not have corrected the 
bias induced by the logarithmic transformation 
(Moret et al. 1998, Bermejo et al. 2004, Keogh 
2005, Pérez & Kanninen 2005, Watanabe et al. 
2009, Sreejesh et al. 2013, Tewari et al. 2013, 
Sandeep et al. 2015). The first correction for 
this bias dates from more than 80 years ago 
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(Meyer 1938, 1941, Picard et al. 2012). Satoo 
(1982) reviewed all the proposals to correct the 
logarithmic bias; so far, there is no new propo-
sal. We found that this bias has been appropri-
ately corrected only in a few teak investiga-
tions (Sunanda & Jayaraman 2006, Mbaekwe 
& Mackenzie 2008, Guendehou et al. 2012, 
Tewari et al. 2014, Tewari & Singh 2018a). 
Our self-validation, independent validation, 
and recalibration protocol ensure that there 
are no biases when we estimate tree volumes 
or biomass with eqs. (20) to (22) because the-
se values correspond to the arithmetic mean, 
and not the geometric mean of the logarithmic 
transformation, which always is less than the 
arithmetic mean. In the reviewed literature, we 
find that the volume and biomass equations 
for teak trees have never before been indepen-
dently validated. In this regard, it is worth re-
cording what Denis Alder wrote 40 years ago: 
“A model which is not validated is simply spe-
culation and guesswork” (Alder 1980).
 The stand eqs. (23) to (25) are useful for a 
rough but rapid estimation of VOB, VUB, and 
B depending on G. Note that they depend ne-
ither on age nor on SIC, as previously sugges-
ted by García (2013a, 2013b). But, for a more 
precise estimation of these yield variables de-
pending on age and SIC, eqs. (19), and (27) 
must be used because the values of Gg2 also 
depend on the SIC, according to the β1 values 
(eq. 27 and Figure S2, Supp. Info.). As a result, 
for the same basal area, the higher the SIC at 
any age t, the greater the values of VOB, VUB, 
and B when G2 is replaced in eqs. (23) to (25). 
 The allometric stand models fit very well 
when G is used as a predictor, and this result 
allowed yield to be modeled with the SSA 
because a single state variable was generated 
(eq. 19). Therefore, the transition function is 
expressed one-dimensionally. The production 
model is shown by the transition function (eq. 
19), after inserting the NLMEMs eq. (27) of 
SIC and the output eqs. (23) to (25) can esti-
mate the stand yield in VOB, VUB, and B. Also 
they allow simulating thinnings regiments for 
any SIC, in which the variable reflecting the 
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change of state is G (Figure 4). In contrast, usu-
ally, the methods based on the SSA currently 
used for teak and other species would typically 
require at least two transition equations for va-
riables such as SIC (or some variable related 
to trees height) and G (García 1994, 2013a, 
2013b, Nord-Larsen & Johannsen 2007, Quin-
tero 2012, Tewari et al. 2014, Jerez et al. 2015, 
Tewari & Singh 2018). Adding the thinned 
basal area in G1 to the transition function (eq. 
19) ensures that total yield in VOB, VUB, and
B have not been underestimated, as it usually
happens in thinned temporal sampling plots
(Phillips 1995), and when a mixture of thinned
temporary sampling plots and thinned PSPs
are used, especially when the thinned volumes
and biomasses have not been added to the tran-
sition function (Jerez et al. 2015).

Among the 74 growth equations compiled 
by Kiviste et al. (2002) to study growth and 
yield in forest plantations, few of them, inclu-
ding the two used here (Kopf & von Bertalan-
ffy), contain a parameter for the shape of the 
curve. In many of them, not a shape parameter 
exists, and the change of concavity occurs at 
a fixed proportion of the asymptote, unrelated 
to the database used. In particular, for Kopf’s 
equation, this parameter is β3 = 0.9167 in this 
study (Table 4). 

Some authors have calculated simulations 
of thinnings for teak using PSPs, but only for 
VOB (Zambrano et al. 1995, Quintero et al. 
2012). Jerez et al. (2015) simulate thinnings 
for VOB, VUB, and B using thinned plots, both 
temporary and permanent. Phillips (1995) si-
mulates the thinnings and the final yield for 
VOB based on temporary plots. Other authors 
that used temporary plots, explicitly express 
that they could not carry out thinnings simu-
lations because they underestimate total yield 
(Nunifo & Murchinson 1999, Sunanda & 
Jayaraman 2006).

As far as we know, the only four studies of 
teak growth and yield that had used the SSA 
are Quintero et al. (2012) and Jerez et al. 
(2015) in Venezuela, and two studies in India 
(Tewari et al. 2014, Tewari & Singh 2018a). 

The two studies from India are methodologi-
cally the same. The only difference we find 
between them is that Tewari et al. (2014) em-
ployed 22 PSPs of different sizes so that 30 
trees can fit on them. These PSPs have been 
measures for three consecutive years. In con-
trast, Tewari & Singh (2018a) used only fifteen 
of the same PSPs. The two studies from India 
estimate the VOB yield in non-thinned plots at 
any time, and they included a mortality func-
tion. In these studies the autocorrelation from 
successive measurements was removed. They 
do not include thinnings simulations. The two 
studies from Venezuela are also methodologi-
cally very similar. Quintero et al. (1995) used 
non-thinned PSPs to simulate VOB, and Jerez 
et al. (2015) used a mixed of thinned temporal 
and PSPs to simulate VOB, VUB, and B. They 
did not filter the temporal autocorrelation and 
did not verify compliance with the regression 
assumptions in their models. 
 In this study, we did not calculate a natural 
mortality function. Natural mortality is signi-
ficant in non-thinned stands, as in the studies 
from India (Tewari et al. 2014, Tewari & Singh 
2018a) and Venezuela (Quintero et al. 2012). 
But no in this study because most of our PPPs, 
have been thinned, and natural mortality was 
virtually non-existing. In this paper, we re-
move autocorrelation with NLMEMs. As far 
as we have searched on the teak literature, no 
previous research addresses the here fulfilled 
objectives in a single document.
 Pérez & Kanninen (2005) have found that 
teak tends to have higher growth rates in the 
Neotropics than in the Paleotropics. This fact 
was confirmed by the comparisons made by 
Khanduri & Vanlalremkimi (2008) in India, 
who found that the yields reported by Pérez 
and Kanninen (2005) for Costa Rica were 
among the highest in the literature, althou-
gh lower than the 33.45 m3·ha-1·year-1  mean 
VOB annual increment at year 20 reported for 
Tuirial, India. Our SIC 1 for VOB at 20 years 
(491 m3·ha-1) is comparable with the best site 
of Pérez & Kanninen (2005). Tewari & Álva-
rez-Gonzáles (2014) developed a stand density 
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management diagram for teak plantations in 
Southern India. At age 20, our SIC 1 and SIC 3 
for VOB are over the predicted yields for India. 
In contrast, our SIC 5 is well under the less 
productive site of India. So, this study includes 
sites that represent the best and worst SICs for 
teak reported in the literature, showing the ur-
gent need to assess site quality before planting 
to avoid the less productive sites.

Conclusions

We have presented compatible growth and 
yield equations for teak in the Colombian Ca-
ribbean. The models predict growth and yield 
in terms of basal area, volumes (over bark and 
under bark), and above-ground biomass as a 
function of age and site index classes. For the 
first time in teak, the method presented here 
enables the simulation of thinnings and total 
yield for these variables, by avoiding biases 
reducing total yield: (i) not to correct the bias 
of the logarithmic transformation of the allo-
metric tree equations and (ii) not adding the 
thinnings yields to the total yield in the transfer 
function. Our equations for tree volumes and 
biomass were self-validated, independently 
validated, and recalibrated. 
 We used a novel and more parsimonious 
sta-te-space approach. Previous researches in 
teak usually need a transition function for 
basal area and other transition function for 
dominant trees height. But in our approach, 
we only needed a single transition function 
for these two varia-bles. By using a non-linear 
mixed-effects-mo-del equation, we 
incorporated the unknown parameter β1 = ø + 
b, which corresponds to the gross basal area 
at the site index base age. It is composed of a 
constant (fixed) value (ø) and a random value 
(b), inserting into Kopf’s growth model for 
the basal area. The parameter β1 re-sults in a 
negative linear function depending on site 
index classes (r = –0.9260, p < 0.001) from 
the best (site index class 1) to the worst (site 
index class 5). Thus, β1 is inserted for site 
quality in the transition function for the basal 
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area.
 Our method overcomes most of the drawbac-
ks previously found in some growth and yield 
studies for teak: statistical assumptions of the 
independence of variables, autocorrelation 
and normality of residuals, heteroscedasticity, 
biases, and different metrics. We believe that 
our results can be used to estimate the yield of 
young plantations for all the variables that we 
studied and potentially to simulate the effect 
of thinnings in other parts of the tropics where 
little information is available.

Acknowledgments

The authors wish to thank the Universidad Na-
cional de Colombia - Sede Medellin - for the 
time given to J. I. del Valle to carry out this 
work and the use of its Laboratories, and to 
Reforestadora del Caribe by providing us with 
the information regarding permanent sampling 
plots and supporting the fieldwork. We also 
thank an anonymous reviewer whose sugges-
tions improved our manuscript.

References

Aguilar F. J., Nemmaoui A., Peñalver A., Rivas J. R., Agu-
ilar M. A., 2019. Developing allometric equations for 
teak plantations located in the coastal region of Ecua-
dor from terrestrial laser scanning data. Forests 10 (12), 
DOI:10.3390/f10121050 

Alder D., 1980. Forest volume estimation and yield pre-
diction. Vol. 2. FAO Forestry Paper 22/2, Rome, 194 p.  

Bohre P., Chaubey O. P., Singhal P. K., 2013. Biomass ac-
cumulation and carbon sequestration in Tectona grandis 
Linn. f. and Gmelina arborea Roxb. International Jour-
nal of Bio-Science and Bio-Technology 5(3): 153‒173. 

Bermejo I., Cañellas I., San Miguel A., 2004. Growth 
and yield models for Teak plantations in Costa Rica. 
Forest Ecology and Management 289: 97‒110. DOI: 
10.1016/j.foreco.2003.07.031 

Buvaneswaran C., George M., Pérez D., Kanninen M., 
2006. Biomass of Teak plantations in Tamil Nadu, India 
and Costa Rica compared. Journal of Tropical Forest 
18:195‒197.

Chaturvedi R. K., Raghubanshi A. S., 2016. Allometric 
models for accurate estimation of aboveground biomass 
of Teak in tropical dry forests of India. Forest Science 



69

Torres et. al. Teak growth, yield- and thinnings’ simulation in volume and biomass in Colombia

61. DOI: 10.5849/forsci.14-190
Fang Z., Bailey R. L., Shiver B. D., 2001. A multivariate 

simultaneous prediction system for stand growth and 
yield with fixed and random effects. Forest Science 47: 
550‒562.

García O., 1994. The state-space approach in growth 
modelling. Canadian Journal of Forestry Research 24: 
1894‒1903. DOI: 10.1139/x94-244

García O., 2013a. Forest stands as dynamical systems: An 
introduction. Modern Applied Science 7: 32‒38. DOI: 
10.5539/mas.v7n5p32

García O., 2013b. Building a dynamic growth model for 
trembling aspen in Western Canada without age data. 
Canadian Journal of Forestry Research 43: 256‒265. 
DOI: 10.1139/cjfr-2012-0366

Greene W. H., 2018. Econometric analysis. 8th ed. Pearson 
Education Inc., New York, 1176 p. 

Guendehou G. H. S., Lehtonen A., Moudachirou M., 
Mäquä R., Sinsin B., 2012. Stem biomass and vol-
ume models of selected tropical tree species in 
West Africa. Southern Forests 74: 77‒88. DOI: 
10.2989/20702620.2012.701432

Jerez M., Quintero M., Quevedo A., Moret A., 2015. 
Simulador de crecimiento y secuestro de carbono para 
plantaciones de teca en Venezuela: una aplicación en 
SIMILE [Carbon growth and sequestration simula-
tor for teak plantations in Venezuela: an application 
in SIMILE]. Bosque 36(3): 519‒530. DOI: 10.4067/
S0717-92002015000300018

Kenzo T., Himmapan W., Yoneda R., Tedsorn N., Vacha-
rangkura T., Hitsuma G., Noda I.,  2020. General esti-
mation models for above- and below- ground biomass 
of teak (Tectona grandis) plantations in Thailand. For-
est Ecology and Management 117701. DOI: 10.1016/j.
foreco.2019.117701Ladrach W., 2009. Management of 
Teak plantation for solid wood products [Special Re-
port]. ISTF News, pp. 1‒25.

Keogh R. M., 2005. Carbon models and tables for Teak 
(Tectona grandis Linn. f.), Central American and the 
Caribbean. Coillte Consult, Dublin, Ireland.

Kiviste A., Álvarez J. G., Rojo A., Ruiz A. D., 2002. Fun-
ciones de crecimiento de aplicación en el ámbito forest-
al [Growth functions applied in forestry]. Ministerio de 
Ciencia y Tecnología, Monografías INIA: Forestal nº 4, 
Madrid, 195 p.

Koirala A., Kizha A. R., Baral S., 2017. Modeling 
height-diameter relationship and volume of teak (Tec-
tona grandis L. F.) in Central Lowlands of Nepal. Jour-
nal of Tropical Forestry and Environment 7(1): 28‒42. 
DOI: 10.31357/jtfe.v7i1.3020

Kollert W., Kleine M., 2017. The global teak study. Anal-
ysis, evaluation and future potential of teak resources. 
International Union of Forestry Organizations. IUFRO 
World Series Volume 36, Vienna.

Malimbwi R. E., Eid T., Chamshama S. A. O. (eds), 2016. 
Allometric tree biomass and volume models in Tanza-
nia. Department of Forest Mensuration and Manage-
ment, Sokoine University of Agriculture, Morogoro, 

Tanzania, 129 p.
Mbaekwe E. I., Mackenzie J. A., 2008. The use of best-

fit allometric model to estimate aboveground biomass 
accumulation and distribution in an age series of Teak 
(Tectona grandis L.f.) plantations at Gambari Forest 
Reserve, Oyo State, Nigeria. Tropical Ecology 49: 
259‒270.

Meyer H. A., 1938. The standard error of estimates of tree 
volume from the logarithmic volume equation. Journal 
of Forestry 36: 340‒342. 

Meyer H. A., 1941. A correction for a systematic error 
occurring in the application of the logarithmic volume 
equation. Penn. State Forestry School, Res. Pap. No. 7, 
3 p. 

Moret A. Y., Jerez M., Mora A., 1998. Determinación 
de ecuaciones de volumen para plantaciones de teca 
(Tectona grandis L.) en la unidad experimental de la 
Reserva Forestal Caparo, estado Barinas - Venezuela 
[Determination of volume equations for teak planta-
tions (Tectona grandis L.) in the experimental unit of 
the Caparo Forest Reserve, Barinas state - Venezuela]. 
Revista Forestal Venezolana 42: 41‒50. 

Nord-Larsen Th., Johannsen V. K., 2007. A state-space ap-
proach to stand growth modelling of European beech. 
Annals of Forest Science 64: 365–374. DOI: 10.1051/
forest:2007013

Nunifu T. K., Murchison H. G., 1999. Provisional yield 
models of Teak (Tectona grandis Linn. F.) plantation in 
northern Ghana. Forest Ecology and Management 120: 
171‒178. DOI: 10.1016/S0378-1127(98)00529-5

Pérez D., Kanninen M., 2005. Stand growth scenarios for 
Tectona grandis plantations in Costa Rica. Forest Ecol-
ogy and Management 210: 425‒442. DOI: 10.1016/j.
foreco.2005.02.037

Picard N., Saint-André L., Henry M., 2012. Manual for 
building tree volume and biomass allometric equations. 
FAO-CIRAD, Montpellier, France, 182 p.

Phillips G. B., 1995. Growth functions for Teak (Tectona 
grandis Linn. F.) plantations in Sri Lanka. The Com-
monwealth Forestry Review74: 361‒375.

Quintero A., Jerez M., Flores J., 2012. Modelo de ren-
dimiento y crecimiento para plantaciones de teca (Tec-
tona grandis L.) usando el enfoque de espacios de 
estado [Yield and growth model for teak plantations 
(Tectona grandis L.) using the space-state approach]. 
Ciencia e Ingeniería 33: 21‒32.

SAS (Statistical Analysis System). 2004. SAS Version 9.0. 
Raleigh (NC): SAS Institute Inc Cary.

Satoo T., 1982. Forest biomass. Martinus Nijhoff / Dr W. 
Junk Publishers, The Hague, 152 p. DOI: 10.1007/978-
94-009-7627-6_4

Sreejesh K. K., Thomas T. P., Prasanth K. M., Kripa P. K., 
2013. Carbon sequestration potential of Teak (Tectona 
grandis) plantations in Kerala. Research Journal of Re-
cent Sciences 2: 167‒170.

Sandeep S., Sivaram M., Sreejesh K. K., Thomas T. P., 
2015. Evaluating generic pantropical allometric models 
for the estimation of above-ground biomass in the teak 



70

Research article

plantations of Southern Western Ghats, India. Journal 
of Tropical Forestry and Environment 5(1): 1‒8. DOI: 
10.31357/jtfe.v5i1.2492

Subasinghe S. M. C. U. P., 2016. Estimating the change of 
stem biomass and carbon with age and stem volume of 
Tectona grandis Linn. F. International Journal of Sci-
ence, Environment and Technology 5: 1745–1756.

Sunanda C., Jayaraman K., 2006. Prediction of stand attri-
butes for even-aged Teak stands using multilevel mod-
els. Forest Ecology and Management 236: 1‒11. DOI: 
10.1016/j.foreco.2006.05.039

Tewari V. P., Mariswamy K. M., Arunkumar A. N., 2013. 
Total and merchantable volume equations for Tecto-
na grandis Linn. F. plantations in Karnataka, India. 
Journal of Sustainable Forestry 32: 213‒229. DOI: 
10.1080/10549811.2013.762187

Tewari V. P., Singh B, 2018a. A first-approximation sim-
ple dynamic growth model for forest teak plantations 
in Gujarat State of India. Southern Forests 80: 59–65. 
DOI: 10.2989/20702620.2016.1277644

Tewari V. P., Singh B, 2018b. Total wood volume equa-
tions for Tectona grandis Linn F. Stands in Gujarat, In-
dia. Journal of Forest and Environmental Science 34: 
313-320.

Tewari V. P., Álvarez-González, J. B., García, O., 
2014. Developing a dynamic growth model for Teak 
plantations in India. Forest Ecosystems 1:9. DOI: 
10.1186/2197-5620-1-9

Tewari V. P., Álvarez-González, J. B., 2014. Development 
of a stand density management diagram for teak forests 
in Southern India. Journal of Forest and Environmental 
Science 30: 259‒266. DOI: 10.7747/JFS.2014.30.3.259

Torres D. A., del Valle J. I., Restrepo G., 2012. Site index 
for Teak in Colombia. Journal of  Forestry Research 23: 
405‒411. DOI: 10.1007/s11676-012-0277-x

Vanclay J. K., 1994. Modelling forest growth and yield: 
Application to mixed tropical forests. CAB Internation-
al, Wallingfor (UK), 312 p.

Wadsworth F. H., 1997. Forest production for tropical 
America. Agriculture Handbook 710. USDA Forest 
Service, Washington DC, USA, 563 p.

Watanabe Y., Masunaga T., Owusu-Sekyere E., Buri M., 
Oladele O. I., Wakatsuki T., 2009. Evaluation of growth 
and carbon storage as influenced by soil chemical prop-
erties and moisture on teak (Tectona grandis) in Ashanti 
region. Journal of Food Agriculture and Environment 
7(2): 640‒645.

Weiskittel A. R., Hann D. W.,  Kershaw J. A., Vanclay J. 
2011. Forest growth and yield modeling. Wiley-Blank-
well, Oxford, UK. DOI: 10.1002/9781119998518

Zambrano T., Jerez M., Vincent L., 1995. Modelo prelim-
inar de simulación del crecimiento en área basal para 
teca (Tectona grandis L.) en los llanos Occidentales de 
Venezuela [Preliminary simulation model of growth in 
the basal area for teak (Tectona grandis L.) in the West-
ern Plains of Venezuela]. Revista Forestal Venezolana 
39: 40‒48.

Zahabu E., Mugasha W. A., Katani J. Z., Malimbwi R. 
E., Mwangi R. E., Chamshama S. A. O., 2018. Allo-
metric biomass and volume models for Tectona grandis 
plantations. In: Malimbwi R. E., Chamshama S. A. O. 
(eds.), Allometric tree biomass and volume models in 
Tanzania.  Department of Forest Resources Assessment 
and Management College of Forestry, Wildlife and 
Tourism. Sokoine University of Agriculture, Morogoro, 
Tanzania, pp. 98-106.

Zapata M., Colorado G. J., del Valle J. I., 2003. Ecuaciones 
de biomasa aérea para bosques primarios intervenidos 
y secundarios [Aerial biomass equations for primary 
and secondary forests]. In: Orrego S. A., del Valle J. I., 
Moreno F. H. (eds.), Contribuciones para la mitigación 
del cambio climático. Universidad Nacional de Colom-
bia Sede Medellín-Centro Andino para la Economía en 
el Medio Ambiente, Bogotá, pp. 87‒120.

Supporting Information

The online version of the article includes Sup-
porting Information:

Figure S1. Dispersion of the residuals

Figure S2. It shows the linear relationship be-
tween theβ1 parameter and site index classes

Table S1. Summary of characteristics of the 
sampled trees

Table S2. Statistical results of fitting allomet-
ric models for individual trees

Ann. For. Res. 63(1): 53-70, 2020


