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Heartwood is the most important part of the Tectona grandis tree. Although various equations for prediction 
of this tissue are available for this species, there are no models for prediction of its heartwood exclusively. 
The objective of the present study was to establish equations for predicting heartwood merchantable volume 
and tradable sawlog of teak trees growing in fast-growth plantations in Costa Rica. A total of 54 plantations 
were sampled from five regions of this country. Four equations were used to establish heartwood parameters 
using diameter at breast height (dbh), total height (H) and age as predictor variables. The equation selected 
for prediction of heartwood height (Hhw) and heartwood diameter (Dhw) included dbh and H. For Hhw, 
the equation proposed was Y = b1 + b2H + b3Age + b4dbh, with coefficients of determination (r2) of 0.87, while 
the stem profile equation to determine the different values of external diameter was dub = a0dbha1 Ha2XM 
with r = 0.94, and the equation to determine the Dhw was -4.83 + 0.190d, where d was any given external 
diameter of a tree. The selected equation could be used to predict total and commercial heartwood and 
quantity of sawlog of trees from plantation of T. grandis. 

Keywords:	 Fast-growth plantation, vertical variation, regression model, prediction, stem profile equation

INTRODUCTION

Teak (Tectona grandis) is considered as one of the 
most commercially important tropical timber 
species. Teakwood has great commercial value 
for manufacture of various products due to its 
high mechanical strength, excellent physical 
properties, natural durability and aesthetic 
properties (Thulasidas et al. 2006). Moreover, 
the presence of heartwood in relatively high 
proportions in teak makes this species suitable 
for the wood industry as it gives higher added 
value (Hegde et al. 2014). Due to these desirable 
features, for many years, research has been 
focused on the study of the formation, variation 
and measurements of heartwood in trees growing 
under fast-growth conditions (Moya et al. 2014, 
Anish et al. 2015, Fernández-Sólis et al. 2018).
	 Variation and production of heartwood 
in trees are affected by many factors such as 
tree species, age, place of tree growth, growth 
rate, height, tree morphology (diameter and 
height), as well as the types and properties 
of the soil (Wang et al. 2010). Studies of teak 
trees have shown that heartwood formation 
is mainly associated with the age of the tree 

and silvicultural practices (Moya et al. 2014). 
Heartwood formation begins when the teak 
tree is four to six years of age (Moya et al. 2014, 
Berrocal et al. 2018) and several researches have 
reported the variation profile of heartwood in 
teak (Fernández-Sólis et al. 2018, García et al. 
2011).
	 A set of statistical models can be developed 
to predict heartwood production using several 
variables (Kokutse et al. 2010). Among these 
models, there is the Garay model used by Leite 
et al. (2011) for teak trees, where the total height 
of the tree is associated with the diameter at 
breast height (dbh) to determine the heartwood 
diameter along the height of the stem. In another 
study, Garcia et al. (2011) used the model by 
Kozak (2004) to calculate the diameter of the 
heartwood at dbh at different height levels. Pérez 
and Kanninen (2003) proposed linear and non-
linear models for the estimation of heartwood 
diameter in teak plantations in Costa Rica, based 
on dbh and total height.
	 Various studies proposed variation models 
for the estimation of volume of wood in teak 
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trees, including those carried out by Nunifu 
and Murchison (1999), Tewari et al. (2014) and 
Yang et al. (2020). In spite of all these studies, 
the models developed were established for total 
volume of trees and not for the heartwood alone, 
which is the most important part of the teak tree 
for trade (Moya et al. 2014). 
	 Therefore, the objective of the present study 
was to develop system equations for predicting 
heartwood merchantable volume and tradable 
sawlog of heartwood in teak trees growing in 
fast-growth plantations in Costa Rica, by using 
quantifiable tree variables such as diameter at 
breast height, total height and age.

MATERIALS AND METHODS 

Sampling area

A total of 54 fast-growth T. grandis plantations 
were sampled from various regions of Costa Rica, 
with tree ages varying from 2 to 22 years. The 
climatic conditions of the sampled region and 
the number of plantations sampled are shown 
in Table 1 and Figure 1 respectively. It must be 
noted that, in the case of the Atlantic region, the 
number of sampled trees were few and was not 
used in the study (Table 1). 

Plantations and trees sampling

For each sampling plantation, a temporary plot 
(531 m2) was established. All trees within the plot 
were measured for dbh and total height (H), and 
total number of trees was counted. Three defect-
free trees were selected at random, close to each 
temporary plot, to have a total of 162 sampled 
trees which were straight and showed no signs of 
disease. From each tree, a 4 cm thick stem cross-

section was extracted from the stump and at every 
2.3 m towards the top up to the maximum height 
of the heartwood (Hhw). During this process, 
the height (H) in meters (at the point at which 
each cross-section was extracted), was recorded.

Measurement at cross-sections

Variables measured at each cross-section were: 
diameter (d), diameter without bark (dub), 
and diameter of heartwood (Dhw). Cross-
section diameters were arithmetically calculated 
by taking the average of two perpendicular 
measurements. To calculate the heartwood 
percentage (hwpercentage), the area of heartwood 
was measured with respect to the total area of 
the wood disk.

Predictive models 

A systems model was developed to estimate 
the heartwood merchantable volume and 
tradable sawlog in teak, to describe: equations 
to determine Hhw, Dhw at any given tree 
diameter, tree external diameter (dud) at any 
given tree height (h), and heartwood volume, 
which was used to derive heartwood total volume, 
heartwood volume merchantable and tradable 
sawlog production.

Equation to estimate maximum heartwood height

This equation explores the relationship between 
tree Hhw, tree age, total height, and dbh using 
scatter-plots. Different equations for prediction of 
Hhw were proposed (equations 1–7), including 
an equation that contained four dummy variables 
(equation 1), which represented each of the 
regions and could test their significance.

Table 1	 Climatic conditions of the Tectona grandis plantations sampled at different locations in Costa Rica

Condition
Region 

North Pacific Central Pacific South-Pacific Atlantic Region Northern Region 

Annual precipitation (mm) 1626 3743 4454 3567 1732

Temperature (°C) 27 27 27 27 24

Relative humidity (%) 73 84 75 86 86

Dry season November–
April

December–
April

December–
March

September–
October

January–
April

Number of plantation 12 16 7 1 18

Planted area (ha) 500 500 500 100 3000
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Hhw = b1 + b2dbh + b3z1 + b4z2 + b5z3 + b6z4	 (1)

Hhw = b1 + b2dbh	 (2)

Hhw = b1 + b2H	 (3)

Hhw = b1 + b2H + b3Age	 (4)

Hhw = b1 + b2dbh + b3Age	 (5)

Hhw = b1 + b2H + b3Age + b4dbh	 (6)

Hhw = b1 + b2H + b3dbh	 (7)

where, b1, b2, b3, b4, b5 and b6 are model 
coefficients: z1, z2, z3 and z4 are dummy variables 
of model region effects (z1 = north Pacific = 1 
otherwise = 0, z2 = central Pacific = 1 otherwise 
= 0, z3 = south Pacific = 1 otherwise = 0 and z4 = 
Atlantic region = 1 otherwise = 0), H is the total 
height of the tree, and dbh is the diameter at 
breast height. 
 

Equation to calculate heartwood diameter for any 
given tree diameter 

This equation was used determine heartwood 
diameter at different heights or at any given Dhw 
with diameter without bark (dub). Several models 
were tested and the best model was the simple 
linear form (equation 8): 

	 Dhw = b0 + b1dub	 (8)

where, b0 and b1 are coefficients, Dhw is the 
heartwood diameter (cm) and dub is the 
diameter under bark at any given height (cm). 

Equation to estimate tree external diameter at any 
given tree height 

This equation was developed using the 
recommended steps for a tree stem profile 
analysis. The first step in this analysis was to 
test the sample trees having the same profile 

Figure 1 	 Distribution of sampled Tectona grandis plots of different ages in fast-growth 
plantations in Costa Rica
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by plotting the ratios of d/dbh against h/H. 
The second step was to propose mathematical 
equations to model the stem profile observed 
in the plots. The taper model formulations were 
chosen based on the literature review. Kozak’s 
variable-exponent taper equations (equation 9) 
was chosen as it has been successfully applied 
to many species globally including in North 
America, Europe, Scandinavia and Asia (Kozak 
2004, Heidarsson & Pukkala 2011, Fonweban et 
al. 2012). Equation 9 was also was reported to 
be consistently straight forward for estimating 
diameter under bark, tree and log volumes 
(Kozak 2004). 

	 dub = a0dbha1Ha2XM	 (9)

where after linearised M and Q are:

	 M =	 b1(h/H)4 + b2  + b3X0.1 

		  + b 4  + b5HQ + b6 X

	 X =  	

	 Q =	 1 – 
 
 
and a0, a2, b1, b2, b3, b4, b5 and b6 are coefficients, 
dub is the diameter under bark (cm), measured 
at height h (m) above ground, dbh is the 
diameter over bark (cm) at breast height, and H 
is the total tree height (m). 
	 The other taper equations chosen were 
the ones developed by Shuaibu (2016), who 
considered the stem of the tree as a function of 
variables, and dbh, H, h are expressed as follows. 

	 dub = b0 + b1dbh + b2  + b3 	 (10)

	 dub2 =	b0 + b1dbh2 + b2  

		  + b3 		  (11)

	

ln(dub) = b0 + b1ln(dbh) + b2ln  + b3ln  	

			   (12)

ln(dub2) =	b0 + b1ln(dbh2) – 
	

		  b2ln  – b3ln 	 (13)

where, b0, b1, b2, and b3 are coefficients, h is the 
height of interest (m), H is the total height (m) 
and dbh is the diameter at breast height (cm).

Equation for prediction of heartwood volume 

This equation systems developed can be used 
to derive total heartwood volume, heartwood 
merchantable volume and tradable sawlog 
production. This equation required calculation 
of the heartwood volume using the information 
gathered, namely, Dhw (equation 8) and dub 
(equation 9). Heartwood volume was calculated 
using equation 14.

	 hwv =  × length	 (14)

where, g1 is the face area of the minor log 
diameter in m2, g2 = is the face area of major log 
diameter m2, g1,2 = , Dhw is derived from 
equation 9 and equation 13, and length varies 
according to the following conditions: 
1.	 For heartwood total volume (m3), the length 

is Hhw (maximum heartwood height (m) 
obtained from equation 6), g1 is derived from 
equations 9 and 13 and g2 is 0.

2.	 For heartwood volume merchantable (m3), the 
minimal heartwood diameter was established 
at 7 cm according to the international market 
(Ugalde 2013), g1 is derived from equations 
9 and 13 and g2 is calculated with a diameter 
of 7 cm.

3.	 For tradable sawlog production, international 
market establishes logs of 2.3 m with 7 cm in 
minimal heartwood diameter (Ugalde 2013); 
g1,2 = , and Dhw is derived from equations 

9 and 13. 
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Statistical analyses

The models were fitted using ordinary least 
squares regression analysis and a sample of only 
90% of the original data. The best model was 
selected using the following criteria: (1) coefficient 
of determination (r2), which was defined as 
the square correlation coefficient between the 
measured and estimated values (Nagelkerke 1991); 
(2) the root mean square error (RMSE) (Chai & 
Draxler 2014); (3) the coefficient of variation 
(CV); (4) the Akaike information criterion (AIC) 
(Akaike 1974), (5) presence of autocorrelation of 
variables and Durbin-Watson (dW) test (Nerlove 
& Wallis 1966); and (6) residual distribution and 
Shapiro-Wilk (W) test for normality distribution 
(Draper & Smith 1998). Proc REG was used in 
all models (equations 1–4) and all criteria in the 
determination of the best model. 
	 Also the selected models were validated using 
10% of the original data which was not used in 
the model determination, and criteria used in 
the validation were the Wilcoxon test for paired 
observations (Sheskin 1997), and the skewness 
coefficients of the residuals. 

Equation systems application 

The equation systems were used to present 
the profile of the prediction of the heartwood 
diameter and the percentage of heartwood at 
different sampling heights for T. grandis trees of 
different dbh. In addition, the equation systems 
were used to present total heartwood volume 
and number of tradable sawlog for T. grandis 
trees of different heights and dbh. These best fit 
equations (models for Hhw prediction, estimation 
of Dhw for any given dub, and taper equation to 
estimate external tree diameter) were also used 
to determine the amount of tradable sawlog for 
trees of different dbh.

RESULTS 

Prediction of the maximum height of 
heartwood 

The maximum Hhw was positively related with 
plantation age, H and dbh (Figure 2). Maximum 
height to which heartwood grew increased with 
tree age up to a maximum 22 m when tree age 
was close to 15 years (Figure 2a). There was a 
linear relationship between h and Hhw (Figure 

2b). The relationship between Hhw and dbh and 
Hhw and age is similar since tree age and dbh are 
closely related (Figures 2a and c).
	 The equations developed to estimate tree Hhw 
are shown in Table 2. All the tested equations 
had satisfactory behaviour of the residuals and 
any autocorrelation was not found (Table 2). 
Shapiro-Wilk test for residues showed normality 
(p < 0.01), i.e. they were uniformly distributed 
along a zero horizontal line with no significant 
trend as the estimated Hhw increased. Regression 
coefficients b3, b4, b5, and b6 of equation 1 were 
not statistically different to zero, and therefore, 
Hhw estimation did not depend on the region 
from where the trees were collected. The 
collected data were obtained from regions of 
different climatic conditions, but the data were 
not related to the variation observed in Hhw. The 
observed variation in Hhw was highly dependent 
on total tree height and age, and to a lesser extent 
on tree dbh (Figure 2). 
	 Equation 6 was a better model. It included 
tree age as an independent variable, which 
could be difficult to ascertain in unmanaged 
teak plantations. If tree age was unknown, 
the model for prediction of Hhw using H and 
dbh values could be used but in such scenario 
(equation 7), it was recommended to estimate 
tree heartwood height. The residual plot of 
equation 6 presented a satisfactory behaviour 
(Figure 3a), and Shapiro-Wilk test for residual 
normality was significant (Table 2). In addition, 
the parameters that were determined, CV, 
AIC, RMSE and Durbin-Watson test were the 
lowest between different equations. Besides, its 
validation using the selected independent sample 
of data, and a Wilcoxon-paired test, indicated 
that the model was not skewed (p = 0.33). The 
estimated coefficient of skewness was -4.2%. 

Prediction of external tree diameter at any 
height

Figure 4 shows that d/dbh and h/H are inversely 
correlated, and the collected tree samples have 
similar taper. This graph also shows the wide 
variation of the diameter of the tree base, that 
is, when h/H is zero, where teak tree bole is no 
longer cylindrical but star shaped. The equations 
proposed to describe tree diameter under bark 
profiles are shown in Table 3. Equation 9 yielded 
the best results, with the highest r2 values, and 
the lowest values in CV, AIC, RMSE and any 
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Table 2	 Regression models and statistics for the maximum height of heartwood 
of T. grandis trees from plantations in Costa Rica

Model detailed 
in equation:

r2 CV AIC RMSE dW W

(1)
(2)
(3)
(4)
(5)
(6) SM

(7)

0.74
0.71
0.82
0.87
0.79
0.88
0.84

25.03
25.99
20.48
17.46
22.55
17.07
19.38

322.96
390.9
262.67
218.03
291.18
212.57
247.82

3.04
3.16
2.49
2.12
2.74
2.07
2.35

1.45
1.43
1.51
1.56
1.36
1.58
1.55

0.1072
0.0909
0.3256
0.0057
0.0565
0.0014
0.1053

r2 = coefficient of determination, CV = coefficient of variation, AIC = Akaike 
information criterion, RMSE = root mean square error, dW = Durbin-Watson 
test, W = Shapiro-Wilk test for residual normality, SM = selected model

Figure 2 	 Relationship of maximum heartwood height with (a) age, (b) total height 
and (c) diameter at breast height for T. grandis 

Figure 3	 Distribution of the residuals with respect to predicted value for (a) equation 
6 and (b) equation 9 (as in Tables 3 and 4 respectively)

Predicted hwh (cm) Predicted dub (cm)



Journal of Tropical Forest Science 32(4): 379–390 (2020)	 Moya R et al.

385© Forest Research Institute Malaysia

Table 3	 Regression models and statistics for the proposed taper equation to estimate 
external tree diameter with bark at a specific tree height (h) for T. grandis trees

Model 
detailed in 
equation:

r2 CV AIC RMSE dW SW

(8)
(9)SM

(10) 
(11)
(12) 
(13)

0.96
0.91
0.88
0.87
0.67
0.88

14.34
5.69
16.48
16.84
10.66
6.55

488.16
-2853.46
1313.67
1346.47

-17345.71
-1617.43

0.96
0.15
2.41
2.46
0.26
0.33

0.82
1.10
1.27
1.25
1.09
1.15

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

r2 = coefficient of determination, CV = coefficient of variation, AIC = Akaike information 
criterion, RMSE = root mean square error, dW = Durbin-Watson test, SW = Shapiro-Wilk test 
for residual normality, SM = selected model

autocorrelation, according to Durbin-Watson test. 
All the regression coefficients of the model were 
significantly different (Table 4), and it was also 
the model that demonstrated better behaviour of 
the residuals (Figure 3b), showing no correlation 
between them to predicted values (p = 0.05), but 
great variation when h was zero, that was the tree 
base. Validation of equation 9 for taper indicated 
a skewness coefficient equal to 0.39% (p = 0.29), 
indicating that predicted diameter under bark 
and observed diameter under bark values were 
not statistically significant.

Prediction of heartwood diameter at any 
given height

Heartwood diameter (Dhw) at any tree height 
was positively and linearly correlated with 
external tree diameter at the same height (d). 
Figure 5 shows that it was possible to predict 

Dhw using a simple linear regression model 
shown in equation 8, and the parameters of this 
equations were appropriated (Table 3). The 
validation of the model prepared indicated that 
it was not skewed (p = 0.26); it had a skewness 
coefficient equal to -1.73%. The equations 
developed to estimate Dhw and its corresponding 
characteristics of use are presented in Table 5. It 
is important to note that the use of this model was 
restricted to external stem diameters greater than 
6.1 cm, otherwise the value must be set to zero.

Equation systems application: estimation of 
heartwood profile, heartwood volume and 
tradable sawlog

The system of equations to estimate heartwood 
profile is presented in Table 5. Equation 6 
established the limit up to which equation 9 
could be used, setting the maximum height of 

Figure 4	 Relation between ratio of total diameter of tree (d)/diameter at breast height 
(dbh) and ratio of sampling height (h)/total height (H) for T. grandis

Relative height (h/H)
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the hardwood (Hhw). For example, a teak tree 
of 20 m height, and a dhb with bark of 28 cm, 
had a heartwood height of approximately 15 m. 
Using this value of height in equation 8 yielded 
an external tree diameter of 10 cm and a Dhw 
approximately 3.8 (± 3.0) cm. 
	 Using the equations of the system presented 
in Table 5, it was also possible to prepare the 
curves predicting Dhw at varying heights and 
dbh for the teak trees, and also the heartwood 
percentage at different tree heights (Figure 5). 
Total commercial heartwood volume for trees of 
different h and dbh was predicted based on the 
equations in Table 6. They also allowed estimation 
of tradable sawlogs of a given minimal heartwood 
diameter (i.e. 7 cm and it was used in the systems 

of equations of Table 5), and correspondingly 
allowed determination of the commercial log 
length (2.3 m in Table 6). As expected, the 
smaller the diameter, the lesser is the amount 
of tradable sawlogs; whereas the higher the dbh 
and height values, the greater is the amount of 
tradable sawlogs (Figure 6). Notably, a log that 
can be traded in the international market (2.3 
m length and more than 7 cm of heartwood 
diameter) was obtained when the tree had a 
dbh value of at least 16 cm (Figure 6) and, an 
additional tradable sawlog was obtained if the 
tree increased approximately 4 cm in dbh.

DISCUSSION 

Tree heartwood profile of teak trees presented a 
conical shape (Climent et al. 2003), as was in the 
sample trees used in this study (Figure 2). Hhw is 
influenced by conditions in the plantation such 
as management, dbh, tree height and crown 
development (Yang et al. 1994). Various studies 
presented models to estimate tree total height 
(H) of teak trees, such as the model devised by 
Akindele (1991) for 20-year-old plantation trees 
in Nigeria, or those developed by Upadhyay et 
al.(2005) for H and dominant height estimation 
for 4- –10-year-old Indian teak trees. However, no 
models exist specifically for determination of Hhw 
in teak trees based on H, tree age or dbh, as the 
one developed in this study (Table 2; equations 
6 and 7).

Table 4	 Parameters for simultaneous fitting of the equation system for       
T. grandis trees

Model detailed in equation: Parameter Estimate Standard error

(6)

b1

b2

b3

b4

-7.768
0.725
0.293
0.134

0.70
0.07
0.04
0.05

(8)
b0

b1

-4.83
0.99

0.19
0.00

(9)

a0

a1

a2

b1

b2

b3

b4

b5

b6

-0.242
1.025
0.018
0.441
0.027
0.877
-6.076
-0.003
-0.147

0.18
0.05
0.08
0.05
0.18
0.05
1.25
0.01
0.10

Figure 5	 Relation of the heartwood diameter with 
external trunk diameter at any given 
height for T. grandis
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Table 5	 System of equations to estimate heartwood diameters and volume of T. grandis trees

Model r2 Range of values of sample No. observation

Equation 6: Estimation of tree heartwood height (m)

Hhw = -7.768 + 0.725 × H + 0.293Age + 0.13dbh

0.87 Hhw: 0–22.8 m
H: 8–30 m

Age: 2–24 years
dbh: 7.2–39.9 cm

143

Equation 8: Estimation of heartwood diameter (Dhw) 
for any given tree external diameter (dub), If di > 6.1 cm

Dhw = -4.83 + 0.99 × dub

Otherwise Dh w = 0

0.96 Dhw: 3.8–48.8 cm
d: 0–37.3 cm

670

Equation 9: Estimation of tree external diameter under 
bark (dud) at a specific tree height (h)

dub = a0dbha1Ha2XM

0.94 dub: 3.8–48.8 cm
dbh: 9.0–39.9 cm

H: 9.0–30 m
h: 0–24 m

dub: 0–37.3 cm

670

Equation 14: Estimation of the heartwood volume 

hwv =  × Length

Equation 14 was used for determination of: 
heartwood total volume (m3), heartwood volume 
merchantable (m3) and tradable sawlog

Table 6	 Total heartwood volume (m3) and number of tradable logs for teak trees of different heights and 
diameters at breast height

Height 
(m)

Diameter at breast height (cm)

12 14 16 18 20 22 24 26 28 30

15 0.024(1) 0.051(1) 0.058(1) 0.068(2) 0.088(2) 0.111(3) 0.136(3) 0.165(4)

17 0.027(1) 0.039(1) 0.055(1) 0.074(2) 0.095(2) 0.120(3) 0.147(3) 0.177(4)

19 0.043(1) 0.060(1) 0.080(2) 0.103(2) 0.129(3) 0.158(3) 0.190(4)

21 0.062(1) 0.083(2) 0.108(2) 0.135(3) 0.166(3) 0.200(4)

23 0.092(2) 0.117(2) 0.147(3) 0.179(3) 0.216(4)

25 0.121(2) 0.152(3) 0.187(3) 0.224(4)

Numbers in parentheses are the estimated numbers of tradable logs; values were derived using the system of 
equations presented in Table 3 with minimal tradable heartwood diameter 7 cm and length of tradable log 2.3 m

Figure 6 	 Prediction of (a) heartwood diameter, and (b) percentage of heartwood 
at different sampling heights for T. grandis trees of different dbh; numbers 
alongside = different dbh

a) b)
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	 Many studies of other tropical species have 
correlated Hhw based on H, tree age or dbh 
(Cardoso & Pereira 2017). Nonetheless, little 
research has been carried out to develop models 
to predict Hhw based on such variables. Thus, 
our study shows the significance of the three 
factors in heartwood formation. For this reason, 
equation 6 was selected for T. grandis (Table 2).
	 Notably, although determination of Dhw 
with tree age has been thoroughly studied 
(Pérez & Kanninen 2003, 2005), few studies 
have related these parameters with varying 
heights in teak trees (Garcia et al. 2011). In 
Costa Rica, the studies by García et al. (2011) 
for teak heartwood from fast-growth forest 
plantations are the most noteworthy in regard 
to the heartwood prediction models. In their 
study, the Garay, Demaerschalk and Omerod 
model was developed, and the authors included 
dbh and H of the tree in their model. According 
to them, the best-fitting model for prediction of 
Dhw in teak trees was the Garay model, which 
presents similarities (low AIC, CV and RMSE 
values) with the Kozak, and equation 9 was 
selected as the best model to fit in this study for 
the same purpose (Table 3; equations 8 and 9). 
However, comparing Dhw values obtained at 
varying heights by the Garay model in Garcia 
et al. (2011), with those obtained in this study 
(Figure 5), it was observed that the former study 
was smaller in magnitude. Differences were likely 
due to the range of ages used in each study; for 
example, García et al. (2011) used trees with ages 
ranging from 2–8 years, whereas in this study, a 
broader tree age range of 2–22 years was used. 
The juvenile trees used in García et al. (2011) 
had lower Dhw values than this study and other 
studies like the Moya et al. (2014) in older trees. 
	 Although Kozak’s variable-exponent and 
Shuaibu models (equations 9 and 10) can be 
employed in this study, the model with the best 
fitting parameters was by Kozak’s (1969) (Table 
3, equation 9), as it yielded an r2 value closer to 
1, as well as lower sampling error. The model by 
Shuaibu (2016) slightly underestimated bigger 
diameters and slightly overestimated the smaller 
diameters, and this was in agreement with 
the data of the present study. The correlation 
found between the Dhw and the external tree 
diameter (Figure 5) agreed with other studies of 
teak; e.g. Pérez and Kanninen (2003) proposed 
a logarithmic regression model for dbh and 
Dhw for 5- –87-year-old teak in Costa Rica, also 

Kokutse et al. (2010) promoted the logarithmic 
regression model for dbh and Dhw for 6 to 70 
years old teak trees in Togo.
	 Using the system of equations presented in 
Table 5, it was possible to predict different tree 
variables. One of these was the predictive of 
Dhw at varying height and dbh curves (Figure 
7a). Similar curves were obtained by Garcia et 
al. (2011) in teak trees that were 3–12 years old 
in Mato Grosso, Brazil. Tree taper equations 
are important because reliable estimates of 
wood products and their values are essential to 
quantify expected commercial harvest returns 
(Warner et al. 2016). 
	 In the same way, taper equations can 
be used in volume tables to describe the 
development of woody plantations in this study. 
A limiting factor of these table is that they do 
not quantify the heartwood present in teak trees, 
although categorisation of most sawlogs in the 
international market depends on heartwood 
(Ugalde 2013). Therefore, for the purpose of 
developing estimations of heartwood volume 
and sawlogs, it was possible to make use of the 
proposed models (Table 2, model equation 
6) for this as well as for estimations of sawlog 
distribution in volume (Figure 8).
	 The marketability of teakwood products 
in the international market depends on the 
amount of heartwood percentage present in the 
log (Ugalde 2013). The international market 
allows trade of logs having a minimum length 
and diameter as stipulated by the buyer, which is 
approximately 7 cm in diameter (Ugalde 2013). 
Therefore, the models developed for prediction 
of Dhw also allowed for prediction of tradable 
logs depending on diameter and height of the 
teak tree (Figure 8). Another notable feature 
of this prediction model was that an increase in 
dbh by 4 cm indicated one additional tradable 
sawlog at the upper part of the tree (Figure 8).

CONCLUSIONS 

In spite of the variation observed in the plots 
as well as in the sampled trees, the results 
showed that heartwood diameter could be 
highly predicted in T. grandis at any height (h), 
heartwood volume (hwv), and number of logs 
using easy measurable tree variables such as dbh 
and H.
	 The heartwood equations applicable to 
T. grandis can be used for the prediction of 
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commercial heartwood log volume of any given 
size and Dhw from fast-growth plantations. 
Therefore, plantation owners can estimate their 
income with good precision using normal stand 
variables such as mean tree height, diameter, and 
number of trees per hectare.
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