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Abstract 
 

Due to the shrinking of forestlands including the natural teak (Tectona grandis Linn.f) 
forests, teak plantations have been established with a view to enhancing the natural stock of 
teak without destroying the existing ecological characteristics in Myanmar. These 
commercial plantations are to be assessed and evaluated to understand their silvicultural 
performance including growth, production potential and social and environmental 
implications. This study was designed to provide growth patterns of commercial plantations 
in order to help foresters, forest managers and decision makers to review plantation forestry 
in Myanmar and make appropriate adjustments in management strategies. This study was 
carried out at the 10, 15 and 20 years old teak plantations in Bago Yoma Range – Bago (East 
Bago Yoma) and Paukkaung (West Bago Yoma) Townships. The most suitable site-specific 
equations for the growth performance were found as the quadratic fit functions with the stand 
age (A): DBH = 9.595 -0.042 (A) + 0.048 (A2) , Height = 1.951 + 0.942 (A) – 0.012 (A2), 
Basal area = 0.020 – 0.002 (A) + 0.001 (A2) and Volume = 0.076 – 0.015 (A) +0.001 (A2) 
for Bago site plantations, and DBH = 17.049 – 1.063 (A) + 0.057 (A2), Height = 22.528 – 
1.608 (A) + 0.060(A2), Basal area = 0.035 – 0.003 (A) + 0.001(A2) and Volume = 0.521 – 
0.070(A) + 0.003(A2) for Paukkaung site plantations. However, it was found that Michailoff 
(1943) function (y = 1.3+a*exp(b/x) ) for diameter-height relation curve and Richards (1981) 
function ( y = a/ (1+ exp(b-c*x) )^1/d ) for growth analysis could be used to investigate 
growth and yield tables for both study sites if data collection was continuous time series 
measurement and more observations. This study concludes that both study sites are suitable 
for the establishment of teak plantations considering ecological conditions: weather, soil 
properties and topography. Moreover, growth parameters of two study sites indicate that 
Paukkaung when compared with Bago site has better performance in growth in terms of 
diameter, basal area and volume, except height (same site index 40). 
 
Keywords: stand density, tree-ring analysis, diameter-height relationship, growth and yield 
table, sustainable forest management. 
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The growth of Teak (Tectona grandis  Linn.f) plantations at the age of  
10, 15 and 20 years old in Bago and Paukkaung Townships 

 
I. INTRODUCTION 

 
In Myanmar, the annual total plantation target for 1990-2010 has been fixed at around 

361,807 ha of which commercial plantations constitute about 205,550 ha, representing 57 % 
of the total plantations (Soe, 2009 and FD, 2010). Amongst these commercial plantations, 
around 172,713 ha of teak plantations have been established and 51% of these teak 
plantations are being constructed under Special Teak Plantation Program, which was 
commenced in early 1998 at Bago Yoma Range. With regards to establishing forest 
plantations, it is better noted that plantation forestry in Myanmar is not a substitute for natural 
forests management, supplementary as has been stipulated in the Myanmar Forest Policy, 
1995 (Myint et al., 1999). 

As discuss above, Myanmar has been establishing commercial plantations with major 
species such as teak for a long time. Forest Department did the assessment of commercial 
plantations in 1999 (Myint et al., 1999), so it passed one decade ago. Thus it is the time now 
that those commercial plantations are assessed and evaluated in order to understand their 
silvicultural performance including growth, production potential and social and 
environmental implications. It is therefore expected that this study will provide factual status 
of commercial plantations in the study sites to help foresters, forest manager and decision 
makers review plantations forestry in Myanmar and make appropriated adjustments in current 
management practices. 

This study focuses on to investigate the growth of teak plantations at the existing age 
for providing the information on establishment and management of commercial teak 
plantations. The research question was “Does growth of teak plantations differ in two aspects 
(East and West) of Bago Yoma realm?” and research hypothesis was 

• H1: Teak plantations grow better in West Bago Yoma (Paukkaung study site) 
than in East Bago Yoma (Bago study site) 

• H0: Teak plantations do not grow better in West Bago Yoma (Paukkaung 
study site) than in East Bago Yoma (Bago study site) 

 
II. LITERATURE REVIEW 

2.1    Ecology of Teak (Tectona grandis Linn.f) 
 
Tectona grandis is a large deciduous tree with a rounded crown and, under favorable 

conditions; it has a tall clean cylindrical bole of more than 25 m. Over most of its range, teak 
occurs in moist and dry deciduous forests below 1,000 m elevation and is one of the several 
species constituting mixed forest stands. It grows best in localities with annual rainfall of 
1,250 to 3,750 mm, minimum temperature of 13º to 17ºC and maximum temperature of 39º to 
43º C. Hotter and wetter weather is quite well also (Gyi, 1972). The best teak forests, both 
natural and plantation forests grow in well-drained deep alluvium and a pH between 6.5 and 
7.5. High calcium content has been found to be good. Teak plantations have failed 
completely when they have been established on low-lying, poorly drained land with clay soils 
(Seth and Yadav, 1958).  

Teak is a light-demanding species and it does not tolerate shade or suppression at any 
stage of its life and requires unimpeded overhead light for its proper development. Teak 
begins flowering and seeding at a young age, about 20 years from seedling and about ten 
years from coppice, and produces abundant seeds almost every year (Seth and Khan, 1958). 
Teak seeds remain viable for many years. Teak is found naturally in the tropical semi-
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III. MATERIALS AND METHOD 
3.1 Information of field study sites 

 
The study was carried out in two places, namely Bago Township and Paukkaung 

Township, Bago Division, respectively (Figure 3). They are located in Bago Yoma Mountain 
ranges. Bago Township falls in Bago District in the Easten Bago Yoma and situated between 
latitude 17° 37´ N and longitude 96° 13´ E. Three plantations are selected; 20 year old stand 
in compartment no. 19, South Zarmani Reserved Forest, 15 year old stand in compartment no. 
22, and 10 year old stand in compartment no. 14, Latpan Aung Mya Reserved Forest. 

Paukkaung Township which falls in Pyay District which is confined to the Western 
Bago Yoma and  lies between latitude 18° 51´ N and longitude 95° 40´ E. The selected three 
plantations are 20 year old stand in compartment no. 49, Middle Nawin Reserved Forest, and 
15 and 10 year old stands in compartment no. 29, 1 and 2 of South Nawin Reserved Forest, 
respectively. The general descriptions of the studied plantations are showed in Table 2. 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
The climate of the study areas is greatly influenced by the monsoon circulating 

system and local topography. Climatic data illustrated in Figure 4 was based on a 30 years 
record (1980 to 2010) of the Department of Meteorology and Hydrology (2011) for the study 
sites. The climatic characteristics of these study areas are shown in Table 1. 

 
 
 
 
 
 
 
 
 

Paukkaung Township 
West Bago Yoma 

Bago Township 
East Bago Yoma 

Bago Yoma 

Figure 3. Location of study places 
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Table 1. Monthly mean temperature, mean precipitation and aridity index at Bago and 
Paukkaung according to De Martonne (1962) 

 

Bago Paukkaung 
Rainfall 
(mm) 

Temp 
(˚C) 

Aridity 
Index 

Rainfall 
(mm) 

Temp 
(˚C) 

Aridity 
Index 

Jan 1 24.1 0.39 1 24.2 0.41 
Feb 2 26.0 0.67 2 26.3 0.50 
Mar 17 28.6 5.18 2 29.5 0.71 
Apr 34 30.8 9.90 17 31.8 5.00 
May 281 29.8 84.69 128 30.8 37.78 
Jun  678 27.6 216.78 203 28.3 63.69 
Jul 736 27.0 238.65 186 27.9 58.83 
Aug 708 26.7 231.67 212 27.9 67.26 
Sep 444 26.9 144.20 179 28.6 55.64 
Oct 181 27.6 57.89 115 28.8 35.38 
Nov 50 26.6 16.52 59 27.3 18.95 
Dec 6 24.2 1.96 3 24.8 1.04 
Year 3138 27.2 84.44 1108 28.0 29.13 

Source: Department of Meterology and Hydrology, Ministry of Transportation, 2011 
 
De Martonne’s aridity index is computed using the following relationship: 

Am = (12*N) / (T+10) 
where, Am = Monthly aridity index 
 N   = Mean monthly rainfall in mm 
 T   = Mean monthly temperature in ˚C 
 
A dry month can be defined by either having a monthly aridity index Am below 20 or 

rainfall curve falls under temperature curve in climatic diagram according to Walter and 
Lieth (1967). Both classifications gave result of 6 dry months for both study areas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Rainfall (mm) Rainfall (mm)Temp (˚C) Temp (˚C) (a) (b)

Dry Humid Wet 

Figure 4. Climatic diagram of the study sites (1980-2010), Bago (a) and Paukkaung (b) 
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Table 2. Information of study sites 
 

Location 
Age 
class 
(yr) 

Comp /RF Altitude 
 (m) 

Latitude/ 
Longitude 

Rainfall 
(mm)* 

Temp 
(°C)**

Bago 
Township, 
Bago District, 
Bago 
(East)Division  

20 yr 
Comp. 19 
South Zarmani 
RF 

50 

17° 37´ N 
96° 13´ E 3138 27.2 15yr 

Comp. 22 
Latpanaung 
Mya RF 

60 

10 yr 
Comp. 14 
Latpanaung 
Mya RF 

95 

Paukkaung 
Township, 
Pyay district, 
Bago 
(West)Division  

   

18° 51´ N 
95° 40´ E 1108 28.0 

20yr 
Comp. 49 
Middle Nawin 
RF 

80 

15 yr 
Comp. 1 
South Nawin 
RF 

152 

10 yr 
Comp. 2 
South Nawinb 
RF 

140 

*Mean Annual Rainfall (1980-2010) 
**Mean Annual Temperature (1980-2010) 
 

3.2  Measuring the sample 
 
Sample size was 1.0 ha for each age class (Figure 5) and, total sample plots of 12 

plots in Bago and Paukkaung. All stands in the sample plots were measured in height and 
diameter at breast height (DBH). And about 20 stands in the sample plots of each age class 
were selected randomly for taking the core samples. Two tree-ring cores per tree were taken 
by using increment borer at breast height (1.3 m above the ground) of the stem with the aim 
of identifying all the tree-rings present in the tree. Soil samples were taken at the 0-50 cm 
depth by three sample point method (Forest Inventories, FAO 2000) in each sample plot. And 
the meteorological data (monthly rainfall and temperature), 30 years period (1980 to 2010), 
for both study sites were collected from the township Meteorology and Hydrology 
Department.  

According to the plantation records, it was found that, for all plantations, the seed 
were collected from the naturally growing teak tree from respective townships of the two 
study sites. And the trees less than 5.0 cm DBH in the plantations over 10 years old almost do 
not exist. Therefore, the stands which were less than 5.0 cm, do not exist in the plantations 
over 10 years old. 



 

Figure 5.
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(7) The Richards function, 1959  
y = m (1 – e (-c * t) ) n  , where: y = growth parametes (height, DBH, etc.), m = upper 

asymptote, t = time, c & n = parameters, and e = exponential 
(8) Gompertz function, 1825 

y = a* (e (e(b-c *DBH)) ) , where: y = growth parametes (height, DBH, basal area and 
volume), a = upper asymptote, b & c = parameters, and e = exponential 
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IV. RESULTS AND DISCUSSION 
4.1  Soil properties in the plantations 

 
Basic soil characteristics of plantations in both study sites are shown in Table 3. 

According to result, there were significantly different in total nitrogen (tDifference =1.163, df 
=11, p<0.05) and calcium (tDifference =5.033, df =11, p<0.05) between the study plantations, 
but the rest soil properties tested in that study, were found no significant different.  Thus it 
was found that the soil properites in both study sites were similar condition under the teak 
plantations. In Bago site, although there were large variations in potassium, calcium, organic 
matter, sand, silt and clay among the plantations, variations in soil acidity (pH), total nitrogen 
and available phosphorous of the plantations were small. In Paukkaung site, the content of 
soil properties were similar. 

 
Table 3. Soil properties in both study sites 

Bago Paukkaung 
pH 6.1(±0.17) 6.1(±0.39) 
Total Nitrogen % 0.063(±0.01) 0.047(±0.01) 
Ava 
Phosphorous % 0.0003(±0.0002) 0.0001(±0.001) 
Potassium % 0.005(±0.001) 0.005(±0.001) 
Calcium % 0.15(±0.02) 0.27(±0.05) 
Organic Matter % 3.11(±1.22) 3.23(±1.00) 

Particle size 
distribution  

Sand% 67(±5.62) 68(±5.96) 
Silt % 18(±1.88) 20(±3.43) 
Clay % 15(±1.94) 12(±2.44) 

Numbers are the means with standard deviation in the parentheses 
 
In Bago site, the average pH was 6.3 for 20 years old plantation, 6.0 for 15 years old 

plantation and 6.1 for 10 years old plantation. And the pH values were 6.0, 6.0, 6.1 and 6.2 of 
25, 20, 12 and 10 years old plantations of Paukkaung site.  

Physical properties such as organic matter and sand, silt and clay were different 
among the plantations in Bago site (p<0.0001 for organic matter; p<0.05 for others, df=11). 
In Paukkaung plantations, there was variation in organic matter, sand and silt (p<0.05 for all 
items, df=15). On average, the particle size distribution percentage was very similar in sand 
(67 % and 68 %), silt (18 % and 19 %) and clay (15 % and 13 %) of both study sites. 
According to the soil mixture (Brady and Well, 2008), soil type of Bago and Paukkaung sites 
plantations were classified as sandy laom in all age classes. 

 
4.2  Stand diameter distribution 

 
Diameter frequency distributions of teak stands in all studied plantations are 

developed. The Diameter class started at >5.0 cm with 5cm interval. In Bago teak plantations, 
in the diameter class of 15.1 – 20.0 cm in the 20 years old teak stand, most teak trees are 
found by making up about 37% of total. The tree in diameter class of 10.1 – 15.0 am of 15 
years old and 5.1 – 10.0 cm of 10 years old constitute about 52 and 56 % of total, respectively 
(Figure 6). 

In Paukkaung, most teak trees were observed 49 % of 15.1 -20.0 cm of diameter class 
in 20 year old stand. 10.0 – 15.0 cm diameter distributions of 15 and 10 year old have 52 and 
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53 % of total, respectively. In all plantations in both sites, diameter classes, i.e. > 25.1 cm 
have few trees (Figure 7). 

 

 
Figure 6. Stand diameter distribution of studied plantations in Bago 

 
 

 
Figure 7. Stand diameter distribution of studied plantations in Paukkaung 

 
It was observed that the range or distribution of diameter of the teak stands 

established on both study sites was considerably wider even within some age classes. The 
implication is that thinning has not been carried out on a regular basis in the respective stands 
(Table 4). Although Bago had fewer teak trees in each class than Paukkaung, trees were 
accumulated in smaller diameter classes in Paukkaung. A possible explanation is that teak 
stands in Paukkaung received more thinning but it was irregular and insufficient thinning at 
the early stages (Table S.1). Another most probable reason may be the illegal cutting of small 
size trees for firewood and other uses by local people in both sites. 
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Table 4. Current thinning schedule for teak plantations at 2.7 m x 2.7 m spacing for a 40 year 
rotation 

 

Frequency 
of 

Thinning 

Age 
(years) 

Initial 
stocking 
(tree/ha) 

Remaining 
stocking 
(tree/ha) 

Thinning 
per cent 

Thinning intensity 
(Grade) 

1 ~5 1336 668 50% Heavy, from below 
(D) 

2 ~10 668 334 50% Heavy, from 
below(D) 

3 ~15 334 250 25-30% Moderate, from 
below(D) 

4 ~20 250 200 20% Light, from 
below(D) 

5 ~30 200 110 50% Heavy, from 
below(D) 

6 40 110 0 100% Clear cutting(E) 
Source: Soe (2009) and FD, MOECAF (2011) 
 

4.3  Stand density 
 
The number of trees per hectare is a measure for the density of a stand. The total 

numbers of trees were decreasing with age in both study sites. The tree level information 
contained tree status (live or dead), original (planted or coppice), and diameter at breat height 
(DBH) and total height for all trees in the sample plot. Trees that were dead, defective at 
DBH, or processing a broken crown were not used in this study. Thus the number of tree in 
10 years old is less stock than 15 years old plantation at Bago study site. The total number of 
trees per hectare in different ages of both study sites is shown in Figure 8 a & b.  

 
 
 
 
 
 

 
 
 

(a)                                                                                       (b) 
 
 
 
In both study sites, the same initial spacing was used in 10 and 15 years as 2.7 m x 2.7 

m and in 20 years as 2.5 m x 2.5 m. All teak stands in both study sites received various 
thinning treatments (Table S.1). In 10 years old plantation in both sites, although 1st thinning 
had been done, the stand density was fewer than the stands at the departmental thinning 
insturction (Table 4). However, the rest age classes of plantations had been given thinning at 
least one time (Table S.1), the remaining stand density was higher than the departmental 
thinning insturction. It is likely that there were also illegal cutting and utilization by the local 
people, and the plantations were given insufficient thinning operation. 

Figure 8. Stem density at different ages of study teak plantations at (a) Bago and (b) 
Paukkaung 
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4.4  Growth performance of study plantations  
 
In this study, mean diameters and mean height of all plantations increased with the 

increasing age on both study sites. (Table 5). It was found that mean diameter and height of 
all teak stands investigated increased significantly with age on both sites except in the height 
of 15 and 20 years in Paukkaung. The average DBH of trees in Bago site ranged from 5.20 ± 
0.12 cm to 37.10 ± 0.28 cm, and height was from 8.40 ± 0.34 m to 26.30 ± 0.10 m. In 
Paukkaung site, the average DBH ranged from 6.10 ± 0.13 cm to 37.80 ± 0.57 cm while 
avarage height was from  8.40 ± 0.07 m to 33.10 ± 0.53 m.  
 Teak stands on both study sites had more variation in basal area and volume than 
other growth parameters and they were depended on the stocking of area at that age and also 
on the thinning operation. At 20 years, teak had a basal area of 12.0 m2 ha-1 and stocking of 
280 trees ha-1 in Bago whereas the basal area of teak in that age in Paukkaung was found to 
be 11.83 m2 ha-1 and 307 trees ha-1. They have same site index 40 at the all age classes in 
both study sites. There was a significant difference (p<0.05) between plantations of the same 
age classes for both sites for diameter, height, basal area and volume performances (Teable 6). 

In this study, the average diameter of 10 and 15 years age plantations in Paukkaung 
were similar. But Paukkaung had larger diameter than Bago in 10 years old plantations. 
Generally average diameter in all age classes of both study sites were similar, but Bago had 
slightly higher height growth than Paukkaung eventhough there was same the genetic origins 
and site index 40.  

At 10 years old, teak had average diameter of 13.7 cm and height of 12.0 m in 
Paukkaung site whereas the average diamter and height of teak in Bago were found 10.0 cm 
and 9.5 m. According  to this study, Paukkaung study site plantations had similar with the 
other studies that conducted in Bago Yoma with annual rainall of around 2000 mm and 
28.5˚C of annual average temperature, showed that 10 years old teak plantations had the 
average diameter of 13.4 cm and 11.7 m in height in the results of Oo (2007) and Soe (2009), 
respectively.  And 15 years old plantations in this study of both sites appeared to be slightly 
lower diamter growth, but highter in height growth than Oo’s (2007) finding of  DBH of 15.5 
cm and average height of 11.8 m at 15 years. However, at 25 years old, teak had average 
diameter of 24.9 cm and  height of 20.3 m in Paukkaung site. Teak plantations in this study 
had lower growth in diameter and height as compared to Soe’s (2009) finding that had 31.2 
cm in average diameter and 22.9 m in height. The difference could be explained by 
insufficient silvicultural treatments especially thinning. It can be inferred that teak plantations 
were not heavily thinned in early ages.   
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Table 5. Growth performance of measured stands in Bago and Paukkaung (per hectare value) 
 

Site Age Current 
stocking 

Ave. 
DBH 

Ave. 
Ht* 

total 
Basal 
Area 

total 
Volume

Increment 
volume        

(m3 /ha/ yr) 

Site 
index**

(yrs) (tree/ha) (cm) (m) (m2) (m3) MAI CAI 

Bago 
10 496 10.0 9.5 5.31 25.02 2.78 6.34 40 
15 523 14.1 13.7 7.84 53.12 3.54 1.35 40 
20 280 20.6 15.2 12.00 82.08 4.77 1.14 40 

Paukkaung
10 571 13.7 12.0 11.16 67.30 6.73 10.98 40 
15 505 15.2 14.3 9.54 62.46 5.21 0.23 40 
20 307 21.5 14.9 11.83 79.12 3.84 1.31 40 

*Total Height of tree,  **Reference from Site Index Curves (Tint et al., 1993) 
 

Table 6. Analysis of variance (ANOVA) for all parameters in both sites showing mean square values and significant 
different level 

 

Source of 
variance DBH Ht Basal 

Area Volume 

20 yrs 26.19* 5.38* 0.005* 0.049* 
15 yrs 54.25* 5.30* 0.503* 0.061* 
10 yrs 29.89* 3.00* 0.001* 0.027* 

(*) indicates significant differences at 0.05 level
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4.5  Tree-ring width 
 
In this study, to estimate the growth rate of plantations, around 60 sampled trees for 

each age class were used by analyzing tree-ring analysis in both study sites. The mean radial 
increment of teak plantations were 7.3 mm in 10 year old, 6.4 mm in 15 years, and 6.1 mm in 
20 year old at Bago site, and also 9.5 mm, 7.0 mm and 5.7 mm in 10, 15 and 20 years old 
teak plantations, respectively, at Paukkaung site (Table 7 and figures 9 and 10). Ring 
increment (ring width) was significantly different among the same age class of plantations of 
different sites (p<0.05). This incidates that same species and age each have their own 
characteristics reactions and growth performance in response to the environmental conditions, 
such as rainfall and soil condition. Figure 13 illustrates the mean annual growth pattern of 
ring-widths of, e.g. 20 years old, teak plantations from both study sites. Ring-width curves 
showed similar growth rhythms but illustrated the characteristics variations between same 
age and same species, and different locations. 

 
Table 7. Average tree-ring width (mm) of teak plantations in Bago 

Site 
Age 
class 
(yr) 

DBH range 
 (cm) 

tree Height 
 range (m) 

Ave. growth 
ring  

width (mm) 

Bago 
10 yrs 12.0 -18.0 8.4 - 10.4 7.3 (1.8)  
15 yrs 17.0 - 27.0 11.5 - 15.9 6.4 (1.4) 
20 yrs 17.0 - 24.0 11.9 - 19.2 6.1(1.5) 

Paukkaung 
10 yrs 14.0 - 23.7 10.6 - 14.3 9.5 (2.0) 
15 yrs 14.0 - 20.0 9.2 - 17.4 7.0 (3.2) 
20 yrs 13.0 - 25.0 7.9 - 14.9 5.7 (2.5) 

Note: Standard deviations are in the parenthesis 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Tree-ring widths of teak plantations in Paukkaung site

Figure 9. Tree-ring widths of teak plantations in Bago site 
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Tint and Schneider (1980) reported that the mean radial increment of T. grandis tree 
(DBH 68 cm) in Myanmar was about 2.2 mm at the stump age of 155 years. In their study, 
the highest radial increment of 3.1 mm  (Stump age = 110 years) was observed in alluvial 
moist teak forest in the Thayawaddy District, where the annual rainfall is about 2200 mm. 
Kyaw (2003a) stated that the mean radial increment of T. grandis in Taungoo, Mebein, and 
Kanbalu was 2.4 mm (82 years), 2.0 mm (119 years), and 1.2 mm (86 years), respectively. 
According to this study finding, the ring width increment of the  teak plantations was 
considerably higher than that of previous study findings, and also higher than Worbes’ (1999) 
finding that was 5.2 mm in Venezuela. This is due to the age difference of the stands, and it 
shows that younger age trees could have a higher growth rate than older age. However, the 
diameter increment of a tree on a given site could be affected by many factor such as stand 
density, crown position, leaf area index and growth chatacteristics of species  which could 
explain the decrepancy among studies on teak. 

 
Figure 11. Mean annual increment of ring widths of 20 years old teak plantations from Bago 

and Paukkaung 
 

4.6  Stand diameter-height curves 
 
In this study, at first to estimate diameter-height curves, Michailoff (1943) , Meyer 

(1940) and Exponential fit functions were used (Tables S. 2 and S. 3). Although there were 
functions that had been proposed to fit height curves, Michailoff (1943) function gave the 
better result than others because it had asymptotic properties to obtain a good fit to the data. 
Stand height curves were developed for each stand in both study sites. But the coefficient of 
determination (R2) was found to be lower in all different ages of plantations in both study 
sites (Table 8) similar to the finding of Soe (2009) who used the Michailoff’s function for 
diameter-height curves. This is because of limited data collection and time series of age 
classes. But Wang et al. (2007) reported that error in estimation can be reduced to minimum 
by employing site-specific equation. However Perez (2005) stated that best-fit models 
developed for one zone cannot be used for another zones. So the site-specific equation was 
calculated for all study plantations in both sites. 

The relationship between diameter and height within an even-aged stand is curviliner. 
However nonlinerity is not always detectable. This can be due to an insufficient sample size 
that is too small to detect lack of fit of th linear model, or to excessive random variability of 
tree heights within a given diameter class, which is sometimes caused by inaccurate height 
measurements. Many nonlinear regression models, the majority being linearizable by a 
transformation of variables, have been proposed to fit a stand height curve. The fitted curve 
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should satisfy certain requiremnts, such as the function being monotone increasing with 
increasing DBH (Van Laar and Akca, 2007).  
 
Table 8. Parameter estimations of stand height curves (using Michailoff height curve 

function: y=1.3+ a * exp(b/x), y= height, x = DBH, a & b = coefficients of the 
function) 

Site 
Age 
class 
(yr) 

Coefficients 
r R2 RSS 

a b 
Bago 10 7.79 -0.02 0.53 0.34 0.00 

15 8.96 -0.03 0.64 0.41 0.00 
20 10.89 -0.02 0.66 0.44 0.00 
All 22.52 -8.42 0.82 0.68 0.25 

   
Paukkaung 10 8.74 -0.02 0.59 0.35 0.00 

15 0.64 -0.03 0.69 0.48 0.00 
20 8.29 -0.02 0.72 0.52 0.00 
All 23.53 -6.77 0.78 0.61 2.08 

   
R2 = coefficient of determination; RSS = residual sum of squares 
 

Then the best function was found for estimating of diameter-height curves as 
quadratic fit function. The relationship between the DBH and Ht of each tree was constructed 
to estimate the height curve of plantation at the existing age classes with non-linear 
regressions, quadratic fit. The functions of the sample trees from the different ages of both 
study sites showed stronger relationships with higher coefficients of determination (R2) than 
those obtained from Michailoff’s function (Table 15). The results suggest that the quardratic 
fit function to be suitable for all age classes in both study sites (Tables 9 and 10, and Figures 
12 and 13). However, with more samples and time series for investigated stands, the 
Michailoff function is recommended for analysis of diameter-height relationship. 

 
Table 9. Coefficients estimations of stand height curves by comprising Michailoff function 

and quadratic fit function 
 

Site 
Coefficients 

r R2 
Function 

a b c 
Bago 22.52 -8.42 0.82 0.68

Michailoff 
Paukkaung 23.53 -6.77 0.78 0.61
Bago 5.15 0.55 -0.01 0.97 0.94

Quadratic fit 
Paukkaung 12.04 -0.27 0.02 0.98 0.96

R2 = coefficient of determination 
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Table 10. Comparison of the actual data and theoretical (calculated data) data by using 
quadratic fit function for diameter-height estimation 

 

  Bago Paukkaung 
  10 

yrs 
15 
yrs 20 yrs 10 yrs 15 

yrs 
20 
yrs 

 DBH 
(cm) 

10.0 13.8 19.6 13.7 14.1 20.5 

Actual Ht(m) 9.5 14.1 15.7 12.0 13.0 14.9 
Theoretic
al 

Ht(m) 9.6 11.4 14.9 12.1 12.9 14.5 

 
 
 

 
 

 
 
  
 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 
 
 

4.7  Stand growth curves 
 
In this study, data were collected from temporary sample plots. For stand growth 

parameters such as diameter breast height, height, basal area and volume , Richards (1981), 
Gompertz (1825) and Logistics were used (Tables S.4 and S.5). Among these functions, 
Richards (1981) gave the better results than other functions according to the important 
statististical parameters for selecting the most suitable regression curves, the standard residual 
and the coefficients of determination (Table 11). Schmidt (2009) suggested that the Richard 
function was used to develop the growth curves since the function has been widely used in 

Figure 12. Diameter-Height curves of investigated teak stands in Bago plantations 

Figure 13. Diameter-Height curves of investigated teak stands in Paukkaung plantations 
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forestry because of its flexibility, accuracy, and meaningful analytical properties because the 
Richards function has four functional parameters (a, b, c and d), with t as time. 

Then , as compared the growth performance of actual and calculated results for both 
study sites (Table 12), the differences were found in basal area and volume of both study sites 
plantations (Table 13). It should be noted that the actual growth results are not based on 
consecutive measures in permanent sample plots and short time periods (Vanclay, 1991).  

 
Table 11. Coefficients estimations of stand growth curves (using Richards function: y = 

a/(1+exp (bc*x) )^(1/d)  :  y = growth parameters (diameter at breast height, height, 
basal area, volume), a = asymptote, b = growth rate constant, c & d = coefficients) 
of teak plantations in Bago and Paukkaung sites 

 

Site Parameters Coefficients r R2 RSS 
a b c d 

Bago DBH 146.81 1.00 0.03 3.65 0.76 0.58 0.05 
Height 21.54 1.00 0.13 1.05 0.84 0.71 0.09 
Basal area 262.20 5.86 0.11 0.81 0.73 0.53 0.00 
Volume 102.91 3.25 0.16 0.63 0.70 0.50 0.02 

    
Paukkaung DBH 81.21 1.00 0.15 3.37 0.69 0.48 1.96 

Height 14.29 1.00 0.23 0.93 0.60 0.36 0.06 
Basal area 307.80 5.23 0.03 0.30 0.71 0.50 0.45 
Volume 245.05 3.62 0.13 0.52 0.72 0.52 2.71 

R2 = coefficient of determination; RSS = residual sum of squares 
 
Table 12. Growth performances by using Richards function of teak plantations in Bago and 

Paukkaung 
 

  Bago Paukkaung 
   10 yrs 15 

yrs 
20 
yrs 

10 
yrs 

15 
yrs 

20 
yrs 

Actual 

DBH 
(cm) 

 10.0 13.8 19.6 13.7 14.1 20.5 

Ht (m)  9.5 14.1 15.7 12.0 13.0 14.9 
BA (m2)  5.3 7.8 12.0 11.2 9.5 11.8 
Vol (m3)  25.0 53.1 84.8 67.3 62.5 76.8 

     

Theoretical 

DBH 
(cm) 

 13.7 15.3 16.9 14.9 18.6 21.1 

Ht (m)  12.0 15.0 17.3 10.1 13.2 15.1 
BA (m2)  2.8 4.8 8.3 7.0 8.0 9.1 
Vol (m3)  26.4 49.2 80.1 40.6 70.8 117.

4 
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Table 13. Independent-sample T test for all parameters of plantations in both sites showing 
mean square values and significant different level 

 

Source of 
variance Bago Paukkaung 

DBH (cm) 0.700 2.001 
Ht (m) 2.779 2.641 
Basal Area (m2) 9.401* 1.626* 
Volume (m3) 5.920 877.641** 

(*indicates significant different at 0.05 level and ** at 0.01 level) 
 
In growth curve estimation, it was found similar condition of diameter-height 

estimation. Thus to fit the growth curves for the existing age classes of study sites, site-
specific equation was developed. The quadratic fit function for growth parameters showed 
the high coefficients of determination (R2) for all different ages (Table 14) when compared as 
actual results (Table 15 and Figures 14 to 17). And also, based on the finding of this study, 
the Richards function could give the signnificant correlation to the actual results if the data 
collection was continuous time series measurement and more observations, like mentioned in 
the diameter-height relationship.  

 
Table 14. Coefficients estimations of stand growth curves by quadratic fit function: [y = 

a+bx+cx2, y = growth parameters (diameter at breast height, height, basal area, 
volume), x = age (year), and a, b & c = coefficients] of teak plantations in Bago and 
Paukkaung sites 

 

Site  Growth 
parameters 

Coefficients RS R R2 a b c 

Bago  

DBH (cm)  9.585 -
0.0418 0.048 0.00 0.99 0.98

Ht (m)  1.951 0.942 -0.012 0.00 0.99 0.99 

BasalArea 
(m2)  0.020 -0.002 0.001 0.02 0.94 0.88 

Volume (m3)  0.076 -0.015 0.001 0.02 0.98 0.97 

Paukkaung  

DBH (cm)  17.049 -1.063 0.057 0.00 0.96 0.92

Ht (m)  22.528 -
1.608 0.060 000 0.93 0.86 

BasalArea 
(m2)  0.035 -

0.003 0.001 0.01 0.98 0.89 

Volume (m3)  0.521 -
0.070 0.003 0.03 0.93 0.86 

R2 = coefficient of determination; RSS = residual sum of squares 
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Figure 14. Fitted mean diameter curves of the investigated teak stands of Bago and 

Paukkaung 

 
Figure 15. Fitted height curves of the investigated teak stands of Bago and Paukkaung 

 
Figure 16. Fitted basal area curves of the investigated teak stands of Bago and Paukkaung 
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Figure 17. Fitted volume curves of the investigated teak stands of Bago and Paukkaung 
 
Table 15. Comparison of the actual data and theoretical (calculated data) data by using 

quadratic fit function for stand growth estimation 
 

 Growth 
paramete

rs 

Bago Paukkaung 
 10 

yrs 
15 yrs 20 yrs 10 

yrs 
15 
yrs 

20 
yrs 

Actual 

DBH 
(cm) 

10.0 13.8 19.6 13.7 14.1 20.5 

Ht (m) 9.5 14.1 15.7 12.0 13.0 14.9 
BA (m2) 5.3 7.8 12.0 11.2 9.5 11.8 
Vol (m3) 25.0 53.1 84.8 67.3 62.5 76.8 

    

Theoretical 

DBH 
(cm) 

10.2 14.1 20.5 12.5 14.0 18.7 

Ht (m) 10.2 13.4 16.0 12.0 12.5 14.5 
BA (m2) 5.3 8.6 10.3 8.7 9.3 10.7 
Vol (m3) 20.2 55.9 74.1 53.1 46.3 62.6 

 
Growth parameters of teak stands in Paukkaung were comparatively greater than 

those of teak stands in Bago at the same aged classes and they had significant variation in 
DBH, basal area and volume (p<0.05) (Table 16) except height. It may be due to the fact that 
teak stands in Bago site received less silvicultural treatments than those in Paukkaung site 
since diameter is mainly influenced by ecological conditions (rainfall, temperature and soil 
conditions) and silvicultural treatments in addition to age. However, there was no significant 
different between height growth (p>0.05). It may be due to the fact that they have same site 
index and good site conditions for teak plantations.  
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Table 16. t value difference and df of the growth parameters at 0.05 level by using  
independence-sample t test for comparing growth parameters of both sites 

 

Age (yrs)  DBH Ht Basal area Volume 
10 tDifference 18.180 31.662 16.761 18.651 

dt 1036 1036 1036 1036 
   

15 tDifference 1.040 2.746 0.745 1.241 
dt 981 981 981 981 

   
20 tDifference 2.462 14.626 2.647 4.863 

dt 519 519 519 519 
 
 
Stand basal area can be used to estimate stand volume and is a useful measure of the 

degree of competition in the stand. It is often quoted when planning thinning prescriptions. 
The basal area of trees per unit area is only governed by the size and density of trees. Basal 
area of teak trees in this study was  large variation among all age classes in both study sites 
(Table 4). It might be due to stocking of the stands and different thinning treatmnets in each 
study area, resulting in inconsistencies in basal area of those stands. If these stands were 
allowed to develop for 40 years, rotation of Special Teak Plantation Programme, Paukkaung 
could have higher basal area than Bago. 

In this study, it was found that Bago had a volume of 84.8 m3 ha-1 and stocking of 280 
trees ha-1 while Paukkaung had  76.8 m3 ha-1 and 307 tree ha-1 at the age of 20 years. Tree 
volume of this study  was lower than Oo’s (2007) finding that was 170.6 m3 ha-1 with 442 
trees ha-1 at the age of 25 years. It is mainly due to the difference in stocking of these two 
study areas. Like diamter and height, it was also apparent that basal area and volume growth 
of teak stand studied are noticeable better in Paukkaung than in teak stands investigated in 
Bago (Figures 14 to 17 and Table 4). 

 
V. CONCLUSION 

 
This study was conducted to investigate the growth of teak stands established at two 

different aspect of Bago Yoma; the first study site, namely Bago Township, located in the 
East Bago Yoma which has above 3,000 mm annual rainfall and the second study site, 
Paukkaung Township, situated west site of Bago Yoma having over 1,000 mm annual rainfall. 
Both sites have similar annual temperatures. Three age classes of plantations: 10, 15 and 20 
years old plantations in Bago and Paukkaung sites were observed. 

This study reveals that both study sites are suitable for the establishement of teak 
plantations considering climatic data mainly rainfall and temperature. Site selection for teak 
plantations is acceptable because it was found that all investigated stands were established on 
sandy loam soil and site index 40. It suggests that site-species matching was exactly 
exercised in both study sites. As a result,  teak tree grow well on both sites in general. The 
study concludes that  teak stands has shown resonable growth in both sites despite indequate 
treatment such as thinning that was not carried out regularly in both study sites. Accordingly, 
teak plantations should be thinned regularly and heavily as required, particularly in young 
ages, i.e, the first half of the rotation (40 years at Special Teak Plantations Program). 

Illegal cutting in teak plantations were found in both study sites. Teak plantations are 
normally established in reserved forests which are protected by the existing Forest Laws 
(1992). However, teak plantations, especially accessible ones, are still subject to illegal 
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cutting where poles and posts are of great local demand. Therefore, local people participation 
in the establishment of forest plantations is curcial. In addition, legal, institutional and social 
issues should be adequately addressed to achieve effecitive protection of teak plantations 
against illegal cutting.  

Based on this  study findings, Hypothesis is accepted, because the growth of 
plantations at the same age classes in both sites were found different and the growth 
parameters of plantations in Paukkaung site, as compared to that of Bago site, has better 
performance in term of diameter, basal area and volume, except of height – same site index 
40.  

The most suitable site-specific function for the investigated aged class of this study 
sites was quadratic fit function because of few data collection and short time series of age 
classes.  However Michailoff (1943) function for diameter-height relation curve and Richards 
(1981) function for growth analysis can be used to investigate growth and yield tables for 
these study sites if the data collection are based on consecutive measures and more 
observations in permanent sample plots because they gave best results over all age classes in 
both study sites. All results shown reasonable growth in all age class plantations as compared 
with yield table of teak plantations (Tint et al., 1993) (Table S.5) and also Bago Yoma is a 
native for teak with favorable conditions such as topography, weather, and soil.  

The present finding are from Bago and Paukkaung sites only, so it does not represent 
teak plantations in other part of Bago Yoma Range and also other parts of the country. Thus 
the results are subject to the local environmental conditions of the study areas. Further 
research would be useful for assessment of growth performance in different regions with 
different enviornmental conditions to establish the linkages between site, silvicutural 
treatment and volume production with continual management and measurement .   

The main limitations of the study are: 
- the study was conducted in two locations, Bago and Paukkaung with distinct climatic 

condiotions especially rainfall level, and as such results are subject to local enviornmental 
conditions. 

- although plants were of the same genetic origin, site conditions and initial spacing, thining 
records were not taken in permanent sample plots which could explain some of the 
discrepacies in the results of this study. 

There is a need to,  
- localize the diameter-height relationship in order to make it more suitable for specific teak 

stand. 
- investigate growth performance of commercial plantations at the regional level. 
-establish intensive plantations rather than extensive for adequate maintenance and 

silvicultural management especially thinning. 
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APPENDICES  
 
Table S 1. Initial spacing and stand density of study age classes of teak plantations in Bago and Paukkaung 
 

Site 
Age 

class 
(yrs)

Year 
Ave 

DBH
(cm)

Ave 
Ht (m)

Spacing 
(m x m)

Initial 
stands

Current 
stands

Frequency 
of  

Thinning

Site 
Index

Bago  
10  yrs 2001-2010 10.02 9.46 2.7 x 2.7 1329 496 1 40 

15 yrs 1995-2010 14.13 13.70 2.7 x 2.7 1329 523 1 40 

20 yrs 1990-2010 20.58 15.21 2.5 x 2.5 1556 280 2 40 

Paukkaung  

10 yrs 2000-2010 13.71 12.00 
2.7 x 

2.7 1329 571 1 40 

15 yrs 1998-2010 15.2 14.32
2.7 x 

2.7 1329 505 1 40 

20 yrs 1990-2010 21.5 14.93
2.5 x 

2.5 1556 307 3 40 
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Table S 2. Stand diameter-height relation functions and coefficient parameters estimations for Bago site plantations 
 

Coefficients 

Age class 
(yrs) Function a b RS r R2  

10 yrs  

y=1.3+a*exp(b/x) 7.79 -0.02 0.00  0.58 0.34 Michailoff, 1943  

y=a*exp(-b x)  10.05 0.31 19.05  0.55 0.30 Meyer, 1940  

y=a*exp(b x)  7.67 0.02 0.24  0.61 0.37 Exp. fit  

15 yrs  

y=1.3+a*exp(b/x) 8.96 -0.03 0.00  0.64 0.41 Michailoff, 1943  

y=a*exp(-b x)  16.98 0.11 29.04  0.65 0.72 Meyer, 1940  

y=a*exp(b x)  8.94 0.03 2.04  0.64 0.41 Exp. fit  

20 yrs  

y=1.3+a*exp(b/x) 10.89 -0.02 0.00  0.66 0.44 Michailoff, 1943  

y=a*exp(-b x)  20.93 0.07 27.27  0.67 0.45 Meyer, 1940  

y=a*exp(b x)  10.39 0.02 3.32  0.70 0.49 Exp. fit  
 
Y = height,  x = DBH, a & b = coefficients of the function, RS = standard residual , r = correlation coefficient, R2 = coefficient of determination  
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Table S 3. Stand diameter-height relation functions and coefficient parameters estimations for Paukkaung site plantations 
 

Coefficients 

Age  class 
(yrs) Function A b RS r R2  

10 yrs  

y=1.3+a*exp(b/x) 8.74 -0.02 0.00  0.59 0.34 Michailoff, 1943  

y=a*exp(-b x)  13.84 0.16 31.67  0.56 0.31 Meyer, 1940  

y=a*exp(b x)  8.76 0.02 0.87  0.60 0.36 Exp. fit  

15  yrs  

y=1.3+a*exp(b/x) 0.64 -0.03 0.00  0.69 0.48 Michailoff, 1943  

y=a*exp(-b x)  15.97 0.13 32.25  0.68 0.46 Meyer, 1940  

y=a*exp(b x)  8.76 0.03 1.63  0.69 0.48 Exp. fit  

20 yrs  

y=1.3+a*exp(b/x) 8.29 -0.02 0.00  0.72 0.52 Michailoff, 1943  

y=a*exp(-b x)  19.20 0.06 11.22  0.77 0.59 Meyer, 1940  

y=a*exp(b x)  8.16 0.03 2.55  0.75 0.56 Exp. Fit  
Y = height, x = DBH, a & b = coefficients of the function, RS = standard residual, r = correlation coefficient, R2 = coefficient of determination  
 
 
 

 
 
 
 



29 
 

 
 

 
 
 
Table S 4. Stand growth functions and coefficient parameters estimations for Bago site plantations 

Coefficients 

Function Paramete
r a b c d RS r R2 

y=a/(1+exp(bc*x))^1/d 
(Richard, 1981) 
a (asymptote)  
b (growth-rate constant)  
c, d (coefficients)  

DBH 146.81 1.00 0.03  3.65 0.05 0.76 0.58 

Ht 21.54 1.00 0.13  1.05 0.09 0.84 0.71 

Basal 
Area 262.20 5.86 0.11  0.81 0.00 0.73 0.53 

Volume 102.91 3.249 0.16  0.63 0.02 0.70 0.50 

y=a*exp(-exp(b-c*x)) 
(Gompertz, 1825)  

DBH 143.16 1.25 0.03  5.82 0.75 0.56 

Ht 23.09 0.63 0.08  0.46 0.84 0.71 

Basal 
Area 62.02 2.09 0.10   97.00 0.72 0.52 

Volume 1221.01 1.25 0.02  95.64 0.70 0.49 

y=a/(1+b*exp(-c*x)) 
(Logistic)  

DBH -4.64 -1.69 0.02  19.19 0.76 0.58 

Ht 20.62 3.82 0.13  0.30 0.84 0.71 

Basal 
Area -3.85 -2.76 0.04   45.21 0.73 0.53 

Volume -168.70 -78.08 0.15   
1055.7

3 0.70 0.49 

 
DBH=diameter breast height, Ht = top height, BA = basal area, Vol = volume, RS=standard residual, r = correlation coefficient, R2 = coefficient of 
determination, y = parameters, x = time (age)  
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Table S 5. Stand growth functions and coefficient parameters estimations for Paukkaung site plantations 
 

Coefficients  

Function  Parameter  a  b  c  d  RS  r  R2  

y=a/(1+exp(b-
c*x))^1/d 
(Richard, 1981) 
a (asymptote)  
b (growth-rate 
constant)  
c,d (coefficients)  

DBH  81.21 1.00 0.15 3.37 1.96 0.69 0.48 

Ht  14.29 1.00 0.23 0.93 0.06 0.60 0.36 

Basal Area 307.80 5.23 0.03 0.30 0.45 0.71 0.50 

Volume  
245.05 3.62 0.13 0.52 2.71 0.72 0.52 

y=a*exp(-exp(b-c*x)) 
(Gompertz, 1825)  

DBH  908.16 1.55 0.01 4.83 0.69 0.48 

Ht  73.68 0.75 0.02 0.19 0.59 0.35 

Basal Area 78.60 0.82 0.02 0.99 0.71 0.50 

Volume 986.31 1.21 0.02 101.80 0.71 0.50 

y=a/(1+b*exp(-c*x)) 
(Logistic)  

DBH  -6.69 -1.69 0.01 15.20 0.70 0.49 

Ht  -8.78 -1.93 0.01 2.21 0.61 0.37 

Basal Area -4.85 -1.93 0.02 132.46 0.72 0.52 

Volume  -3.18 -1.36 0.01  
2692.3

7 0.75 0.56 

 
DBH=diameter breast height, Ht = top height, BA = basal area, Vol = volume, RS=standard residual, r = correlation coefficient, R2 = coefficient of 
determination, y = parameters, x = time (age)  
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