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ABSTRACT

 Understanding the composition of tree species in tropical forests provides information 
for forest restoration and conservation. The objectives of this study were to determine the 
tree composition of three different types of forests in northern Thailand and to explore the 
relationship between tree height and diameter at breast height (DBH) and to determine 
what forest structure factors influence that relationship. The three forests - mixed deciduous 
forest (MDF), dry evergreen forest (DEF), and dry dipterocarp forest (DDF) are located 
at Doi Suthep-Pui National Park, Chiang Mai Province, Thailand. Across the three forest 
types there were 201 tree species in 68 families. The three forests differed in their species 
composition, but still had some overlapping species; the similarity of species between each 
pair ranged from 33-38%. The dry dipterocarp forest was the densest forest at 3,624 trees/
ha, followed by the dry evergreen forest (2,451 trees/ha) and the mixed deciduous forest 
(1,102 trees/ha). For each forest type, the relationship between tree height and DBH was 
determined by a monomolecular function. The models indicated that the maximum tree 
height was highest in the dry evergreen forest (40.59 m), followed by the dry dipterocarp 
forest (23.94 m) and mixed deciduous forest (21.62 m). In addition, mixed-effects models 
were used to test for allometric differences due to stem density, stand basal area, and tree 
species. We found that the stem density and species were significant drivers of tree allometry. 
Light competition and species traits were more likely to influence resource allocation 
determining tree architecture. This research contributed to tree height estimation using 
allometric equations in Northern Thailand.

Keywords: Doi Suthep-Pui National Park, Tree diversity, Dry dipterocarp forest, Mixed 
deciduous forest, Dry evergreen forest



CMU J. Nat. Sci. (2018) Vol. 17(4)290

INTRODUCTION

 Tropical forests are among the world’s richest ecosystems and play a key role in 
climate regulation. In Thailand, forests can be broadly divided into two categories –deciduous 
and evergreen forests. A salient determining factor of these two forest types is soil moisture 
(Maxwell and Elliott, 2001). In northern Thailand, forests are classified into five types, all 
of which are found in Doi Suthep-Pui National Park: two types of deciduous forest (dry 
dipterocarp forest and mixed deciduous forest) and three types of evergreen forest (dry 
evergreen forest, pine forest, and hill evergreen or montane forest) (Santisuk, 1988). Trees are 
important components of the forests, and can be unique to different types of forests. Currently, 
tropical forests are threatened by opening up for crops, fires, unsustainable logging practices, 
and global climate change (Wangpakapattanawong et al., 2016). Understanding tree diversity 
and composition will provide information to better plan and manage forest restoration and 
wildlife conservation. 
 The mixed deciduous forest (MDF) is widespread across the Indo-Burmese region. Its 
canopy is dominated by a diversity of deciduous species, particularly in the families Lamiaceae, 
Lythraceae, Fabaceae, and Combretaceae. Teak (Tectona grandis), a valuable timber species, 
occurs exclusively in the mixed deciduous forest. Other important canopy species include 
Lagerstroemia calyculata, L. balansae, Xylia xylocarpa, Pterocarpus macrocarpus, Bombax 
ceiba, Anogeissus acuminata, Dalbergia oliveri, Terminalia mucronata, T. tomentosa, and 
T. alata. This forest type is a tall-statured forest, typically up to 25 to 30 m tall, although in 
favorable conditions the canopy can be above 40 m. 
 The dry evergreen forest (DEF) occurs across the Indo-Burmese region, often in moist 
valleys and ravines among low- to medium-sized hills, and in low, wide river valleys and 
gallery forests. This forest type often occurs in a mosaic across the low hills of continental 
Southeast Asia. This forest type is often characterized by the presence of very large, fast-
growing, light-demanding species, including Tetrameles nudiflora, Duabanga grandifolia, 
and Pterocymbium javanicum. Although the dominant dipterocarps in this forest are all 
evergreen, typically about 30 percent of the canopy is deciduous. The canopy is usually about 
30-40 m tall.
 The dry dipterocarp forest (DDF) extends across continental Asia from northeast India, 
through Thailand, to Lao PDR and Vietnam. This forest type has a relatively low, open canopy 
composed of species with typically thick, leathery leaves. This forest is composed of a very 
distinctive set of dominant species. In Doi Suthep-Pui National Park, one or more of the four 
deciduous dipterocarp species, Shorea siamensis, S. obtusa, Dipterocarpus obtusifolius, and 
D. tuberculatus, usually form the core of forest stands (Khamyong, 2009). Other important 
species in the forest canopy include P. macrocarpus, X. xylocarpa, Gluta usitata, and several 
species of Terminalia. The canopy does not usually exceed 20 m in height, and in xeric 
conditions can be 5-10 m tall. However, in very favorable sites, the main canopy dipterocarps 
and some Terminalia species can reach 25-30 m in height. 
 The three different forest types occupy different, but somewhat overlapping parts 
of Doi Suthep-Pui National Park. The mixed deciduous forest occurs in semi-moist areas 
with frequent forest fires at the foot and lower shoulder of the mountains. The approximate 
elevation of the mixed deciduous forest is 330-800 m asl. and approximate rainfall is 1,000-
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1,500 mm/yr (Khamyong, 2009). The dry evergreen forest is on the shoulder of the mountains 
and extends down toward the base of the mountains; it is found in moist riparian areas in 
proximity to the deciduous forests. It also occurs in the saddle area between lower peaks and 
nearby mountain streams. Approximate elevation of the dry evergreen forest is from 330-
1,000 m asl. and approximate rainfall is 1,500-2,000 mm/yr (Khamyong, 2009). The dry 
dipterocarp forest occurs in dry areas with frequent forest fires at the base of the mountains 
and in dry areas along mountain ridges. Approximate elevation of the dry dipterocarp forest is 
330-1,200 m asl. and approximate rainfall is 800-1,500 mm/yr (Khamyong, 2009).
 In ecological studies, evaluating tree biomass is important for estimating tree carbon 
storage. Tree biomass can be measured destructively by cutting the trees and weighing tree 
parts. Where trees cannot be cut, the alternative is to use allometric equations, describing the 
relationship of one part (biomass) to another part of the trees (the most common are tree height 
and/or diameter at breast height, (DBH)). In Thailand, there are a number of widely used 
allometric equations for each forest type, for example, equations of Tsutsumi et al. (1983) for 
tropical rain forests and dry evergreen forests, equations of Ogawa et al. (1965) for mixed 
deciduous forests (Terakunpisut et al., 2007; Pothong, 2012), equations of Basuki et al. (2009) 
for dry forests, equations of Ogino et al. (1967) for dry dipterocarp forests (Homchan et al., 
2013). 
 In common allometric equations, height value is usually required. However, tree height 
measurements are time consuming and difficult if trees are leaning and/or the line of sight 
is blocked. One option is using allometric equations having the tree height as one of the 
parameters, which can be developed based on relationships between the DBH and the tree 
height. In Thailand and elsewhere, there are a number of height-DBH equations, for example, 
Tsutsumi et al. (1983) for dry evergreen forests, Ohkubo et al. (2006) for hill evergreen forests 
(tropical montane forest) (Fukushima et al., 2008; Pothong, 2012), Yamakura et al. (1986) 
for tropical rain forests in Indonesia, and Chave et al. (2015) for tropical zones of the world.  
However, the allometric equations vary with the type of forest ecosystem. Therefore, it is 
helpful to explore the height-DBH relationship for forests at specific locations of interest. 
 In this study, our objectives were to 1) determine tree diversity and composition of the 
three different forest types of Doi Suthep-Pui National Park and 2) explore the relationship 
between tree height and DBH. We proposed allometric equations to estimate tree height. In 
addition, we explored what factors of stem density, basal area, and tree species affect the 
height and diameter relationship.

MATERIALS AND METHODS

 The study sites were located within Doi Suthep-Pui National Park, Chiang Mai 
Province, Thailand (48′ 34″ N, 98° 54′ 57″ E). Three sites were selected based on the forest 
type – mixed deciduous, dry evergreen, and dry dipterocarp. Tree diversity was determined 
during the dry season from January to April 2014. Six plots of 40 x 40 m2 were randomly set 
up along an elevation gradient (Table 2) within each forest type. Tree species richness, DBH, 
and height of all the trees, equal to or taller than 1.5 m, were recorded. 
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Data analysis
 Tree species diversity and composition. To compare the composition of the different 
forest types, indices of similarity between each pair of forest types were calculated using the 
Sørensen index (1948). Quantitative data, including tree frequency, density, dominance, and 
importance value index (IVI), were used to evaluate dominant tree species. The Shannon-
Wiener diversity index was calculated for each forest type (Krebs, 1985). We used Kruskal 
Wallis non-parametric analysis to determine if there were significant differences of tree height 
and diameter among the three forest types.
 Tree allometry model development. Data analyses were performed using R programing 
language version 3.5.0 (R Core Team, 2018). The whole dataset (n = 6,890) was separated into 
a training dataset (70%; n = 4,823) and a testing dataset (30%; n = 2,067). The training dataset 
was used to find potential predictive allometric relationships, while the test dataset was used to 
validate the models. We began by testing four forms of equations to determine what allometric 
model fits well with the training dataset. The four forms were log-log, hyperbolic tangent, 
Weibull, and monomolecular equation. The models included two to three parameter estimates 
(Table 1). This first step was to select a model to further determine parameter estimates of 
different forest types. We used nls function to fit all four models. Model evaluations were 
based on graphical inspection and calculation of: (1) Akaike’s Information Criteria (AIC), 
(2) standard errors of regression (mean square errors: MSE), and (3) normalized square root 
of mean square error (normalized-RMSE). The normalization of the RMSE facilitates the 
comparison between models with different scales and between datasets. For the normalized-
RMSE, the RMSE was divided by the mean of the observed tree height data. We validated the 
models using the testing dataset; the models were compared by normalized-RMSE and mean 
absolute percentage error (MAPE), which is a measure of how much the prediction deviates 
from the observed value.
 We used the best fitted model to explore the different height to DBH relationships among 
forest types. We used nlsList function of nlme package (Pinheiro et al., 2013) to partition the 
training dataset and determine the parameter estimates of each forest type. MAPE calculated 
prediction accuracy for each forest type.

Table 1. Models used to explore the relationship between tree height and diameter at breast  
 height (DBH). 

Model Equation Parameter estimate

Log-log H = exp(a + b · ln(D)) 2
Hyperbolic tangent H = a · (1 - exp(-D · b)) / (1 + exp(-D · b))  2
Weibull H = a · (1 - exp(-b · (Dc))) 3
Monomolecular H = a · (1 - exp(b - c · D)) 3

Note: H = tree height; D = DBH; a, b, and c = parameters; exp = exponential function 
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Predictors of tree allometry
 We used mixed-effects models to examine variation between log-transformed height 
and diameter. The whole dataset (n = 6,890) was used in the mixed-effects models. Model 
fitting followed some questions in Feldpausch et al. (2011) and Hulshof et al. (2015). To 
compare models based on AIC scores, all models were fit using maximum likelihood (Zuur et 
al., 2009). To test whether forest structure measured by basal area (m2/ha) and stand density 
(trees/ha) and species were predictors of the allometric relationship, we added the basal area, 
density, and species factors in a stepwise fashion using linear mixed-effects models. For 
comparing models, factors were retained if (1) F-tests indicated the significance of fixed effect 
factors (anova function with one fitted model; P<0.05), and (2) a likelihood ratio statistic 
with the associated P-value indicated model improvement (anova function with multiple fitted 
model). For model ln(H)=1 without the random effect, the model was fitted using the lm 
function. For mixed-effects models, the models were fitted using the lme function of nlme 
package (Pinheiro et al., 2013).

RESULTS

Tree species diversity and composition
 All forests combined contained 201 tree species in 68 families. The dry evergreen 
forest had the highest tree species richness, with 137 species and 51 families, followed by the 
mixed deciduous forest (71 species in 31 families) and the dry dipterocarp forest (85 species 
in 43 families). The dominant tree species in each of the forest types were different (Table 2). 
In each forest type, the dominant tree species (top five species with highest IVI value) were 
found in four to six plots accounting for 67-100% of sampling plots.
 The tree density was the highest in the dry dipterocarp forest (3,624 trees/ha), followed 
by the dry evergreen forest (2,451) and mixed deciduous forest (1,102) (Table 2). The five 
species with the highest density in the dry dipterocarp forest were D. tuberculatus (485 trees/
ha), Tristaniopsis burmanica (460), S. obtuse (321), S. siamensis (266), and D. obtusifolius 
(261). The top-five-highest-density tree species in the dry evergreen forest were Rothmannia 
sootepensis (254 trees/ha), Castanopsis acuminatissima (170), Elaeocarpus sphaericus (101), 
Lithocarpus fenestus (92), and Ixora cibdela (91). For the mixed deciduous forest, the top-five-
highest-density tree species were L. duperreana (191 trees/ha), T. mucronate (93), Antidesma 
acidum (85), T grandis (75), and P. macrocarpus (68). 
 The tree stem basal area was highest in the dry evergreen forest at 36.57 m2/ha, 
followed by the dry dipterocarp forest (21.13) and the mixed deciduous forest (19.33) (Table 
2). In the dry evergreen forest, the five species with the highest stem basal area were D. 
turbinatus (16.19 m2/ha), chima wallichii (3.03), L. fenestus (1.91), Mesua ferrea (1.55), and 
X. xylocarpa (1.35). For the dry dipterocarp forest, the five highest stem basal area species 
were D. obtusifolius (4.60 m2/ha), D. tuberculatus (3.05), S. obtuse (2.94), S. siamensis (1.88), 
and Quercus brandisiana (1.54). In the mixed deciduous forest, the five species with the 
highest stem basal area were L. duperreana (2.95 m2/ha), P. macrocarpus (2.76), T. grandis 
(1.85), T. mucronate (1.46), and S. siamensis (1.09).



CMU J. Nat. Sci. (2018) Vol. 17(4)294

 The important value index indicates the dominant species in the different forests (Table 
2). The mixed deciduous forest was covered by the deciduous species of the Lythraceae, 
Lamiaceae, Combretaceae, and Fabaceae families; the dominant species were L. duperreana, 
P. macrocarpus, T. grandis, T. mucronata, and X. xylocarpa. The dry evergreen forest was 
covered by the deciduous and evergreen species of Dipterocarpaceae, Theaceae, Fagaceae, and 
Rubiaceae; the dominant species were D. turbinatus, R. sootepensis, L. fenestus, S. wallichii, 
and C. acuminatissima. The dry dipterocarp forest was covered mainly by the deciduous 
species of the Dipterocarpaceae family, i.e., D. obtusifolius, D. tuberculatus, S. obtusa, and S. 
siamensis, with other dominant species also found (Table 2).
 The species similarity indices were low among the forest types: 38% between the dry 
evergreen and dry dipterocarp forests, 37% between the mixed deciduous and dry dipterocarp 
forests, and 33% between the dry evergreen and mixed deciduous forests. The dry evergreen 
forest had the highest species diversity, with a Shannon-Weiner Index value of 4.10, followed 
by the mixed deciduous forest (3.30) and dry dipterocarp forest (3.18).
 The tree height and DBH differed among the dry evergreen, mixed deciduous, and 
dry dipterocarp forests at a 0.05 significance level (Kruskal-Wallis Chi-squared = 829.32 for 
tree height data and 1127.7 for DBH data, P<0.001). The tree heights varied across the forest 
types: dry dipterocarp (range 1.5-30 m, mean 4.67 m), dry evergreen (1.5-75 m, mean 4.91 m), 
and mixed deciduous (1.5-28 m, mean 10.65 m).

Table 2. Quantitative diversity and importance value index (IVI) for the top-10 tree species  
 in the different forest types on Doi Suthep-Pui National Park.

Treatment/location f de ba
Relative (%)

IVI IVI
(%)Rf Rde Rdo

Mixed deciduous forest (elevation 420-800 m*)
Lagerstroemia duperreana 100 190.63 2.95 3.66 17.30 15.26 36.22 12.07
Pterocarpus macrocarpus 100 67.71 2.76 3.66 6.14 14.29 24.09 8.03
Tectona grandis 100 75.00 1.85 3.66 6.81 9.55 20.01 6.67
Terminalia mucronata 100 92.71 1.46 3.66 8.41 7.54 19.61 6.54
Xylia xylocarpa 100 51.04 0.85 3.66 4.63 4.39 12.68 4.23
Canarium subulatum 83 47.92 0.76 3.05 4.35 3.91 11.31 3.77
Millettia kangensis 33 47.92 0.84 1.22 4.35 4.37 9.94 3.31
Shorea siamensis 50 27.08 1.09 1.83 2.46 5.62 9.91 3.30
Antidesma acidum 50 85.42 0.03 1.83 7.75 0.17 9.75 3.25
Vitex peduncularis 83 30.21 0.46 3.05 2.74 2.36 8.15 2.72
Sum of 10 species 715.63 13.04 29.27 64.93 67.47 161.67 53.89
Sum of total (71 species) 1,102.08 19.33 100.00 100.00 100.00 300.00 100.00
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Treatment/location f de ba
Relative (%)

IVI IVI
(%)Rf Rde Rdo

Dry evergreen forest (elevation 650-980 m*)
Dipterocarpus turbinatus 100 51.04 16.19 1.61 2.08 44.28 47.97 15.99
Rothmannia sootepensis 100 254.17 0.32 1.61 10.37 0.87 12.85 4.28
Lithocarpus fenestus 83 91.67 1.91 1.34 3.74 5.21 10.30 3.43
Schima wallichii 67 11.46 3.03 1.08 0.47 8.29 9.84 3.28
Castanopsis acuminatissima 83 170.83 0.14 1.34 6.97 0.39 8.70 2.90
Syzygium albiflorum 100 85.42 1.16 1.61 3.48 3.17 8.26 2.75
Xylia xylocarpa 83 22.92 1.35 1.34 0.93 3.69 5.97 1.99
Elaeocarpus sphaericus 83 101.04 0.05 1.34 4.12 0.13 5.60 1.87
Mesua ferrea 50 10.42 1.55 0.81 0.42 4.25 5.48 1.83
Ixora cibdela 83 90.63 0.02 1.34 3.70 0.06 5.10 1.70
Sum of 10 species 889.58 25.72 13.44 36.29 70.34 120.07 40.02
Sum of total (137 species) 2,451.04 36.57 100.00 100.00 100.00 300.00 100.00

Dry dipterocarp forest (elevation 420-1,140 m*)
Dipterocarpus obtusifolius 67 261.46 4.60 1.93 7.21 21.78 30.93 10.31
Dipterocarpus tuberculatus 100 485.42 3.05 2.90 13.39 14.42 30.71 10.24
Shorea obtusa 100 320.83 2.94 2.90 8.85 13.90 25.65 8.55
Shorea siamensis 67 265.63 1.88 1.93 7.33 8.88 18.15 6.05
Tristaniopsis burmanica 100 460.42 0.40 2.90 12.70 1.91 17.51 5.84
Gluta usitata 83 169.79 1.39 2.42 4.69 6.58 13.68 4.56
Quercus kerrii 100 162.50 1.12 2.90 4.48 5.32 12.70 4.23
Wendlandia tinctoria 100 191.67 0.48 2.90 5.29 2.25 10.44 3.48
Quercus brandisiana 33 57.29 1.54 0.97 1.58 7.28 9.83 3.28
Aporosa villosa 100 165.63 0.45 2.90 4.57 2.11 9.58 3.19
Sum of 10 species 2,540.63 17.84 24.64 70.11 84.42 179.17 59.72
Sum of total (85 species) 3,623.96 21.13 100.00 100.00 100.00 300.00 100.00

Note: f = Frequency (%), de = density (stems.ha-1), ba = basal area of stems (m2.ha-1), Rf = relative frequency (%), 
Rde = relative density (%), Rdo = relative dominance (%), and IVI = importance value index. *Elevation range of the 
studied plots.

Table 2. Continued.
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Tree allometry model development
 We found that the monomolecular function performed best (lowest MSE, normalized-
RMSE and AIC score) followed by the Weibull, log-log, and hyperbolic tangent function 
(Table 3, Figure S2). The monomolecular function is an asymptotic model with three parameter 
estimates: maximum height (a) and scaling parameters (b and c). Although the MSE and 
normalized-RMSE in the model validation of the monomolecular model was not the lowest, 
the height prediction was more accurate (26% error) than the other models (Table 3).

Table 3. Comparisons of models used to explore the relationship between tree height and  
 diameter at breast height (DBH). 

Model
Training dataset (n = 4,823) Testing dataset (n = 2,067)

MSE
Normalized - 

RMSE
AIC MSE

Normalized - 
RMSE

MAPE 
(%)

Log-log 4.71 0.3839 21,171.60 5.02 0.3916 28.02
Hyperbolic tangent 5.41 0.4115 21,841.84 6.56 0.4477 33.42
Weibull 4.99 0.3792 21,054.59 4.96 0.3894 27.65
Monomolecular 4.53 0.3766 20,988.89 5.18 0.3978 26.06

Note: The smallest value of evaluation criterion in each column is in bold. The parameter estimates of each 
model are in Table S1. 

 The monomolecular equation was fit separately by forest type. The model indicates 
differences in the parameter estimates among forest types (Table 4). The allometric equation 
of tree height in the three forest types of Doi Suthep-Pui National Park were as follows (H is 
tree height, D is DBH, and exp represents an exponential function): 
 Dry dipterocarp; H = 23.9370 · (1 - exp(-0.0516 - 0.0318 · D))
 Dry evergreen; H = 40.5867 · (1 - exp(-0.0426 - 0.0194 · D))
 Mixed deciduous; H = 21.6263 · (1 - exp(0.0038 - 0.0712 · D))

 Maximum height (parameter a) was highest for the dry evergreen forest (40.6 m), 
followed by the dry dipterocarp forest (23.9 m) and mixed deciduous forest (21.6 m) (Table 
4, Figure 1). For trees with DBH smaller than 30 cm, height at any given DBH of trees was 
highest in the mixed deciduous forest compared to the other two forest types (Figure 1). The 
curve growth rate was different among the three forest types for trees with larger DBH (Figure 1).

Table 4. Comparisons of coefficient estimate of three parameters in the monomolecular  
 function. 

Forest 
types

Parameter estimate MAPE
(%)a 95% CI of a b 95% CI of b c 95% CI of c

DDF 23.9370 22.2423 - 25.9488 -0.0516 -0.05670 - -0.0467 0.0318 0.0281 - 0.0358 27.05

DEF 40.5867 38.5217 - 42.9337 -0.0426 -0.0456 - -0.0397 0.0195 0.0177 - 0.0213 22.94

MDF 21.6263 20.4677 - 23.0030 0.0038 -0.0195 -  0.0284 0.0712 0.0624 - 0.0806 19.34

Note: For the training dataset, n = 4,823; for the testing dataset, n = 2,067. S.E = standard error of the coefficient estimate. 
95% CI = 95% confidence interval of the coefficient estimate. MAPE = mean absolute percentage error.
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Predictors of tree allometry
 The mixed-effects model indicated that stem density of different forest types and 
tree species were important in explaining variation in tree height and diameter allometry 
(Table 5). In this study, the dry evergreen forest had medium stem density compared with 
the dry dipterocarp forest and mixed deciduous forest. The dry evergreen forest had the 
highest maximum height estimated from the monomolecular model (parameter a). The 
mixed deciduous forest and dry dipterocarp forest had the lowest and highest stem density, 
respectively, and they had smaller maximum height estimates (Table 4, Figure 1). Species of 
trees in the forest also contributed to the variation in tree allometry. The variable importance 
of forest types, species, and DBH in determining tree height was estimated to be 6%, 19%, and 
75%, respectively (regression tree analysis; Appendix S1).

Figure 1.  Plot of tree height against DBH of the testing dataset and the models of tree height  
 to DBH relationship of three different forest types: mixed deciduous, dry evergreen,  
 and dry dipterocarp. The monomolecular model was the best fit model. The  
 parameter estimates of each forest type are in Table 4. 
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Table 5. Model selection of height and diameter allometry.

Question and model structure Random 
effect

Model
comparison AIC Conditional 

R2

1. Does their hierarchical structure fit the data? 

    1.1 ln(H) ~ 1 None NA 14,707.52 NA
    1.2 ln(H) ~ 1 Plot NA 13,268.95 0.337
    1.3 ln(H) ~ ln(D) Plot  1.2 vs 1.3* 2,427.53 0.836
2. Accounting for  basal area, stem density, and species, does H and D allometry differ among forest types?
    2.1 ln(H) ~ ln(H) + basal area + density + species Plot    2.1 vs 2.2* 1,429.54 0.856
    2.2 ln(H) ~ ln(H) + basal area + density Plot    2.2 vs 2.5* 2,396.90 0.837
    2.3 ln(H) ~ ln(H) + basal area + species Plot    2.1 vs 2.3* 1,444.06 0.861
    2.4 ln(H) ~ ln(D) + density + species Plot    2.1 vs 2.4 1,427.57 0.865
    2.5 ln(H) ~ ln(H) + basal area Plot    2.3 vs 2.5* 2,415.38 0.834
    2.6 ln(H) ~ ln(H) + density Plot    2.2 vs 2.6 2,397.09 0.840
    2.7 ln(H) ~ ln(H) + species Plot    2.2 vs 2.7* 1,442.13 0.861

Note: The conditional R2 includes the variance of both the fixed and random factors. Symbols * in the model 
comparison column indicates significant difference between the two models. Best fitted model meeting selection 
criteria for each question are indicated in bold.

DISCUSSION

Tree species composition
 The findings of species composition by forest type in Doi Suthep-Pui National Park were 
in agreement with previous studies. The mixed deciduous forest had similar dominant trees as 
some other locations in Thailand, for example, teak (T. grandis)-mixed stand (Seanchanthong, 
2005; Podong et al., 2013). However, in some locations, T. grandis was absent (Marod et al., 
1999; Phonchaluen, 2009; Chaiyo et al., 2011). The dry evergreen forest, the mixed stand 
of evergreen and deciduous species, was similar to that of some other locations in Thailand. 
The dominant trees were evergreen species of Dipterocarpaceae (D. turbinatus and D. 
alatus) (Khamyong, 2009; Senpaseuth et al., 2009). Some locations included other species, 
such as Hopea ferrea, S. henryana, Irvingia oliveri, L. duppereana, Diospyros dictyoneura, 
Xerospermum laevigatum, and Strombosia javanica (Lamotte et al., 1998; Glumphabutr et 
al., 2006). The dry dipterocarp forest had similar dominant trees with the mixed stand of 
deciduous dipterocarps, such as D. tuberculatus, D. obtusifolius, S. obtusa, and S. siamensis, 
with other deciduous species (Lamotte et al., 1998; Sahunalu 2009; Senpaseuth et al., 2009; 
Chaiyo et al., 2011; Homchan et al., 2013)
 Our study classified the forest type based on dominant tree species. For example, D. 
turbinatus was one of the dominant species in the dry evergreen forest. Some other species in 
the dry evergreen forest might be the dominant species of an adjacent forest type. In addition, 
the forests of Doi Suthep-Pui National Park are still recovering from cutting and clearing in 
the past as a forest concession, and are not reaching their climax stages. As a result, the tree 
species were mixed in the various forest types. For example, we found C. accuminatissima and 
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L. fenestus, which dominate the lower montane forest, in high numbers in the dry evergreen 
forest of our study, although most of the trees were small. Their seeds, dispersed from the 
adjacent lower montane forest, germinate and briefly grow, but with no evidence that they 
emerge as top canopy trees in the dry evergreen forest of our study. S. wallichii, often found in 
disturbed forests, was frequently found in forest gaps, as well as in the dry evergreen, mixed 
deciduous, and montane forests; it was rarely found in primary forests, even though it was 
present in the lower montane forest.

Tree height and DBH relationship
 In our study, an asymptotic function model (a monomolecular function) best fit the 
tree height to DBH relationship. The tree height increased with increasing DBH; with the 
increment of tree height increase per unit of DBH increase smaller when the trees were 
larger in diameter – i.e., taller trees were more likely to have a larger diameter. However, 
height limitation was an asymptote. As trees grew taller, their crowns expanded and the trees 
invested in incremental stem diameter to support these larger crowns. Other studies have also 
shown asymptotic relationships between tree height and DBH (e.g., Bullock, 2000; Poorter et 
al., 2006; Iida et al., 2011, Banin et al., 2012, Hulshof et al., 2015). Others have reported that 
a logarithmic allometry model performed better than asymptotic functions for wet and dry 
tropical forests (Feldpausch et al., 2011).
 We found differences in the height to diameter relationship among the three forest types 
we studied in Doi Suthep-Pui National Park. From our fitted allometric model, for smaller 
trees (less than 30 cm in diameter) at a similar height, trees in the mixed deciduous forest 
were thinner than the trees in the dry evergreen and dry dipterocarp forests. Stem density 
also differed among the three forest types and affected the tree allometry. This finding was in 
contrast with Feldpausch et al. (2011), who found that stand basal area was more important 
than stem density in driving tree allometry. In our study, the densest forest (dry dipterocarp) 
and the most widely spaced forest (mixed deciduous) had smaller stand basal area than the dry 
evergreen forest (a medium dense forest). The stem density is related to species competition 
for light resources. With less competition for light in the widely spaced forest, thick trunks to 
support large crowns may not be necessary. However, the stem density was not the only factor 
driving tree allometry; the difference among tree species was also an important driver.
 The variation in tree allometry may arise from differences in individual species. Our 
finding that species was more important than forest type in determining the tree height to 
DBH relationship agreed with Mugasha et al. (2013) in lowland Tanzanian forests. Different 
species have distinct tree architectures and have been shown to differ in their tree height to 
DBH relationship (King, 1996; Bullock, 2000; Poorter et al., 2006; Iida et al., 2011). Adult 
tree stature (i.e., maximum height) (King, 1996; Poorter et al., 2006; Iida et al., 2011), species 
regeneration niche (gap vs non-gap species) (King, 1996), and functional groups all play a role 
in determining the tree height to DBH relationship (Poorter et al., 2006, Hulshof et al. 2015). 
To reduce error in estimating tree height from DBH, species level characteristics should be 
taken into account. Then, the species-specific height-DBH relationship can be determined. In 
practice, species-specific models require species identification of individual trees in the field. 
Further studies are needed to find the species-specific relationship of tree height to DBH, 
based on tree stature, regeneration niche, and functional groups.
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CONCLUSION

 Tree diversity, species composition, and forest structure differed among the three 
forest types studied in Doi Suthep-Pui National Park, Chiang Mai, Thailand. The relationship 
between tree height and DBH was determined by a three-parameter monomolecular function. 
The allometric models showed an average error of 23.1% in predicting the tree height from 
the DBH. This study showed that the stem density of forests and species of trees influenced 
the tree height to diameter relationship. Understanding the species-specific allometry would 
provide more accurate tree height estimation.
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SUPPLEMENTARY MATERIALS

Appendix S1 Sources of variation in the tree height data

Data analysis
 To understand the sources of variation in tree height, data were primarily analyzed 
using a regression tree (package rpart). The continuous response variable was tree height 
and the explanatory variables were diameter at breast height (DBH), forest type (DDF, DEF, 
and MDF) and species. The regression tree with the whole dataset was fitted using binary 
recursive partitioning. The regression tree partitioned the response variable, tree height, into 
homogenous groups, which are equivalent to minimizing in the sums of squares about the 
group means (De’ath and Fabricius, 2000). The number of splits giving the minimum cross-
validated deviance was obtained to avoid over-fitting. The final regression tree was graphically 
presented. Then, we used the regression models to examine between-variable relationships, 
identified from the regression tree.

Results
 The regression tree analysis pointed to the most influence of DBH variable on tree 
height (variable importance of 75%). The variable importance of species and forest types was 
19% and 6%, respectively. The R-squared of the model was 84%. The regression tree plot 
indicated that the forest type was not important in determining tree height in our study (Figure 
S1).

Appendix 2 Species groups from the regression tree analysis tree height values

Group 1
 Anneslea fragrans, Aporosa octandra, Aporosa villosa, Artocarpus thailandicus, 
Bombax anceps, Bridelia retusa, Buchanania lanzan, Castanopsis armata, Craibiodendron 
stellatum, Croton roxburghii, Dalbergia cana, Dalbergia dongnaiensis, Diospyros rubra, 
Dipterocarpus alatus, Dipterocarpus obtusifolius, Dipterocarpus tuberculatus, Elaeocarpus 
sp., Engelhardia serrata, Eriolaena candollei, Garcinia cowa, Garcinia mckeaniana, Garcinia 
merguensis, Gardenia sootepensis, Gluta usitata, Grewia disperma, Ixora sp., Lepisanthes 
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rubiginosa, Lithocarpus fenestus, Lithocarpus lindleyanus, Lithocarpus polystachyus, 
Lophopetalum duperreanum, Memecylon celastrinum, Mitragyna rotundifolia, Olea 
salicifolia, Parinari anamense, Quercus brandisiana, Quercus kerrii, Rothmannia sootepensis, 
Schleichera oleosa, Shorea obtusa, Shorea siamensis, Sterculia pexa, Stereospermum colais, 
Strychnos nux-vomica, Styrax benzoides, Tarennoidea wallichii, Terminalia alata, Terminalia 
glaucifolia, Tristaniopsis burmanica, Wendlandia tinctoria

Group 2
 Adenanthera pavonina, Adinandra integerrima, Alangium salviifolium, Albizia 
odoratissima, Anogeissus acuminata, Artocarpus gomezianus, Beilschmiedia gammieana, 
Canarium subulatum, Castanopsis acuminatissima, Castanopsis calathiformis, Catunaregam 
spathulifolia, Chukrasia tabularis, Colona flagrocarpa, Colona winitii, Cratoxylum formosum, 
Dalbergia cultrata, Dalbergia oliveri, Dipterocarpus turbinatus, Erythrina subumbrans, 
Gmelina arborea, Ilex umbellulata, Irvingia malayana, Knema lenta, Lagerstroemia 
duperreana, Lagerstroemia loudonii, Lagerstroemia sp., Lagerstroemia undulata, Lannea 
coromandelica, Litsea sp.4, Mesua ferrea, Millettia kangensis, Morinda tomentosa, Ostodes 
paniculata, Premna tomentosa, Protium serratum, Pterocarpus macrocarpus, Quercus 
kingiana, Quercus semiserrata, Rapanea yunnanensis, Schima wallichii, Semecarpus 
anacardium, Semecarpus cochinchinensis, Shorea roxburghii, Spondias pinnata, Syzygium 
albiflorum, Syzygium cumini, Tectona grandis, Terminalia bellirica, Terminalia chebula, 
Terminalia mucronata, Toona ciliata, Turpinia pomifera, Vitex peduncularis, Vitex pinnata, 
Walsura robusta, Xanthophyllum virens, Xylia xylocarpa

Group 3
 Aphanamixis polystachya, Aporosa octandra, Bombax anceps, Castanopsis 
calathiformis, Dalbergia oliveri, Dipterocarpus obtusifolius, Dipterocarpus tuberculatus, 
Engelhardia spicata, Gluta usitata, Gmelina arborea, Lagerstroemia duperreana, Lithocarpus 
fenestus, Mangifera pentandra, Mesua ferrea, Millettia kangensis, Nephelium hypoleucum, 
Olea salicifolia, Pinus merkusii, Pterocarpus macrocarpus, Quercus brandisiana, Quercus 
kerrii, Schima wallichii, Shorea roxburghii, Styrax benzoides, Syzygium cumini, Xylia 
xylocarpa

Group 4
 Dipterocarpus turbinatus, Magnolia baillonii, Michelia champaca, Syzygium 
albiflorum, Turpinia pomifera, Xanthophyllum virens
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Table S1. Tree allometry model development using the training data set (n = 4,823).

Model Equation 
Parameter estimate

a 95% CI of a b 95% CI of b c 95% CI of c
Log-log H = exp(a + b · ln(D)) 0.6223 0.5978 - 0.6466 0.6631 0.6549 - 0.6713 NA NA
Hyperbolic tangent H = a · (1 - exp(-D · b)) / 

(1 + exp(-D · b))  
23.4838 22.8136 - 24.1871 0.0797 0.0764 - 0.0832 NA NA

Weibull H = a · (1 - exp(-b · (Dc))) 49.2268 43.6918 - 57.0783 0.0329 0.0290 - 0.0364 0.7768 0.7554 - 0.7980
Monomolecular H = a · (1 - exp(b - c · D)) 33.9330 32.5093 - 35.4827 -0.0362 -0.0390 - -0.0333 0.0255 0.0238 -  0.0272

Figure S1.  Regression tree of tree height values. The two importance variables were DBH  
 and species. Each terminal node is labeled with mean height of each group and  
 the number of data points in each group. The list of species in Group 1- 4 is in  
 Appendix S2.
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Figure S2.  Plot of tree height against DBH of the testing dataset and the four models of  
 tree height and DBH relationship. The monomolecular model was the best fit  
 model. The parameter estimates of each model were in Table S1. 


