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Abstract: There are few allometric equations available for dipterocarp forests, despite the fact
that this forest type covers extensive areas in tropical Southeast Asia. This study aims to develop
a set of equations to estimate tree aboveground biomass (AGB) in dipterocarp forests in Vietnam
and to validate and compare their predictive performance with allometric equations used for
dipterocarps in Indonesia and pantropical areas. Diameter at breast height (DBH), total tree height
(H), and wood density (WD) were used as input variables of the nonlinear weighted least square
models. Akaike information criterion (AIC) and residual plots were used to select the best models;
while percent bias, root mean square percentage error, and mean absolute percent error were
used to compare their performance to published models. For mixed-species, the best equation
was AGB = 0.06203×DBH2.26430 ×H0.51415 ×WD0.79456. When applied to a random independent
validation dataset, the predicted values from the generic equations and the dipterocarp equations
in Indonesia overestimated the AGB for different sites, indicating the need for region-specific
equations. At the genus level, the selected equations were AGB = 0.03713 × DBH2.73813 and
AGB = 0.07483 × DBH2.54496 for two genera, Dipterocarpus and Shorea, respectively, in Vietnam.
Compared to the mixed-species equations, the genus-specific equations improved the accuracy of
the AGB estimates. Additionally, the genus-specific equations showed no significant differences in
predictive performance in different regions (e.g., Indonesia, Vietnam) of Southeast Asia.
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1. Introduction

There is a significant need globally and in Vietnam to develop equations that estimate forest
biomass and carbon for national measuring, reporting, and verification systems. Under the United
Nations Framework Convention on Climate Change, countries must report the state of their forest
resources through initiatives such as the United Nations collaborative programme on Reducing
Emissions from Deforestation and Forest Degradation Plus UN-REDD+ programme [1] in developing
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countries [2]. For high accuracy, equations specific to dominant forest types and ecological regions
are necessary.

Dipterocarpaceae is one of the most well-known tree families in the tropics for its species’ iconic
form and value as timber [3]. Timber species of Dipterocarpaceae are distributed widely throughout
tropical Asia, spanning multiple climatic zones and geographic regions [4]. In Vietnam, this forest
type covers approximately 650,000 ha and is distributed in two main ecological regions or ecoregions,
namely the Central Highlands (CH) and the Southeast (SE) [5]. Differences in historical management
of dipterocarps have resulted in an uneven balance of knowledge across their range, with much known
about dipterocarps on the Indian subcontinent and comparatively little known about the dipterocarps
of Southeast Asia [3]. In Vietnam, the ability to accurately estimate biomass and carbon in dipterocarp
forests is complicated further by the mixed-species nature of this forest type [4].

Jenkins et al. [6,7] performed a modified national-level meta-analysis of allometric regression
equations for total aboveground biomass (AGB) based on tree diameter and developed consistent
equations for tree species in the United States using a logarithm function as the general form of
these equations. Power models relating tree AGB to diameter at breast height (DBH) or more
complex associations of input variables have also been widely developed and used for pantropic [8,9].
For example, Ter-Mikaelian and Korzukhin [10] used power models to estimate biomass for 65 North
American tree species. In general, numerous publications suggest power models as a suitable option for
building allometric equations based on one or more variables [8,11]. In developing biomass equations
for pantropic or dipterocarp forests in the Southeast Asia, Brown [12], and Basuki et al. [13] applied
logarithmic transformation of the power model. Picard et al. [14] pointed out that although being
a good model for biomass prediction, the power model was outperformed by the allometric model.

The literature on allometric equations developed to estimate biomass for tropical forests is
sizable [12,13,15–21]. However, there is limited literature and allometric equations for tropical
dipterocarp forests [13] despite covering extensive areas in tropical Southeast Asia. To date, there
are only a few general pantropical equations, but due to the range of diverse forest types with
different characteristics in this region, there is a need to develop more specific biomass equations.
Using data collected from 122 destructively sampled trees, Basuki et al. [13] developed allometric
equations for dipterocarp forests, including one for each of the four main genera (Dipterocarpus,
Hopea, Polaquium, and Shorea), one for commercial forests, and one for mixed-species of dipterocarps
in East Kalimantan, Indonesia. The input variables of these equations were DBH, wood density
(WD), and commercial bole height. Despite the development of equations for the main genera of the
dipterocarp forest type, these authors focused on only one model form: a power model linearized
by log transformation. Furthermore, they did not compare the predictive performances of genus or
mixed-species allometric equations.

In Vietnam, there were a few allometric equations developed before the beginning of the
UN-REDD programme [8,9]. Recently, Huy et al. [22] developed aboveground biomass equations for
the evergreen broadleaf forests of the South Central Coastal ecoregion. The authors of this study report
on the development of national-scale allometric equations to estimate tree biomass for the dipterocarp
forest type in Vietnam, which was summarized and introduced by Sola et al. [8,9]. The objectives of this
study were to: (i) develop equations to estimate AGB of dipterocarp forests in Vietnam; (ii) examine
the performance of nonlinear mixed models using ecoregion as a random effect and develop separate
equations for both mixed-species and dominant genera; and (iii) validate the accuracy of selected
equations and compare them with both allometric equations for dipterocarps in Indonesia [13] and
general pantropic equations [12,16,17,19].

2. Materials and Methods

2.1. Study Sites

The data for this study were collected in two of the eight agro-ecological zones or ecoregions
of Vietnam [5,8]: CH and SE. (Binh Thuan Province). The ecoregion classification accounts for
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environmental variability with respect to climate, soil, and altitude, and is therefore relevant to forest
stratification. Most of the country’s dipterocarp forests exist within the CH and SE ecoregions. Figure 1
shows the location of sample plots of dipterocarps of two agro-ecological zones.
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Figure 1. The location of sample plots in two ecoregions where the dipterocarp forests of Vietnam
are distributed.

The CH has an area of approximately 600,000 ha of the dipterocarp forest located at an elevation
of 197 to 417 m with less than 10◦ slope. Mean annual rainfall is 1600 mm with a dry season lasting four
months and mean annual temperature of 25.3 ◦C [23]. The SE ecoregion has an area of approximately
50,000 ha of the dipterocarp forest located at an elevation of 230 m with less than 3◦ slope. Mean
annual rainfall for this ecoregion is 1003 mm with a dry season lasting three months and mean annual
temperature of 25.5 ◦C [23]. Both ecoregions have a mixed-dipterocarp forest that is distributed
primarily on a soil type of igneous rocks [24] with stand density ranging from 256 to 1292 trees ha−1

and basal area ranging from 10 to 25 m2 ha−1.

2.2. Sampling Design and Data Collection

Forest inventory data for the CH and SE ecoregions was collected with the support of Vietnam
UN-REDD+ Phase I Program. Most of the data for the CH ecoregion was collected by the main author
of this study (Huy et al. [25]) with the support of the Vietnam Ministry of Education and Training.
Thirteen 0.25 ha (50 m × 50 m) plots from the CH, home of the dipterocarp forests in Vietnam, and one
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1 ha plot from the SE ecoregion were surveyed. Attributes measured were plot location, forest status,
basal area, slope, soil type, and standing tree measurements: species, DBH (cm), and tree height (H, m)
of all trees with DBH ≥ 5 cm. Within the sample plots, the selection of sample trees was proportional
to the number of trees in each of the 10 cm DBH class. The DBH of sample trees ranged from 5 to 50 cm
and heights ranged from 2 to 24 m. A complete list of the species, families, and genera of the sample
trees used in modeling is provided in Table 1. A total of 222 trees were destructively sampled for data
collection between the CH (168 trees, 10–15 trees per 0.25-ha plot) and SE (54 trees) ecoregion.

Table 1. Number of destructively sampled trees (N), average WD and standard deviation (SD) of WD
by family, genus, and species. Family and genus-level averages are in bold.

Family/Genus/Species N Average WD (g/cm3) SD of WD (g/cm3)

Chrysobalanaceae 3 0.535665 0.016343
Parinari 3 0.535665 0.016343

Parinari anamensis Hance 3 0.535665 0.016343
Combretaceae 23 0.747057 0.094749

Terminalia 23 0.747057 0.094749
Terminalia alata Roth 16 0.730093 0.100805

Terminalia corticosa Pierre ex Laness 7 0.785830 0.070653
Dilleniaceae 2 0.700423 0.246027

Dillenia 2 0.700423 0.246027
Dillenia sp. 2 0.700423 0.246027

Dipterocarpaceae 130 0.657599 0.098560
Dipterocarpus 94 0.627294 0.080587

Dipterocarpus intricatus Dyer 21 0.589667 0.037682
Dipterocarpus obtusifolius Teijsm. ex Miq. 10 0.640704 0.050715

Dipterocarpus tuberculatus Roxb. 63 0.637707 0.091056
Shorea 36 0.736729 0.098185

Shorea obtusa Wall. ex Blume 28 0.772400 0.074928
Shorea siamensis Miq. 8 0.611881 0.060359

Phyllanthaceae 7 0.612478 0.074246
Aporosa 7 0.612478 0.074246

Aporosa sp. 7 0.612478 0.074246
Hypericaceae 1 0.625000 -
Cratoxylum 1 0.625000 -

Cratoxylum formosum (Jacq.) Benth. & Hook.f. ex
Dyer 1 0.625000 -

Irvingiaceae 6 0.704833 0.017702
Irvingia 6 0.704833 0.017702

Irvingia malayana Oliv. ex A.W.Benn. 6 0.704833 0.017702
Lauraceae 2 0.585500 0.024749

Cryptocarya 2 0.585500 0.024749
Cryptocarya sp. 2 0.585500 0.024749
Lecythidaceae 5 0.592586 0.134872

Careya 5 0.592586 0.134872
Careya arborea Roxb. 5 0.592586 0.134872

Leguminosae 19 0.683648 0.082150
Dalbergia 4 0.606063 0.049240

Dalbergia cochinchinensis Pierre 3 0.587667 0.040079
Dalbergia nigrescens var. saigonensis (Pierre) Gagnep. 1 0.661252 -

Sindora 1 0.818989 -
Sindora siamensis Miq. 1 0.818989 -

Xylia 14 0.696148 0.073180
Xylia xylocarpa (Roxb.) Taub. 14 0.696148 0.073180

Loganiaceae 2 0.600613 0.006983
Strychnos 2 0.600613 0.006983

Strychnos nux-blanda A.W. Hill 2 0.600613 0.006983
Myrtaceae 6 0.521244 0.062018
Syzygium 6 0.521244 0.062018
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Table 1. Cont.

Family/Genus/Species N Average WD (g/cm3) SD of WD (g/cm3)

Syzygium cumini (L.) Skeels 2 0.589732 0.062332
Syzygium sp. 4 0.487000 0.020607
Rubiaceae 15 0.589079 0.051010

Adina 2 0.571000 0.000000
Adina pilulifera (Lam.) Franch. ex Drake 2 0.571000 0.000000

Haldina 2 0.611293 0.031190
Haldina cordifolia (Roxb.) Ridsdale 2 0.611293 0.031190

Morinda 1 0.463000 -
Morinda citrifolia L. 1 0.463000 -

Nauclea 10 0.600860 0.042858
Nauclea orientalis (L.) L. 10 0.600860 0.042858

Sapindaceae 1 0.630000 -
Sapindus 1 0.630000 -

Sapindus saponaria L. 1 0.630000 -
Grand Total 222 0.656475 0.101823

Species name was recorded and DBH, H were measured on sample trees prior to felling. Total tree
height (H) and green component mass for stems with bark, branches, and foliage was measured post
felling. To establish the green-to-dry ratio of each tree, five samples for stem, three for branches,
and two for old and new leaves were brought to the laboratory in sealed plastic bags to determine
moisture content and reweighed to determine their mass in grams. Samples were then dried at 105 ◦C
until a constant weight was reached [13,21,26]. The dry biomass of stem, branches, and leaves was
estimated by multiplying the green biomass with the averaged green-to-dry ratio of each component.
The total dry weight of a tree (AGB) was obtained by summing the dry biomass of the stem, branches,
and foliage.

For wood density (WD) analysis, samples were taken from every one-fifth of the stem length.
The water displacement method was used to measure the volume, and the averaged WD (g/cm3) per
sample tree was calculated as oven-dry weight divided by volume at saturation.

Table 2 shows a summary for each of the predictors and the response variables of the destructively
sampled trees for mixed-species and two main genera: Dipterocarpus and Shorea.

Table 2. Summary for each of the predictors and the response variables of the destructively sampled
trees for mixed-species and two main genera.

Level Summary DBH (cm) H (m) WD (g/cm3) AGB (kg)

Mixed-Species

Min 3.4 2.5 0.379 1.3
Average 17.6 10.3 0.656 184.9
Max 48.8 23.5 0.953 1710.8
Standard Deviation 10.3 4.5 0.102 315.0
n 222 222 222 222

Dipterocarpus Genus

Min 4.9 3.8 0.379 1.5
Average 20.4 11.2 0.627 285.6
Max 48.8 23.5 0.858 1710.8
Standard Deviation 12.4 5.3 0.081 431.8
n 94 94 94 94

Shorea Genus

Min 5.6 4.4 0.507 2.9
Average 15.2 9.4 0.737 86.4
Max 23.0 14.1 0.917 205.9
Standard Deviation 4.2 2.4 0.098 52.5
n 36 36 36 36
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2.3. Equation Development and Selection

The dataset was randomly split 200 times into model development dataset (70% or 156 trees) and
validation dataset (30% or 66 trees). After selecting, validating, and comparing the equations, the final
parameters of the selected equations were obtained using the entire dataset (222 trees).

Equations were developed at two levels: mixed-species (all trees) and dominant genera of the
dipterocarps (Dipterocarpus and Shorea). Exploratory analysis of destructively sampled tree data by
ecoregion, family, and genus suggested the use of a power model with random effects (Figure 2).
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The nonlinear mixed-effects models used in this study had the following form:

Yij = (ao + ai)× Xij
(bo+ bi) + εij (1)

εij ∼ iid N
(

0,σ2
)

(2)

where Yij is the observed ABG (kg) for the jth tree associated with the ith ecoregion; ao and bo are
parameters of the model; ai and bi are parameters associated with the random effect of the ith ecoregion;
and Xij is the DBH (cm), H (m), WD (g/cm3), DBH2H (m3), or DBH2HWD (kg) for the jth tree in ith
ecoregion; and εij is the random error associated with the jth tree in ith ecoregion. The input variables
DBH2H and DBH2HWD for Xij are approximations of volume and AGB, respectively, and were
calculated as follows:

DBH2H =

(
DBH
100

)2
×H (3)

DBH2HWD = DBH2H×WD× 1000 (4)

Preliminary analysis also indicated that heterogeneous variance of residuals existed in all AGB
models, as the variance tended to increase with increasing diameters. A power variance function as
defined in Equation (5) was used to take into account the heterogeneity of residuals.

Var
(
εij
)
= σ2(Xij)

k (5)

where σ2 is the residual sum of squares, Xij is the weighting variable (DBH, DBH2H, or DBH2HWD in
this study), and k is the variance function coefficient. The weighted nonlinear mixed-effects models
with a specified variance function were fit using the NLME package [27] in R statistical software [28].

Allometric equations were first developed for mixed-species (all trees) and the best model
forms for each input variable were selected. Best models were determined as those with significant
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parameters, no obvious issues with diagnostic plot, lower Akaike information criterion (AIC), and
higher adjusted R2. The random effect of ecoregion was then tested for significance. Finally, the
equations were built for two dominant genera of dipterocarp forests, Dipterocarpus and Shorea.

2.4. Equation Validation and Comparison

Performance of selected equations were validated and compared to each other and to equations
developed for the dipterocarp and pantropic forests in terms of percent bias, root mean square
percentage error (RMSPE), and mean absolute percent error (MAPE) [29]. These indicators were
calculated for the validation dataset and smaller values were preferred. The cross-validation
statistics were computed for each realization of randomly selected data and averaged over the
200 realizations [30].

Percent Bias =
100
R

R

∑
r=1

nr

∑
i=1

[
yri − ŷri

yri

]
/nr (6)

RMSPE =
100
R

R

∑
r=1

√√√√ nr

∑
i=1

(
yri − ŷri

yri

)2
/nr (7)

MAPE =
100
R

R

∑
r=1

nr

∑
i=1

[
|yri − ŷri|

yri

]
/nr (8)

where, R is the number of realizations (200); nr is the number of trees per realization r; yri and ŷri are
the observed and predicted AGB (kg) for the ith tree in realization r, respectively.

The validation dataset was used to evaluate the performance of the following allometric equations
developed for pantropic and dipterocarp forests of Indonesia and compared with the selected equations
for mixed-species and genera developed in this study:

Pan-tropic equations for mixed-species:
Brown (1997) [12]:

AGB = exp (−2.134 + 2.530× log (DBH)) (9)

IPCC (2003) [19]:

AGB = exp
(
−2.289 + 2.649× log (DBH)− 0.021× (log (DBH))2

)
(10)

Chave et al. (2005) [16] for dry forests:

AGB = WD× exp
(
−0.667 + 1.784× log (DBH) + 0.207× (log (DBH))2 − 0.0281× (log (DBH))3

)
(11)

Chave et al. (2014) [17]:

AGB = 0.0673×
(

WD×DBH2 ×H
)0.976

(12)

Dipterocarp forest equations of Basuki et al. [13] for Indonesia:
Basuki et al. I (2009) for mixed-species:

AGB = exp (−1.201 + 2.196× log (DBH)) (13)

Basuki et al. II (2009) for mixed-species:

AGB = exp (−0.744 + 2.188× log (DBH) + 0.832× log (WD)) (14)

Basuki et al. I (2009) for Dipterocarpus genus:
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AGB = exp (−1.232 + 2.178× log (DBH)) (15)

Basuki et al. I (2009) for Shorea genus:

AGB = exp (−2.193 + 2.371× log (DBH)) (16)

where, log(·) is natural logarithm and all other variables are as previously defined.
Finally, after selecting, validating, and comparing the equations with the pantropic and

dipterocarp equations in Indonesia, the parameters of the selected equations in this study were
obtained using the entire dataset (222 trees).

3. Results

Sizable differences were observed in WD among tree species, genus, and family. Average and
standard deviation of WD for each plant species, genus, and family are presented in Table 1 and
Figure 3.
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3.1. Equations for Mixed-Species

The summary of the model fit for fixed- and mixed-effects models using different covariates to
describe AGB in mixed-species forests are given in Table 3. The adjusted R2 of all models was more
than 0.9 and the models that used separate input variables produced smaller AIC and RMSPE values
compared to the models that used combined variables as the covariates. Therefore, equations with
separate input variables were selected for mixed-species AGB estimation. Parameter estimates for
these equations are presented in Table 4 and all parameters were statistically significant at the 0.001
level. Figure 4 shows the plots of fitted values and weighted residuals of those equations. The AIC
value of the three-variable (DBH, H, and WD) model with random effect of ecoregion was smaller
compared to the same model without random effect. However, there was no substantial changes in
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the parameter estimates for different ecoregions. Therefore, we selected the fixed-effects model as our
final model.

Table 3. Comparison of different AGB models for mixed-species with and without the random effect of
ecoregion (156 trees).

Model Selected Model Form Random Effect Weight Variable AIC Adj. R2 RMSPE

Covariate: DBH
M1 AGB = a × DBHb None 1/DBH k 1335 0.966 59.0

AGB = a × DBHb Ecoregion 1/DBH k 1335 0.966 59.0

Covariates: DBH and H

M2 AGB = a × (DBH2H)b None 1/(DBH2H) k 1374 0.967 48.1
AGB = a × DBHb × Hc None 1/DBH k 1324 0.975 51.1
AGB = a × DBHb × Hc Ecoregion 1/DBH k 1324 0.975 51.1

Covariates: DBH and WD
AGB = a × (DBH2WD)b None 1/(DBH2WD) k 1337 0.901 53.7

M3 AGB = a × DBHb ×WDc None 1/DBH k 1322 0.933 54.8
AGB = a × DBHb ×WDc Ecoregion 1/DBH k 1322 0.933 54.8

Covariates: DBH, H, and WD
AGB = a × (DBH2HWD)b None 1/(DBH2HWD) k 1323 0.945 39.3

M4 AGB = a × DBHb × Hc ×WDd None 1/DBH k 1298 0.940 43.7
AGB = a × DBHb × Hc ×WDd Ecoregion 1/DBH k 1280 0.940 43.7

k is the variance function coefficient.

Table 4. Selected AGB models with different input variables, their parameter estimates, and standard
errors for mixed-species of the dipterocarp forests (based on the entire dataset, 222 trees).

Model Selected Covariate (s) Model Form Parameter Estimates Standard Error

M1 DBH AGB = a×DBHb a 0.04742 0.00434
b 2.66663 0.03151

M2 DBH, H AGB = a×DBHb ×Hc
a 0.03844 0.00377
b 2.40756 0.05861
c 0.40408 0.07988

M3 DBH, WD AGB = a×DBHb ×WDc
a 0.07126 0.00843
b 2.60940 0.03290
c 0.59275 0.59275

M4 DBH, H, WD AGB = a×DBHb ×Hc ×WDd

a 0.06203 0.00679
b 2.26430 0.05754
c 0.51415 0.07497
d 0.79456 0.11420

The effect of ecoregion was then tested on the selected mixed-species models. The inclusion of
ecoregion as a random effect did not improve the model fit (Table 3), nor did it change the parameter
estimates substantially. After examining the between-ecoregion variability of the coefficient of the
power equations, we found that there were no significant differences between the two ecoregions.
Thus, the selected models with different input variables for mixed-species (equations in Table 4) can
be applied to either CH or SE without considering the effect of different ecoregions. Among these
models, the model with three input variables (DBH, H, and WD) performed the best and had the
following form:

AGB = 0.06203×DBH2.26430 ×H0.51415 ×WD0.79456 (17)
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3.2. Equations for Dominant Genera

The summary of the model fit for fixed-effects models using different covariates to describe
AGB for these genera are given in Table 5. AIC and R2 were very close between models for the same
genus. Therefore, models with the fewest parameters were selected for parsimony and their parameter
estimates are presented in Table 6.
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Table 5. Comparison of different AGB models with different input variables for Dipterocarpus (67 trees)
and for Shorea (26 trees).

Model Selected Covariate(s) Model Form Weight Variable AIC Adj. R2 RMSPE

Genus: Dipterocarpus
D1 DBH AGB = a × DBHb 1/DBH k 600 0.970 60.7
D2

DBH, H
AGB = a × (DBH2H)b 1/DBH k 616 0.965 46.5
AGB = a × DBHb × Hc 1/DBH k 600 0.979 54.1

D3
DBH, WD

AGB = a × (DBH2WD)b 1/(DBH2WD) k 603 0.920 61.8
AGB = a × DBHb ×WDc(#) 1/DBH k 605 0.952 59.9

D4
DBH, H, WD

AGB = a × (DBH2HWD)b 1/(DBH2HWD) k 602 0.970 45.2
AGB = a × DBHb × Hc ×WDd 1/DBH k 601 0.970 49.8

Genus: Shorea
S1 DBH AGB = a × DBHb 1/DBH k 220 0.919 25.4
S2

DBH, H
AGB = a × (DBH2H)b 1/(DBH2H) k 231 0.861 33.6
AGB = a × DBHb × Hc(#) 1/DBH k 227 0.921 25.9

S3
DBH, WD

AGB = a × (DBH2WD)b 1/(DBH2WD) k 224 0.881 22.3
AGB = a × DBHb ×WDc(#) 1/DBH k 226 0.912 22.6

S4
DBH, H, WD

AGB = a × (DBH2HWD)b 1/(DBH2HWD) k 220 0.894 24.0
AGB = a × DBHb × Hc(#) ×WDd 1/DBH k 231 0.920 21.0

(#): p-value of the parameter > 0.05 and k is the variance function coefficient.

Table 6. Parameter estimates and their standard errors for the selected AGB models with different
input variables for Dipterocarpus (the entire dataset, 94 trees) and for Shorea (the entire dataset, 36 trees).

Model Selected Covariate (s) Model Form
Parameter Estimates Standard Error

a b a b

Genus: Dipterocarpus
D1 DBH AGB = a×DBHb 0.03713 2.73813 0.00488 0.04310

D2 DBH, H AGB = a× (DBH2H)
b

290.370 1.03913 9.30399 0.01900

D3 DBH, WD AGB = a× (DBH2WD)
b

0.09387 1.31539 0.01047 0.02101

D4 DBH, H, WD AGB = a× (DBH2HWD)
b

0.45812 1.00673 0.04729 0.01707

Genus: Shorea
S1 DBH AGB = a×DBHb 0.07483 2.54496 0.02897 0.13722

S2 DBH, H AGB = a× (DBH2H)
b

325.264 0.95220 24.2081 0.04909

S3 DBH, WD AGB = a× (DBH2WD)
b

0.19114 1.16390 0.06181 0.06166

S4 DBH, H, WD AGB = a× (DBH2HWD)
b

0.69838 0.92173 0.13807 0.03772

However, as increasing the number of input variables from one (DBH) to three (DBH, H, and WD)
did not improve model fit for either genus, the following simple AGB models with DBH as the only
independent variable were selected for Dipterocarpus and Shorea, respectively.

Dipterocarpus : AGB = 0.03713×DBH2.73813 (18)

Shorea : AGB = 0.07483×DBH2.54496 (19)

When differences between observed and predicted AGB values were compared over tree size, no
evidence of lack of fit was found. The models predicted AGB across tree sizes well for both Dipterocarpus
and Shorea. The plots of fitted and weighted residuals of the selected models showed no trend or
patterns for both genera (Figure 5).
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Figure 5. Plots of fitted values vs. DBH (left) and fitted values vs. weighted residuals (right) of the
selected model AGB = a × DBHb for two main genera: (a) Dipterocarpus (the entire dataset, n = 94 trees),
and (b) for Shorea (the entire dataset, n = 36 trees).

3.3. Equation Validation and Comparison

Mixed-species equations:
Cross-validation was employed for the four selected mixed-species equations (M1–M4) and

compared to the mixed-species equations for dipterocarp of Indonesia (Equations (13) and (14)) and
pantropic forests (Equations (9)–(12)). Averaged validation statistics over the 200 realizations for
mixed-species equations are presented in Table 7 for all three DBH classes.

The MAPE of the four selected equations (M1–M4) ranged from 24.0% to 25.7%, while the range
was from 36.6% to 81.9% for the pantropic equations. Compared to the generic pantropic equations,
the equations regionally specific to Vietnam reduced MAPE by 13% to 56% for dipterocarp forests
in Vietnam.

The AGB estimates obtained from the four selected mixed-species equations (M1–M4),
closely match the observed values of the validation dataset (Figure 6) and produced the lowest
values for percent bias, RMSPE, and MAPE in all three DBH classes (Table 7). The pantropic equations
and the equations developed for dipterocarp forests of Indonesia (Equations (9)–(14)) all overestimated
AGB for the validation dataset (Figure 6) and had significantly higher percent bias, RMSPE, and MAPE
than produced by equations M1–M4 in all three DBH classes (Table 7).
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Table 7. Percent bias, RMSPE, and MAPE for the selected mixed-species models, mixed-species models
for dipterocarp forest of Indonesia, and pantropical models for mixed-species by covariate (s).

Covariate (s) Model DBH Class (cm) Percent Bias RMSPE MAPE

DBH

Brown (1997) [12]
Equation (9)

<15 −86.5 106.7 86.5
15–30 −74.0 80.9 74.0

>30 −79.0 92.7 79.0
All −80.9 101.5 80.9

IPCC (2003) [18]
Equation (10)

<15 −86.8 106.4 86.8
15–30 −76.2 83.1 76.2

> 30 −79.2 93.0 79.2
All −81.9 102.0 81.9

Basuki et al. I (2009) [13]
Equation (13)

<15 −132.2 163.5 132.2
15–30 −64.6 72.0 64.6

> 30 −37.7 57.6 47.8
All −92.3 126.2 94.2

M1

<15 2.5 32.0 24.3
15–30 −3.4 21.9 19.4

>30 −17.2 43.7 38.1
All −3.1 34.6 25.2

DBH, H M2

<15 0.1 31.6 24.2
15–30 −2.1 19.9 16.9

>30 −18.0 41.8 36.2
All −3.9 33.5 24.0

DBH, WD

Chave et al. (2005) [16]
Equation (11)

<15 −97.2 117.3 97.3
15–30 −73.8 83.8 73.8

>30 −46.5 69.7 56.0
All −79.2 105.0 81.1

Basuki et al. II (2009) [13]
Equation (14)

<15 −139.2 164.2 139.2
15–30 −90.3 99.1 90.3

>30 −56.4 76.4 61.5
All −107.6 136.9 108.7

M3

< 15 2.8 28.4 21.1
15–30 −8.3 27.4 23.6

>30 −15.5 47.2 39.6
All −4.1 36.5 25.7

DBH, H, WD

Chave et al. (2014) [17]
Equation (12)

<15 −27.1 44.5 33.0
15–30 −30.9 41.8 33.9

>30 −42.9 60.3 48.2
All -31.2 53.5 36.6

M4

< 15 0.1 26.5 20.6
15–30 −7.4 23.7 20.2

>30 −16.6 46.1 38.5
All −5.2 34.7 24.2
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Figure 6. Observed vs. predicted AGB obtained from the mixed-species equations developed in this
study, pantropical equations, and equations for dipterocarp forest of Indonesia.

Genus-level equations:
The selected genus-level models for Dipterocarpus and Shorea (D1 and S1, respectively) were

cross-validated and compared to those of Basuki et al. [13] that were developed for the same genera,
though located in Indonesia (Equations (15) and (16), respectively). Predictions from Equations
(D1), (S1) and (16) closely matched the random validation data, with low values for percent bias,
RMSPE, and MAPE in all three DBH classes (Table 8, Figure 7). The validation statistics (percent bias,
RMSPE, and MAPE) were higher for Equation 15, Basuki et al.’s Dipterocarpus equation (overall bias
−50.9% vs. 7.9%), but the biases were similar for Shorea (10.4% vs. 9.6%).
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Table 8. Percent bias, RMSPE, and MAPE for the selected genus-specific models and genus-specific
equations for dipterocarp forest of Indonesia.

Genus Covariate (s) Equation DBH Class (cm) Percent Bias RMSPE MAPE

Dipterocarpus

DBH
Basuki et al. I (2009) [13]
Equation (15)

<15 −91.7 94.9 91.7
15–30 −61.8 61.5 61.4

>30 −5.7 30.5 27.6
All −50.9 70.6 59.7

D1

<15 18.4 19.5 18.4
15–30 −5.2 17.2 17.2

>30 0.2 28.2 25.9
All 7.9 24.2 21.8

Shorea DBH
Basuki et al. (2009) [13]
Equation (16)

<15 13.3 15.7 15.8
15–30 6.8 19.4 17.9

>30 - - -
All 10.4 18.0 16.7

S1 <15 16.8 18.2 18.4
15–30 −1.2 23.5 22.7

>30 - - -
All 9.6 21.2 19.9

4. Discussion

We obtained a large dataset consisting of 222 destructively sampled trees from two ecoregions, the
original location of dipterocarp forests, to develop biomass equations for the tropical dipterocarp forests
of Vietnam. Since the selection of sample trees was based on the diameter distribution, the number of
trees sampled in the larger diameter class is still small. Thus, having additional sample trees in the
larger diameter classes would further improve the reliability of these equations. Additionally, biomass
allometry is affected by stand structure, developmental stage and other stand attributes. Thus, having
such attributes in the biomass equations might further improve the predictive ability of such equations.
However, this could complicate the model forms.

4.1. Input Variables for AGB Mixed-Species Equations for Dipterocarp Forests

Aboveground tree biomass is known to be affected by tree diameter, height, and wood
density; diameter and height yield volume with wood density act as a scaling factor for biomass.
The mixed-species equations available in this region have used different explanatory variables to
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estimate aboveground biomass e.g., [12,13,16,17,19]. For modeling AGB in mixed-species dipterocarp
forests, we found that an equation with DBH as the only covariate performed poorly (highest AIC)
when compared to equations that also incorporated H, WD, or both H and WD variables. Furthermore,
the mixed-species equation developed in this study that incorporated all three variables resulted in
the lowest uncertainty and lowest AIC. This could be due to the fact that at the mixed-species level,
the wood density component helps in adjusting for the differences in allometric relationship between
DBH and H among species. Thus, the best option for mixed-species was the AGB equation with three
variables, DBH, H, and WD, in the form of M4. We would like to point out the use of height in fitting
biomass equations. Commonly, the height measured after felling the sample trees is used in model
development but the standing tree heights are used in applying these equations. This discrepancy in
the variable used in model fitting and application can result in biased estimate of the AGB and the
magnitude of bias depends on the sign and magnitude of bias in height measurement as well as the
model form and coefficients.

4.2. Equations at the Mixed-Species Level in the Dipterocarp Forests of Southeast Asia

While generic equations for estimating AGB in tropical forests exist [12,16,17,19], the dipterocarp
forest is a specific forest type dominated by the Dipterocarpaceae plant family and has specific site
conditions that differ from those of other forest types. Therefore, the application of pantropic equations
for dipterocarp forests must be evaluated.

The mixed-species pantropic equations of Brown [12], IPCC [19], and Chave et al. [16,17] for
tropical forests all overestimate the AGB of mixed-species dipterocarp forests in Vietnam (Figure 6).
Based on the Vietnam mixed-species validation dataset, the pantropic equations produced higher
percent bias, RMSPE, and MAPE than the equations developed in this study for mixed-species
dipterocarp forests of Vietnam (Table 7).

Basuki et al.’s [13] equations for mixed-species dipterocarp forests in Indonesia (Equations (13)
and (14)) also overestimated the AGB of mixed-species dipterocarp forests in Vietnam (Figure 6).
These mixed-species equations developed based on dipterocarp forests of Indonesia resulted in
substantially higher MAPE (94% to 108%) than the selected mixed-species equations developed in this
study (24% to 26%). The substantial differences in performance between these sets of equations can
partially be explained by the different species used in the studies. There was no overlap in species
used in equation development between the 26 species reported by Basuki et al. [14] and the 26 species
from this study, despite the fact that they include some of the same main families and genera, such as
Dipterocarpus and Shorea. Our evaluation shows that while equations developed for specific ecoregions
(e.g., CH or SE) do not increase the reliability and accuracy of the AGB estimates when applied at the
mixed-species level of the dipterocarps, regionally specific equations (e.g., Vietnam) offer considerable
improvement over pantropic equations or equations developed for other regions (e.g., Indonesia).
This finding is supported by the work of Basuki et al. [14], Nelson et al. (1999) [31], and Cairns et al.
(2003) [32], which indicated that site-specific equations improve the accuracy of biomass estimates [33].

4.3. Equations at the Genus Level in the Dipterocarp Forests of Southeast Asia

The results demonstrate that the allometric equations developed at the genus-level in different
regions (e.g., Vietnam vs. Indonesia) were not significantly different in accuracy (Figure 7 and Table 8).
As a subset of the species list for mixed-species equations, the species list for the Dipterocarpus and
Shorea genera used in genus-level equation development by Basuki et al. [13] differed from that of this
study (Table 1). However, the prediction of AGB values from the genus equations of Basuki et al. [13]
(Equations 16 for Shorea genus) and from this study (S1) were not substantially different. This could
be because the species in the same genus have similar of tree foliage structure, stem form, and in
particular the WD, compared to trees in a different genus (Figure 3). Such differences are not accounted
for in the generic equations. These evaluations support the application of common equations for each
plant genus of the dipterocarp forests throughout Southeast Asia. Future research using additional
data would further validate our findings.
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5. Conclusions

All variables of diameter at breast height (DBH), height (H), and wood density (WD) affected
aboveground biomass (AGB). Increasing number of input variables from one to three reduced the
uncertainty of the estimates. However, from an application perspective, a simpler model might be
preferred as obtaining the wood density variable is very difficult. In general, for tropical forests with
a large number of tree species, using the mixed-species model with multi-tree input variables was
appropriate to improve the accuracy of the AGB estimates.

The predicted values from generic equations overestimated AGB in mixed-species dipterocarp
forests. Because the dipterocarp forest is a specific forest type, the equations specific to different regions
of Southeast Asia are appropriate and increase the reliability and accuracy of the AGB estimates.

The power models with DBH as the only input variable for the Dipterocarpus and Shorea
genera were developed and validated for application to the dipterocarps. We speculate that using
genus-specific equations improve the reliability of the AGB estimates in the dipterocarp forests
over generic mixed-species equations. There were no substantial differences in accuracy among
the developed equations for the same genus in different regions or countries. Therefore, it seems
reasonable to develop and apply the common equations for each genus of the dipterocarps throughout
Southeast Asia.
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