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For carbon accounting or for developing REDD+ (Reducing Emissions from Deforestation and forest
Degradation) programs, allometric equations for estimating both above-ground biomass (AGB) and
below-ground biomass (BGB) are useful. We developed systems of weighted nonlinear allometric equa-
tions to estimate total, above- and below-ground biomass for Dipterocarp forests (DF) and Evergreen
broadleaf forests (EBLF) in the Central Highlands of Viet Nam, as well as for a dominant plant family
(Dipterocarpaceae; Dip) in the DF. A total of 175 trees were destructively sampled for both AGB and
BGB, with whole root extraction as the method of BGB sampling. Different equation forms for AGB and
BGB incorporating diameter at breast height (D), tree height (H), wood density (WD) and crown area
(CA) were evaluated. The best system of equations for the DF, Dipterocarpaceae in the DF, and EBLF
was selected based on validation statistics of percent bias (PBias), mean absolute percentage error
(MAPE), and root mean squared percent error (RMSPE). All three systems of equations developed in this
study used D2 � H �WD as a predictor for AGB and a simpler BGB equation form with either D2 � H or D
as the sole predictor variable. The addition of WD or CA to BGB equation forms did not substantially
improve validation statistics over simpler forms. These allometric equations should contribute to advanc-
ing our understanding of carbon distribution of trees in these tropical ecosystems.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Tree roots are an important component in the world’s terrestrial
carbon budget, with up to half of the annually cycled carbon in for-
ests contributed by roots systems (Vogt et al., 1996). However, due
to the inherent increase in cost and time associated with below-
ground woody biomass (BGB) measurements, most carbon-
related research has focused on above-ground biomass (AGB).
While relatively few studies have focused on developing equations
for estimating BGB based on easy to measure tree variables, a need
still exists for reliable BGB equations (Yuen et al., 2013; Ziegler
et al., 2012). This is especially critical for tropical forests in South-
east Asia, as the majority of the few studies performed for tropical
forest have focused on sites from South and Central America
(Hertel et al., 2009).

The United Nations Framework Convention on Climate Change
(UNFCCC) program for Reducing Emissions from Deforestation
and forest Degradation (REDD+) works with developing countries
to promote forest carbon conservation as a means of reducing
greenhouse gas emissions. Viet Nam is one of the countries partic-
ipating in the REDD+ program and is currently updating and pro-
ducing allometric equations for the estimation of forest biomass
and carbon.

Early biomass equations were single-entry equations relating
total and component biomass to diameter at breast height (D)
through a logarithmic relation. With the increase in demand of for-
est biomass estimates, considerable efforts have been made in esti-
mating total and component biomass. Since Parresol (2001)
introduced the use of seemingly unrelated regression (SUR) to
simultaneously fit component and total biomass equations, it
became a standard for developing biomass equations because it
ensured the additivity among component and total biomass pre-
dictions. Additionally the use of SUR over ordinary least squares
regression allowed for more efficient parameter estimation as error
terms in different component models were correlated (Poudel and
Temesgen, 2016b).

Since the publication of Parresol’s paper, SUR has been used by
many researchers in fitting biomass equations (e.g. Lambert et al.,
2005; Brandeis et al., 2006; Navar, 2009; Ritchie et al., 2013; Zhao

http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2017.01.030&domain=pdf
http://dx.doi.org/10.1016/j.foreco.2017.01.030
mailto:hailemariam.temesgen@oregonstate.edu
http://dx.doi.org/10.1016/j.foreco.2017.01.030
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco


148 K. Kralicek et al. / Forest Ecology and Management 390 (2017) 147–156
et al., 2015; Poudel and Temesgen, 2016a). Recently, Poudel and
Temesgen (2016a, 2016b) used multinomial log-linear regression
and Dirichlet regressions for a simultaneous prediction of propor-
tion of biomass in different aboveground components. The pre-
dicted proportions were then applied to the predicted total
aboveground biomass obtained from a simple log-log model.
Zhao et al. (2016) used this approach to predict proportions of bio-
mass in different aboveground components of loblolly pine trees
simultaneously. However, the literature on fitting simultaneous
equations for above- and below-ground biomass is scarce.

If AGB and BGB are treated as components of a tree’s total bio-
mass (TB; kg), SUR can be used to simultaneously fit system of allo-
metric equations in order to estimate TB. Common methods for
estimating AGB and BGB include the use of log-linear models
(Basuki et al., 2009; Brown, 1997; Chave et al., 2005; IPCC, 2003),
and power model (Chave et al., 2014; Kenzo et al., 2009a, 2009b)
with or without weighting. However reparametrizing non-linear
power models can result in models trivially equivalent to log-
linear models (Picard et al., 2015). Predictor variables used in the
estimation of tree biomass include D (cm), total tree height (H;
m), wood density (WD; g/cm3), or some combination thereof such
as D2 � H (D2H; m3) or D2 � H �WD (D2HW; kg), which serve as
approximations for volume and AGB, respectively (Picard et al.,
2015). Recently, it has also been shown that incorporating a mea-
surement of crown diameter (m) can improve the accuracy of bio-
mass estimates (Huy et al., 2016a; Dietz and Kuyah, 2011; Henry
et al., 2010).

Additional difficulty exists in modelling tree biomass for tropi-
cal forests due to their complex nature in both structure and diver-
sity of species. Therefore, researchers have commonly focused on
developing pan-tropical or generic multi-species models (e.g.
Basuki et al., 2009; Brown, 1997; Chave et al., 2005, 2014; IPCC,
2003). While valuable information can be provided by generic
models, results can be biased if they are applied to a particular for-
est type under, or not, represented in that model’s development
data (Chave et al., 2014). Thus, considering differences in forest
type when developing models is beneficial for more accurate tree
biomass estimation (Temesgen et al., 2015).

This study contributes to that larger body of work by estimating
total tree biomass (TB), as the sum of above- and below-ground
biomass components, for tropical forests of Viet Nam. The primary
goals of this study are to: (i) develop reliable and accurate models
for the estimation of TB, AGB, and BGB in two forest types of Viet
Nam; (ii) examine if family-specific equations for a dominant plant
family (Dipterocarpaceae) provide more accurate estimations of
biomass than broad forest type specific equations; and (iii) assess
the predictive abilities of simultaneous fitting strategy for estimat-
ing AGB and BGB.
2. Materials and methods

2.1. Study sites

This study was carried out in the Central Highlands eco-region
of Viet Nam (Fig. 1); one of eight such zones that partition the
country and consider environmental variability with respect to
soil, climate, and elevation (Phuong and Linh, 2011; Sola et al.,
2014). The Central Highlands has the highest cover of tropical for-
ests of all eco-regions in Viet Nam. We focused on the main trop-
ical forest types of this region: the dipterocarp forest (DF) and
the evergreen broadleaf forest (EBLF). The EBLF study sites were
located in the provinces of Gia Lai, Dak Lak, and Dak Nong, while
the DF sites were located in Dak Lak province (Fig. 1).

Both forest types are structurally complex with mixed-species
composition. The primary plant family in theDF is Dipterocarpaceae
and dominant genera of that family include Dipterocarpus and
Shorea. Elevation for the DF sites ranged from 197 to 417 m. Mean
annual precipitation and temperature for DF are 1600 mm and
25.5 �C, respectively. Stand density of live treesP5 cmD for DF ran-
ged between 256 and 1292 trees per hectare (TPH) and basal area
ranged between 3.3 m2/ha and 23.0 m2/ha. Unlike the DF, the EBLF
is not dominated by any particular plant family, although members
of the Fagaceae, Myrtaceae, and Lauraceae plant families are
common. The TPH for EBLF was between 370 and 3330 while basal
area ranged between 8.1 m2/ha and 49.0 m2/ha. Elevation for the
EBLF sites ranged from 403 to 1068 m. Mean annual precipitation
ranged from 2100 to 2500 mm with mean annual temperatures
from22.2 to 25.0 �C. The dry season lasts for 3 months in both forest
types.

2.2. Data collection

A total of 27 plots were installed in EBLF (14 plots; 20 � 100 m)
and DF (13 plots; 50 � 50 m) of the Central Highlands. Within a
plot, species and D was recorded for all live trees P5 cm D. In each
plot, a sample of trees were selected for AGB measurements, and a
sub-sample of those trees were additionally selected for BGB mea-
surements. Sample tree selection for biomass focused on the main
species present on the plot with the number of trees sampled
determined by the ratio of trees in each 10 cm diameter class.
Fig. 2 shows representatives of structure of D and BA distributions
in both forest types. A sample tree’s selection for additional sam-
pling of BGB was determined similarly to the selection of AGB trees
but at a lower selection rate due to cost. The BGB tree selection rate
for DF sites was 60–65% of trees sampled for AGB. The selection
rate was lower for EBLF sites (30–35%) as this forest type had
higher average tree density than DF sites. In this study, we only
used sample trees that were destructively sampled both ABG and
BGB. This resulted in a total of 175 sample trees, representing 48
species, 40 genera, and 28 families (Table 1).

For sample trees used in this study, an additional measurement
of crown diameter (m) was recorded before felling and was
obtained as the average of two cardinal direction (North-South
and East-West) measurements. H was measured after sample trees
were felled. For large trees, the stems were cut to a maximum
weight of 200 kg to obtain total above-ground fresh weight. Whole
sample tree root systems were excavated for each tree and coarse
root measurements were obtained. Use of industry vehicles was
necessary for some large trees to uproot the entire root system.
Smaller roots were then excavated by hand. In this study the term
coarse root refers to roots that were able to be excavated by hand,
there was no attempt in this study to collect fine root data and no
diameter break was set to differentiate between coarse and fine
root, as has been done in other studies.

The fresh-weight of tree components (leaves, branches, stem
with bark, and coarse roots) were also recorded in the field. To
determine the fresh-to-dry mass ratio of each component, samples
were sealed and taken to the laboratory. For each tree, roots were
classified based on the sample tree’s D into 3 sizes categories
(large, medium, and small), and approximately 300 g was sampled
from each of these three categories. Tree stem samples of wood
(500 g), bark (300 g), and wood disks (for calculating WD) were
taken at five replications along a tree’s stem. For each tree, three
branch samples (500 g per sample) were taken; the first sam-
ple from the largest branch, the second from a medium sized
branch, and lastly a sample from the smallest branch. Two foliage
samples (300 g per sample) of new and old leaves were taken for
each tree.

In the lab, fresh volume of wood samples was obtained using
the water displacement method. All samples were then chipped
into small pieces and dried at 105 �C until a constant weight was



Fig. 1. Location of sample plots in study sites for the Dipterocarp Forest (DF) and Evergreen Broadleaf Forest (EBLF) types in the Central Highlands of Viet Nam.
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achieved. Total above- and below-ground dry weights of a tree
(AGB and BGB, respectively; kg) were calculated by multiplying
the fresh weight of components by their respective fresh-to-dry
ratios and summing across the appropriate components. WD of a
sample was calculated as the ratio of dry weight to fresh
volume of each sample, and WD of a sample tree was calculated
as the arithmetic average WD of all that tree’s samples.
Crown area (CA; m2) was calculated based on crown diameter

(CA ¼ p=4 � ðcrowndia meterÞ2). Summary data on trees destruc-
tively sampled for both AGB and BGB in the DF, Dipterocarpaceae
in the DF, and EBLF is shown in Table 2.
2.3. Model development

Separate equations were fit for the DF and EBLF forest types.
Several nonlinear models were examined for the AGB and BGB
components. Parameters of the component and TB models were
estimated by simultaneously fitting a system of equations with
the SUR. This approach constrained the component and TB models
so that the sum of the predicted biomass by component models
equalled the biomass predicted from the TB model.

Models tested in this study were of the following general form:

AGBi ¼ a1 � Xb1
1i þ e1i ð1Þ



Fig. 2. Structure of both the Dipterocarp Forest (DF) and Evergreen Broadleaf Forest (EBLF) types in the Central Highlands of Viet Nam.

Table 1
Number of destructively sampled trees (N) for both AGB (kg) and BGB (kg) by family, genus, and species.

Dipterocarp Forest Evergreen Broadleaf Forest

Family Genus species N Family Genus species N

Chrysobalanaceae Parinari anamensis Hance 3 Anacardiaceae Semecarpus sp. 1
Combretaceae Terminalia alata 5 Annonaceae Alphonsea sp. 1

T. corticosa 5 Apocynaceae Alstonia scholaris 1
Dilleniaceae Dillenia sp 1 Araliaceae Trevesia palmata 2
Dipterocarpaceae Dipterocarpus obtusifolius 7 Burseraceae Canarium album 1

D. tuberculatus 42 Cannabaceae Trema orientalis 1
Shorea obtusa 10 Clusiaceae Garcinia oblongifolia 4
S. siamensis Miq. 6 G. sp. 1

Euphorbiaceae Aporosa sp 6 Ebenaceae Diospyros ehretioides 1
Lecythidaceae Careya arborea Roxb. 2 Euphorbiaceae Aporosa microcalyx 1
Leguminosae Dalbergia nigrescens 1 Fagaceae Castanopsis sp. 6

Sindora siamensis 1 Lithocarpus annamensis 2
Xylia xylocarpa 7 Lauraceae Cinnamomum iners 2

Loganiaceae Strychnos nux-blanda 1 C. parthenoxylon 1
Myrtaceae Syzygium cumini 2 Litsea glutinosa 4
Rubiaceae Haldina cordifolia (Roxb.) Ridsdale 1 Phoebe lanceolata 1

Nauclea orientalis 5 Lecythidaceae Careya sphaerica 1
Leguminosae Dialium cochinchinense 1
Malvaceae Pterospermum heterophyllum 1
Meliaceae Aglaia annamensis 1

Chukrasia tabularis A. Juss 1
Dysoxylum binectariferum 1
Sandoricum sp. 3
Walsura pinnata Hassk. 1

Moraceae Streblus ilicifolius 1
Myrtaceae Syzygium sp. 6

S. zeylanicum 1
Rosaceae Prunus arborea 1
Sapotaceae Donella sp. 1
Styracaceae Styrax annamensis 1
Symplocaceae Symplocos sp. 2
Ulmaceae Gironniera nervosa 1

G. subaequalis 1
Other - Unidentified 15

Total number of sample trees used in this study 105 70
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Table 2
Summary statistics for sample trees including D (cm), H (m), WD (g/cm3), CA (m2), AGB (kg), BGB (kg), and TB (kg) by forest type grouping.

Forest type Summary D H WD CA AGB BGB TB

DF (105) mean 11.66 8.13 0.64 7.33 63.51 13.40 76.91
min 3.40 2.80 0.38 0.38 1.53 0.51 2.60
max 40.50 19.00 0.91 54.11 993.46 172.56 1166.02
sd 6.77 3.55 0.10 8.98 135.67 22.93 157.45

Dipterocarpaceae in the DF (65) mean 12.53 8.68 0.63 7.72 78.74 15.44 94.18
min 4.90 3.80 0.38 0.38 1.53 0.51 2.60
max 40.50 19.00 0.91 54.11 993.46 172.56 1166.02
sd 7.23 3.62 0.10 9.71 164.30 27.35 190.29

EBLF (70) mean 9.85 9.55 0.57 9.32 41.57 7.93 49.50
min 4.70 4.30 0.35 1.13 2.93 0.49 3.49
max 26.80 16.50 0.88 35.26 501.43 61.34 549.98
sd 4.00 2.82 0.11 6.40 67.33 11.65 76.93
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BGBi ¼ a2 � Xb2
2i þ e2i ð2Þ

TBi ¼ a1 � Xb1
1i þ e1i þ a2 � Xb2

2i þ e2i ð3Þ
where AGBi, BGBi, and TBi are the AGB, BGB, and TB respectively, for
the ith sample tree; az and bz are parameters of the zth model; Xzi is
the predictor variable or combination of predictor variables associ-
ated with the ith tree for the zth model; and ezi is the random error
term associated with the ith tree for the zth model and is assumed to
be normally distributed with mean zero and constant variance.

Models were fit initially with D as the only predictor variable
and then H, WD, combination variables, and CA were subsequently
added as additional predictor variables. Preliminary analysis
showed heterogeneous variance in the residuals when a non-
linear model is fit. Therefore, residuals were weighted for the
AGB and BGB non-linear model forms by either D or D2 depending
on the form of the diameter variable used in the model. If weight-
ing was required for TB and the form of the weight differed
between the AGB and BGB models, then both weight forms were
examined as possible weights for TB.

As generic multi-species models may fail to take advantage of
additional information related to structural differences between
tree species, the feasibility of developing family specific models
was investigated. In our study only the Dipterocarpaceae family
had a large enough sample size (n = 65) to enable both model fit-
ting and validation by family. Thus additional models were fit for
the Dipterocarpaceae family in the DF forest type.

2.4. Model selection and validation

Based on the six available model input variables used in this
study (D, H, WD, CA, D2H, and D2HW), a total of fourteen different
model forms for AGB or BGBwere possible. Investigating all possible
combinations of model forms in a system of equations would result
in examining 196 (142) different system of equations for each forest
type. Therefore, to simplify the modelling process, the best model
form for AGBwas first determined outside of a system of equations.
Then 14 systemsof equations based on the selectedAGBmodel form
and varying BGBmodel forms were subsequently fit and compared.

To compare models, separate data sets were created for the DF,
Dipterocarpaceae in the DF, and EBLF, consisting of trees destruc-
tively sampled for both AGB and BGB. Each of these three data sets
was then was randomly split 200 times into model development
(80%) and validation (20%) data sets. Validation statistics of percent
bias (PBias), mean absolute percent error (MAPE), and root mean
square percentage error (RMSPE) for each model were calculated
as follows:

PBias ¼ 100
R

XR
r¼1

Xnr
i¼1

yri � ŷri
yri

� �
=nr ð4Þ
RMSPE ¼ 100
R

XR
r¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXnr
i¼1

yri � ŷri
yri

� �2

=nr

vuut ð5Þ

MAPE ¼ 100
R

XR
r¼1

Xnr
i¼1

jyri � cyri j
yri

� �
=nr ð6Þ

where R is the number of realizations (200); nr is the number of
trees per realization r; and yri and ŷri are the observed and predicted
AGB, BGB, or TB for the ith tree in realization r, respectively. Models
that produced smaller values of validation statistics were preferred
and simpler models were preferred when multiple models had
comparable validation statistics. Initial starting values for the sys-
tem of equations were based off of parameter estimates from re-
fitting the selected AGB model form with the entire data set (model
development and validation data). Final selected system of equation
model forms were fit with the entire data set to derive parameter
estimates, examine diagnostic plots, and determine significance of
coefficients. Statistical analyses were performed using R statistical
software (R Core Team, 2015) and SAS statistical software (SAS
Institute Inc., 2013). SAS was used for fitting the weighted non-
linear systems of equations using SUR. R was used for fitting prelim-
inary AGB model forms and the calculation of summary statistics
based on SAS results.

2.5. Evaluating need for a Dipterocarpaceae-specific model

The need for separate family-specific Dipterocarpaceae equa-
tions was assessed by directly modelling TB for the DF and includ-
ing a Dipterocarpaceae indicator variable. Model forms examined
included all of the fourteen model forms considered in this study
for AGB and BGB estimation. After fitting models, the significance
of the parameter associated with the Dipterocarpaceae indicator
variable was examined to assess if separate model forms for the
DF and the Dipterocarpaceae in the DF were required.

3. Results

3.1. Dipterocarp forest

Fourteen allometric models for AGB were fit outside of a system
of equations with the model development data set for the DF forest
type (Table 3). Only the AGB = f(D2H, WD, CA) model form did not
converge at all for any of the 200 simulations. Apart from thismodel
form, all other forms that include variations of D, WD, and CA
resulted in superior validation statistics, with substantial decreases
in PBias and decreased in RMSPE. The best PBias and RMSPE statis-
tics were observed when AGB was modelled as a function of D2HW
and CA. Therefore AGB = f(D2HW, CA)was selected as the best over-
all AGB model form outside of a system of equations.



Table 3
Validation statistics including PBias, MAPE, and RMSPE for different model forms for estimating ABG by forest type grouping, as well as the number of time models converged in
the 200 simulations (C).

AGB Model Form Weight DF Dipterocarpaceae in the DF EBLF

Pbias MAPE RMSPE C Pbias MAPE RMSPE C Pbias MAPE RMSPE C

f(D) D �9.66 30.78 50.68 200 �8.11 26.34 38.16 200 1.11 30.7 41.19 200
f(D, H) D �4.54 31.11 45.77 200 �9.7 27.25 39.73 199 6.77 30.31 39.69 199
f(D2H) D2 �4.24 33.26 43.65 200 �4.89 33.58 42.26 200 �4.62 28.34 40.96 42
f(D, WD) D 5.67 25.77 36.75 200 �3.39 23.07 31.7 200 4.07 23.18 32.25 200
f(D, CA) D �9.99 28.42 40.2 179 �10.73 25.6 35.63 200 �5.3 32.13 44.48 96
f(D, H, WD) D 5.21 26.25 36.96 200 �4.67 23.76 32.79 199 4.58 20.76 29.47 200
f(D2H, WD) D2 3.26 27.58 34.66 141 1.06 26.08 31.54 122 2.19 21.68 30.8 200
f(D2HW) D2 3.05 26.87 33.67 200 1.78 25.75 30.88 200 2.19 21.15 30.29 200
f(D, H, CA) D �8.56 27.26 37.66 200 �11.55 26.48 36.82 200 6 29.91 40.13 192
f(D2H, CA) D2 �6.27 27.38 34.35 200 �7.84 29.22 35.65 200 1.22 28.42 39.56 200
f(D, WD, CA) D �0.3 21.55 31.36 200 �3.75 20.38 25.96 200 2.86 21.43 30.89 200
f(D, H, WD, CA) D �0.85 21.76 31.23 199 �4.42 21.02 26.83 196 4.53 20.41 29.42 199
f(D2H, WD, CA) D2 – – – 0 – – – 0 – – – 0
f(D2HW, CA) D2 0.05 22.05 27.77 200 �1.41 22.69 27.79 200 2.63 20.81 30.58 200

Selected best models are given in bold.
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System of equations based on the selected AGB model form
were then fit with the same 200 simulations of model development
data (Table 4). The majority of models underestimated TB, with the
exception of systems with BGB model forms g(D, H, CA) and g(D, H,
WD, CA), which resulted in a negative bias and the most extreme
validation statistics for BGB and TB. The BGB model form g(D,
WD, CA) resulted in lowest RMSPE and MAPE for TB and g(D2H)
resulted in the lowest PBias for TB and similarly low RMSPE and
MAPE. Since the system of equations with BGB = g(D2H) had supe-
rior validation statistics for TB, as well as few parameters to esti-
mate, it was selected as the best preforming model.

While this system also resulted in good validation statistics for
AGB including the best PBias, it had relatively high PBias and
RMSPE for BGB. All parameter estimates for the selected system
of equations were statistically significant at 95% level of signifi-
cance (Table 5) and the TB component had an Adjusted R2 (Adj.
R2) of 0.9766. Despite the suboptimal validation statistics for the
BGB component, the BGB model still had an Adj. R2 of 0.8863.

3.2. Dipterocarpaceae in the Dipterocarp forest

For the Dipterocarpaceae family in the DF, the model form
AGB = f(D2H, WD, CA) was again the only model that failed to con-
verge for any of the 200 simulations (Table 3). The majority of
Table 4
Validation statistics for different system of equations involving an AGB model form of AG
statistics for AGB, BGB, and TB include PBias, MAPE, and RMSPE, as well as the number of

BGB model form Weight AGB BG

BGB TB PBias MAPE RMSPE PB

g(D) D D �1.38 28.28 34.62 7.9
g(D, H) D D2 10.29 28.24 33.55 �1
g(D2H) D2 – �0.38 28.92 35.21 �1
g(D, WD) D D2 8.51 29.23 34.72 4.8
g(D, CA) D D2 10.61 28.79 34.1 �6
g(D, H, WD) D D2 8.56 28.42 33.89 6.4
g(D2H, WD) D2 D2 7.59 31.35 37.26 15
g(D2HW) D2 D2 8.64 31.35 37.09 8.8
g(D, H, CA) D D �1.18 27.83 34.18 **

g(D2H, CA) D2 D2 7.34 31.46 37.27 5.7
g(D, WD, CA) D D �2.69 29.17 35.78 �2
g(D, H, WD, CA) D D2 5.63 30.8 36.76 **

g(D2H, WD, CA) D2 D2 7.38 30.52 36.27 2.4
g(D2HW, CA) D2 D2 7.99 30.88 36.61 5.2

Selected best models are given in bold.
* Value of x > 105.
** Value of x < �105.
models resulted in negative PBias, with the exception of f(D2H,
WD) and f(D2HW) which tended to under estimate AGB. These
two forms resulted in low PBias and RMSPE. Adding CA as a covari-
ate to f(D2HW) decreased RMSPE and MAPE, but resulted in a neg-
ative PBias. As the intended use of these models is to contribute to
Viet Nam’s UN-REDD program related efforts of accounting for for-
est carbon as a means of reducing greenhouse gas emissions, lower
than actual carbon estimates were deemed preferable to overesti-
mates for carbon accounting. Therefore the similar yet positive
PBias of f(D2H, WD) and f(D2HW) was superior given the objectives
of this modelling exercise. Therefore, the model form AGB = f
(D2HW) was selected as it had similar validation statistics yet less
parameters to estimate than f(D2H, WD).

Validation statistics for the system of equations fit based off of
the selected AGB model form are shown in Table 6. The BGB model
form g(D, H, WD, CA) again resulted in the most extreme validation
statistics for BGB and TB. The majority of BGBmodel forms resulted
in negative PBias for BGB and TB. Multiple model forms resulted in
a RMSPE greater than 100 for BGB.

For TB validation statistics, the BGB model form g(D) resulted in
the lowest RMSPE and second lowest MAPE. Adding H to this
model resulted in the best PBias for TB, but substantially increased
MAPE and RMSPE. Therefore, the system of equations with BGB = g
(D) was selected as the best preforming model for the Diptero-
B = f(D2HW, CA) and different model forms for BGB in the DF of Viet Nam. Validation
time models converged in the 200 simulations (C).

B TB C

ias MAPE RMSPE PBias MAPE RMSPE

8 68.02 81.45 3.58 24.19 29.64 200
6.21 44.05 61.8 7.55 22.6 27.28 200
5.24 49.94 69.81 0.15 22.54 27.49 200

38.74 50.86 11.48 24.19 28.93 200
.63 44.06 60.42 9.91 23.04 27.38 198
8 42.99 57.78 11.88 24.12 28.97 200
.73 46.11 57.33 13.13 26.1 31.07 188
5 40.42 53.05 12.4 26.19 31.17 200

* * ** * * 180
9 50.74 64.92 10.35 24.49 29.32 190
.09 44.01 57.43 1.69 21.44 26.5 200

* * ** * * 154
2 42.85 55.25 10.23 24.93 30.1 200
4 42.16 55.14 11.14 25.08 30.08 200



Table 5
Number of trees (N), parameter estimates and approximate standard errors, root mean square error (RMSE), and Adj. R2 for modelling TB as a system of equations with AGB and
BGB components by forest type grouping.

Forest type (N) Model form Weight Parameter Estimate ± Approx. SE RMSE Adj. R2

DF (105) AGB = f(D2 HW, CA) D2 a1 0.79787 ± 0.0619 21.5046 0.9749
b1 0.667652 ± 0.0180
c1 0.510242 ± 0.0269

BGB = g(D2 H) D2 a2 56.47582 ± 1.8289 7.7297 0.8863
b2 0.913188 ± 0.0343

TB = f(�) + g(�) . . . . . . . . . 24.0601 0.9766

Dipterocarpaceae in the DF (65) AGB = f(D2 HW) D2 a1 0.422367 ± 0.0599 34.1093 0.9569
b1 1.013458 ± 0.0191

BGB = g(D) D a2 0.026438 ± 0.0116 8.5967 0.9012
b2 2.35221 ± 0.1238

TB = f(�) + g(�) D . . . . . . 33.2432 0.9695

EBLF (70) AGB = f(D2 HW) D2 a1 0.148215 ± 0.0270 14.5944 0.9530
b1 1.23945 ± 0.0286

BGB = g(D) D a2 0.168916 ± 0.0651 6.1442 0.7219
b2 1.765361 ± 0.1231

TB = f(�) + g(�) D2 . . . . . . 11.7650 0.9766

Note: All parameters significant at p-value < 0.0001.

Table 6
Validation statistics for different system of equations involving an AGB model form of AGB = f(D2HW) and different model forms for BGB for the Dipterocarpaceae in the DF of Viet
Nam. Validation statistics for AGB, BGB, and TB include PBias, MAPE, and RMSPE, as well as the number of time models converged in the 200 simulations (C).

BGB model form Weight AGB BGB TB C

BGB TB PBias MAPE RMSPE PBias MAPE RMSPE PBias MAPE RMSPE

g(D) D D 0.9 31.09 37.77 �29.09 66.85 86.37 �2.63 24.29 30.89 200
g(D, H) D D �0.77 30.62 37.64 �33.95 81.36 124.56 �3.75 23.07 30.06 191
g(D2H) D2 – 2.97 31.23 37.46 �46.34 62.32 87.26 �3.86 27 34.35 200
g(D, WD) D D2 1.82 35.6 42.68 �16.53 59.47 85.38 0.13 29.99 37.51 145
g(D, CA) D D2 �2.92 34.9 42.73 �13.72 57.74 76.37 �2.26 25.94 31.44 189
g(D, H, WD) D D2 14.38 34.26 39.04 �35.68 95.27 161.19 8.99 26.98 32.4 130
g(D2H, WD) D2 D2 �9.84 41.72 51.89 19.28 53.92 64.94 �1.15 31.97 39.52 161
g(D2HW) D2 D2 �6.76 36.96 46.08 �2.74 42.96 56.22 �2.53 29.99 37.16 200
g(D, H, CA) D D2 3.25 34.38 40.93 �40.62 125.54 226.16 0.67 24.31 32.6 195
g(D2H, CA) D2 D2 �2.04 34.56 42.2 �30.13 63.7 83.92 �4.7 26.14 31.58 200
g(D, WD, CA) D D �3.69 31.94 39.83 �28.32 76.61 106.53 �6.11 26.91 35.74 190
g(D, H, WD, CA) D D2 10.53 35.39 40.91 5499.84 5687.74 20269.3 702 723 2554.96 196
g(D2H, WD, CA) D2 D2 �6.07 35.81 44.41 �18.38 62.13 85.13 �4.9 27.79 33.37 199
g(D2HW, CA) D2 D2 �3.46 35.1 43.08 �22.34 59.03 77.9 �4.07 26.48 31.88 200

Selected best models are given in bold.
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carpaceae family in the DF. All parameter estimates for the system
of equations were significant at 0.03 level of significance and all
model components in the system of equations had Adj. R2 values
greater than 0.90 (Table 5).

3.3. Evergreen Broadleaf forest

For the EBLF, the AGB = f(D2H, WD, CA) model form was the only
form not to converge (Table 3). Most model forms resulted in pos-
itive PBias with the exception of AGB = f(D, CA) and AGB = f(D2H),
which overestimated AGB and some of the highest RMSPE values.
The model form f(D) had the lowest PBias but the second highest
RMSPE. Model forms f(D2H, WD) and f(D2HW) had low PBias with
substantially better MAPE and RMSPE than f(D). As AGB = f
(D2HW) had lower MAPE and RMSPE with fewer parameters
requiring estimation than f(D2H, WD), it was selected as the best
overall AGB model form outside of a system of equations.

Validation statistics for the system of equations based on the
selected AGB model form are shown in Table 7. While the BGB
model form g(D, H, CA) resulted in the most extreme validation
statistics for BGB and TB, all systems of equations investigated
had poor validation statistics for the BGB component and overesti-
mated BGB. Additionally, all systems underestimated AGB and
most underestimated TB.
With the exception of g(D, H, CA) validation statistics for TB
were very similar between the systems of equations. The BGB
model form g(D, WD) resulted in the lowest MAPE and RMSPE
for TB. The addition of H and CA to this model form resulted in
the lowest PBias, but increased MAPE and RMSPE. The simplest
BGB model form g(D) resulted in similar validation statistics to g
(D, WD) but with less parameters requiring estimation. Therefore,
the system of equations with BGB = g(D) was selected as the best
preforming model for the EBLF.

While BGB validation statistics were poor and AGB statistics
were suboptimal they were similar to the results from other sys-
tems and had some of the lower values for BGB and AGB RMSPE.
Additionally, once the selected system was fit with the entire data
set, AGB and BGB model components had Adj. R2 of 0.9530 and
0.7219, respectively, and resulted in an Adj. R2 of 0.9766 for TB
(Table 5). All parameter estimates for the system of equations were
significant at 0.02 level.

3.4. Need for family-specific versus forest type equations

For the fourteen model forms fit to directly estimate TB in the
DF, ten models showed the Dipterocarpaceae indicator parameter
to be significant at the 0.05 level, and twelve of the models found
it significant at the 0.1 level. The model form TB = h(D2H, WD, CA)



Table 7
Validation statistics for different system of equations involving an AGB model form of AGB = f(D2HW) and different model forms for BGB in the EBLF of Viet Nam. Validation
statistics for AGB, BGB, and TB include PBias, MAPE, and RMSPE, as well as the number of time models converged in the 200 simulations (C).

BGB model form Weight AGB BGB TB C

BGB TB PBias MAPE RMSPE PBias MAPE RMSPE PBias MAPE RMSPE

g(D) D D2 27.68 37.09 42.99 �111.44 122.14 158.26 9.97 19.92 25.58 195
g(D, H) D D2 27.93 37.33 43.16 �116.69 128.75 172.79 8.87 21.15 27.44 196
g(D2H) D2 D2 29.27 38.82 44.66 �123.27 132.16 165.42 9.9 21.65 27.99 200
g(D, WD) D D2 26.14 36.53 42.78 �111.95 120.61 153.79 8.64 19.49 25.27 200
g(D, CA) D D2 28.04 37.46 43.26 �105.84 119.8 157.74 11.08 20.9 26.59 197
g(D, H, WD) D D2 26.57 36.89 43.1 �119.97 129.97 170.92 7.32 20.51 26.65 200
g(D2H, WD) D2 D2 29.95 39.1 44.87 �138.5 143.84 176.09 8.36 21.1 27.24 195
g(D2HW) D2 D2 29.2 38.72 44.57 �135.56 142.84 173.96 8.11 20.94 27.07 200
g(D, H, CA) D D 26.54 36.93 43.22 ** * * ** * * 200
g(D2H, CA) D2 D2 28.38 37.99 44.01 �122.7 140.45 177.88 9.37 20.7 27.19 200
g(D, WD, CA) D D2 26.76 37.09 43.26 �108.75 117.9 153.81 9.64 20.46 26.26 200
g(D, H, WD, CA) D D2 25.86 36.3 42.7 �125.91 138.5 183.9 5.82 20.07 26.72 199
g(D2H, WD, CA) D2 D2 28.05 37.78 43.77 �131.97 146.5 181.26 7.81 19.83 26.16 199
g(D2HW, CA) D2 D2 28.36 38.05 44.07 �132.65 144.41 178.47 7.91 19.93 26.32 200

Selected best models are given in bold.
* Value of x > 1019.
** Value of x < �1019.
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did not converge, similar to the other model form results when
directly modelling ABG (Table 3).

4. Discussion

4.1. Developed models for total biomass

In this study we compared weighted nonlinear systems of equa-
tions for estimating AGB, BGB, and TB for two forest types and one
plant family. All three systems of equations developed in this study
incorporated an AGB model form that had the D2HW variable as a
predictor and a simple BGB model from with either D2H or D as the
sole predictor variable. The inclusion of the D2HW predictor in the
model forms for AGB agrees with the view that H and WD in addi-
tion to D, are influential predictors of AGB in tropical forests. How-
ever, for BGB model forms, while at times the addition of WD or CA
improved validation statistics, improvements were not substantial
enough to outweigh the benefit of more simple and concise model
choices.

The system of equations developed for the DF and Diptero-
carpaceae in the DF resulted in substantially better validation
statistics for the BGB model component than that of the EBLF. This
could be due to the diversity of family and species with in the
respective forest types; that being that the DF has lower diversity
with fewer dominant species or plant families than the EBLF.

Based on the frequency with which an indicator parameter for
the Dipterocarpaceae was significant across the model forms, there
appears to be a need for a separate model for the Dipterocarpaceae
family in the DF. This finding is further supported by differences in
the final model form for the DF and Dipterocarpaceae in the DF.
This suggests that there is added benefit to developing family-
specific equations over forest type equations when sufficient data
exists. Although some validation statistics were moderately simi-
lar, most AGB model forms between the DF and Dipterocarpaceae
in the DF were dissimilar.

For additional applicability, single-entry D-only weighted non-
linear systems of equations were fit for the DF, Dipterocarpaceae
in the DF, and EBLF (Table 8). Although some of the D-only models’
parameter estimates are not significant at 0.0001 (all estimates
from models in Table 5 are), they are at least significant to the
0.05 level. For the DF and EBLF, better TB and AGB root mean
square error (RMSE) and Adj. R2 are observed in the models from
Table 5. However, the use of D-only equations for the Diptero-
carpaceae in the DF resulted in lower RMSE and higher Adj. R2 then
the system of equations based off of the best preforming AGB
model form (Table 5).
4.2. Root biomass

In a recent review of BGB estimation in SE Asia, Yuen et al.
(2013) highlighted the increased uncertainty of methods such as
allometric relationships, soil cores, and soil pits over root excava-
tion. Only 10% of studies reporting on BGB used data derived from
total root excavation methods (Yuen et al., 2013). While this study
is unique for its sample size given the method of whole root exca-
vation, we focused on coarse root biomass and did not attempt to
sample fine root biomass.

Fine roots play an important role in annual carbon turn over
and have been estimated to contribute 33% of global annual net
primary production and 40% of total ecosystem production
(Jackson et al., 1997; Vogt et al., 1996). However, above-ground
components generally contribution much more to the total bio-
mass of a stand than that of the root biomass (Vogt et al., 1996),
and fine roots may contribute less than 2% of an ecosystem’s total
biomass (Vogt et al., 1996). Therefore, while the biomass estimates
from the models in the study will likely have a positive bias, it is
likely only a slight underestimation.
4.3. Future directions

As generic multi-species models may fail to take advantage of
additional information related to structural differences between
tree species, the feasibility of family groups or functional species
groups are important areas and merit detailed investigation. In
our study only the Dipterocarpaceae family had a large enough
sample size (n = 65) to enable both model fitting and validation
by family group. However, it is suspected that WD can act as a sur-
rogate for broader groupings of structurally similar species (Chave
et al., 2005, 2009; Iida et al., 2012; Nam et al., 2016; Huy et al.,
2016a, 2016b).

Another area requiring attention centres on data collection and
what data to use. As collecting AGB measurements is much easier
than BGB measurements, it is possible that for the same stand
some trees will only have AGB measurements recorded while
others may have both AGB and BGB recorded. What is to be done
with the sample trees on which only AGB was recorded? Can esti-
mation be informed of diversity within a stand or forest type by



Table 8
Number of trees (N), parameter estimates and approximate standard errors, RMSE, and Adj. R2 for modelling TB as a system of equations with AGB and BGB components by forest
type grouping.

Forest type (N) Model form Weight Parameter Estimate ± Approx. SE RMSE Adj. R2

DF (105) AGB = f(D) D a1** 0.024714 ± 0.00657 28.3380 0.9564
b1** 2.87681 ± 0.0744

BGB = g(D) D a2* 0.024857 ± 0.00896 7.7835 0.8847
b2** 2.33086 ± 0.1025

TB = f(�) + g(�) D . . . . . . 35.4647 0.9493

Dipterocarpaceae in the DF (65) AGB = f(D) D a1** 0.027894 ± 0.00458 15.3496 0.9913
b1** 2.832982 ± 0.0456

BGB = g(D) D a2* 0.030474 ± 0.0139 8.4392 0.9048
b2** 2.297503 ± 0.1283

TB = f(�) + g(�) D . . . . . . 18.2986 0.9908

EBLF (70) AGB = f(D) D a1* 0.012857 ± 0.00576 22.4542 0.8888
b1** 3.205086 ± 0.1413

BGB = g(D) D a2* 0.07565 ± 0.0368 5.6049 0.7686
b2** 2.033938 ± 0.1615

TB = f(�) + g(�) D . . . . . . 23.2199 0.9089

* Parameters significant at p-value < 0.05.
** Parameters significant at p-value < 0.001.
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weighting trees on which both AGB and BGB is measured by trees
within the same stand on which only AGB is recorded?

Additionally, it is common that multiple sample trees for bio-
mass might come from the same plot or set of plots. Currently bio-
mass models do not account for the spatial variation within a forest
type or the spatial correlation between trees sampled within the
same plot. Is there a need for such a consideration in highly diverse
stands such as the tropical forests of SE Asia? While the need still
exists for more localized AGB and BGB models, these and other
questions in modelling total biomass merit attention.
5. Conclusion

This study represents a first attempt at quantifying total tree
biomass as a simultaneously fit system of weighted nonlinear
equations in Dipterocarp and Evergreen Broadleaf forests of Viet
Nam. We found the combination variable D2HW to be an impor-
tant predictor in the AGB model component for all the developed
system of equations. Furthermore, we found that modelling the
BGB component as a function of simply D or D2H resulted in com-
parable if not the best validation statistics for TB. Model fit and val-
idation statistics indicate that all three of the systems of equations
developed in this study will contribute to the accurate estimation
of total biomass in these forest types.

The allometric equations will be useful to forest practitioners
and modellers interested in the assessment of total and propor-
tional above or below ground biomass for carbon accounting and
for developing REDD+ programs or projects in tropical forests.
The allometric equations resulting from this research are
applicable to areas in tropical forests where similar climate, soils,
and vegetation associations may be found in relation to the study
area. Applying them in other parts of tropical forests with similar
species and biophysical attributes would help to validate model
accuracy.
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