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INTRODUCTION

Aquilaria spp. (Thymelaeaceae) are known for 
their production of agarwood, a resin highly 
sought after for its fragrance and medicinal 
values and widely used in perfumes, incense and 
for religious purposes especially in the Middle-
East and Asian countries. The unsustainable 
harvesting of agarwood from wild stands of 
Aquilaria spp. in Malaysia is unable to meet the 
huge global demand for high grade agarwood, 
and is threatening the natural populations (Chua 
2008, Nor Azah et al. 2013). Encouraged by the 
Malaysian government, planting of Aquilaria 
trees in Peninsular Malaysia by smallholders 
and private companies has increased the area 
under cultivation to 1119 ha (Ismail 2014). 
These plantations help conserve Aquilaria spp. 
in natural forests in Malaysia and provide a 
sustainable source of agar wood. Aquilaria 
malaccensis is the main species planted, largely 

as monoculture plantations or intercropped 
with rubber, palm oil or short-term cash crops 
(FDPM 2012). As the species grows well on 
marginal land under a wide range of soil 
conditions, A. malaccensis has been planted in 
reforestation and afforestation projects (Lok & 
Zuhaidi 2016). 
 As a short rotation (7 years) forest tree crop, 
Aquilaria spp. plantations may help rehabilitate 
degraded lands, reduce harvesting pressure 
on wild Aquilaria populations and capture 
atmospheric carbon. The carbon sequestration 
of natural forests has been extensively reported, 
as with biomass and carbon stock dynamics 
in plantation forest. Information on biomass 
distribution and carbon stocks of A. malaccensis 
in plantations is limited although it would be of 
benefit in planting and management decisions. 
Forest biomass may be estimated by destructive 
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In Malaysia, the demand for high-value agarwood produced by Aquilaria spp. and efforts to reduce 
harvesting pressure on wild stands of these trees have resulted in an increase of Aquilaria plantations, which 
are harvested as a short-rotation (7 years) tree crop. Aquilaria spp. plantations potentially contribute to 
biomass accumulation as the trees are planted as reforestation and afforestation projects on marginal and 
idle lands but harvesting may affect their function as carbon sink. There are important environmental 
impact assessments of Aquilaria spp. plantations related to biomass and carbon sequestration. This study 
was conducted to develop an allometric model to estimate aboveground biomass and carbon stocks for 
plantation-grown Aquilaria spp. A census was conducted on 418 ten-year-old Aquilaria malaccencis trees on 
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equivalent. Our findings provided baseline information on the biomass and carbon stock measurements 
for plantation-grown A. malaccensis and supported plantation in accumulating biomass and carbon storage.
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harvesting, the (non-destructive) mean-tree 
method applicable to same-sized trees such as 
in plantations, or the allometric method, which 
applies allometric equations to estimate the 
whole or partial weight of a tree from measurable 
predictor variables (Komiyama et al. 2008). The 
predictors used can include tree stem diameter 
at 1.3 m height (D), wood specific gravity, total 
tree height, and forest type (dry, moist or wet) 
(Chave et al. 2005). 
 Our study was conducted to develop 
allometric equations for estimating aboveground 
biomass (AGB) and to assess carbon stock for 
plantation-grown A. malaccensis. The primary 
variable included in calculating biomass was D. 
Relationships between other parameters such as 
tree height (H), diameter class and aboveground 
tree components were also examined. 

MATERIALS AND METHODS

Study area and plot inventory

The study was carried out at an A. malaccensis 
plantation (3° 37′ N, 102° 49′ E, 100 m above 
sea level) at the Maran FRIM Research Station, 
Pahang, located about 180 km east of Kuala 
Lumpur, Malaysia. An area of 2.5 ha was planted 
with A. malaccensis in 2008 at a planting density 
of 625 trees ha-1 (4 m × 4 m spacing). The 
trees were fertilised at planting and every year 
for three years, circle-weeded for the first two 
years after planting, but not pruned because 
the desired agarwood forms in all above- and 
belowground parts of the tree. Dead trees 
were also not replaced. The topography of the 
study area is flat to undulating. Monthly report 
by the FRIM Maran Weather Station showed 
that mean annual rainfall, temperature and 
humidity for 2018 were 155.4 mm, 33 °C and 
78% respectively. 
 A 1-ha plot of 10-year-old trees was established 
within the plantation and a census of the 418 
surviving trees within was conducted. D and 
H were recorded for all trees and the values 
ranged from from 4.6–33.5 cm and 1.5–16.0 m 
respectively. All values were normally distributed. 
Small (< 15 cm), medium (15–25 cm) and large 
(> 25 cm) trees had mean D values of 11.3 ± 
0.2, 19.4 ± 02 and 28.2 ± 0.3 cm respectively and 
heights of 6.0 ± 0.1, 8.6 ± 0.1 and 10.3 ± 0.3 m 
respectively (n = 122, 248 and 48 respectively).

Destructive sampling

To estimate AGB, we did a destructive sampling 
of 10 trees, which were randomly chosen using 
normal distribution statistics method to represent 
the three diameter classes, i.e. small, medium, 
and large. Discs measuring 2–3 cm thick were 
taken at 0.3 and 1.3 m aboveground level and 
then at every 2 m up the stem for all 10 trees 
(Hazandy et al. 2014). The fresh disc samples, 
the entire stem, foliage and branches (including 
twigs) were weighed and recorded as separate 
components in the field. Component samples 
were oven dried at 75 °C to constant weight and 
their dry weights recorded. 

Biomass estimation

Dr y weight/fresh weight ratios for each 
component were used to estimate the total dry 
weight, i.e. biomass of that component for each 
tree (Heryati et al. 2011):

Biomass (M) of component i, 

  Mi = (SDW/SFW) × TFW (1)

where i = stem, foliage or branches, SDW = 
sample dry weight, SFW = sample fresh weight,  
and TFW = total fresh weight. 
 Total AGB for each tree was obtained by 
adding the biomass of all three components for 
that tree: 

 Individual tree AGB = ∑Mi (2)

 Nonlinear regression was used to develop two 
allometric models to predict individual plant 
foliage, branch and stem biomass, and total AGB 
from D and H using untransformed data and a 
power function of the forms:

 Mi = a(D)b  (3)

 Mi = a(D2H)b  (4)

where, Mi = biomass of component i (i being 
stem, foliage or branches), or total AGB, a, b = 
constants, D = tree diameter at 1.3 m height, and 
H = tree height
 Goodness of fit for the regression equations 
was assessed by looking at p-values, standard error, 
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the coefficient of determination, the coefficient 
of variation, and the residuals (observed minus 
predicted values) plotted against D and H. 
The best-fit models were chosen as having the 
highest coefficient of determination, low p-value, 
standard error and coefficient of variation, 
and least bias. The internal consistency of the 
developed allometric relationship was checked 
by comparing observed (destructively harvested) 
and estimated values then the validated models 
were applied to estimating component and total 
AGB for the whole the stand of 418 trees.

Estimation of carbon stock

To estimate the aboveground carbon (AGC) 
content for each of the 10 destructively harvested 
trees, one composite foliage sample (50 g young, 
fully developed leaves), one composite branch/
twig sample (100 g other than leaves and stem) 
and six disc samples (two discs each from lower, 
middle and upper stem) were collected from 
each tree. A carbon analyser was used to directly 
determine the carbon content of the 80 dried 
component samples which were then divided by 
dry weight to give percent carbon content. Total 
AGC for each tree was obtained by adding the 
carbon content for all three components: 

Individual tree AGC = ∑Mi Ci (5)

where, Mi = total biomass for component i, and 
Ci = percent carbon content for component i.
 Individual tree AGC was converted to stand  
carbon stock (kg) which was then multiplied 
by 3.6663 (whole tree carbon weight, or CO2:C 
ratio) to give CO2 equivalent for the 1-ha plot: 
 A two-way ANOVA was carried out to evaluate 
the effects of diameter class and tree components 
on AGB, carbon (%) and carbon stock (kg), 
with diameter class, tree components and their 
interaction as fixed factors. Duncan’s multiple 
range test for post-hoc analyses was used to 
confirm differences between multiple group 
means.

RESULTS AND DISCUSSION

Biomass estimation

The two allometric models estimating the 
tree components and total AGB based on 
the independent variables D and D2H were 

comparable in their predictive values, both 
yielding R2 values greater than 90% and with 
standard error values lower than 2.5% (Figure 1), 
indicating sufficiently precise models. Observed 
biomass values from the 10 destructively 
har vested trees were compared with AGB 
estimates from allometric equations in Figure 2. 
Generally, AGB derived from allometric equations 
underestimated the observed AGB but had R2 

values greater than 97%. 
 Total biomass of stems, branches and foliage 
were 312, 264 and 131 kg respectively, giving a 
total AGB of 707 kg (Table 1). The two models 
predicted higher branch biomass values and 
lower foliage biomass values than observed values 
but the model using D estimated total AGB 
closer to the observed value. Even though both 
models showed little difference in the estimated 
total AGB, the model using D estimated better 
than the equation using D2H, with values of 
23,615 and 22,905 kg ha-1 respectively (Table 1). 
Adding H as a second variable to an equation 
containing D may decrease the average deviation 
of biomass estimates (Nelson et al. 1999) but 
our results showed no significant improvement 
in predictive ability when H was added to the 
model. Thus, since there was less work involved, 
we recommend using the model with D as 
the sole variable. In this study, the two models 
were not significantly different likely because, 
as in other same-age, single-species stands, 
H was proportional to D. Our study concurs 
with previous studies reporting D as the best 
predictor variable for estimating AGB (Banaticla 
et al. 2007, Chave et al. 2014, Khan et al. 2020) 
although D2H was the best predictor for AGB of 
three tree species in central Africa (Ebuy et al. 
2011). Indeed, the D model has the advantage 
of needing only D measurements and not H, 
which is time-consuming and hard to measure 
accurately especially where tree density is high 
(Heryati et al. 2011). 
 Our model may be used to estimate AGB of A. 
malaccensis stands of the same age and established 
under similiar conditions, but will need to be 
tested across a range of tree ages and planting 
sites to assess or refine its applicability as a 
generalised model. Most AGB equations that are 
developed for specific sites are not applicable to 
other locations (Van et al. 2000) but generalised 
equations have been proven to work. Examples 
include a single allometric equation estimating 
root and stem volumes of Acacia mangium under 
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Table 1 Observed (destructively harvested trees, n = 10) and predicted values (derived 
from allometric equations) of component and total aboveground (AGB) biomass 
using mean D and height (H) 

Method Stem Branch Foliage Total AGB

Average observed trees (kg trees-1)

 Direct measurement 31.2 26.4 13.1 70.7

 Model using D 30.9 27.5 12.3 70.7

 Model using D2H 31.1 27.6 12.4 71.1

Total 418 trees (kg ha-1)

 Model using D 10,614 8604 4397 23,615

 Model using D2H 10,424 8325 4156 22,905
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y = 0.0717x1.9969 R2 = 0.972, SE = 0.76

y = 0.0064x2.7206 R2 = 0.9665, SE = 0.83 

y = 0.0287x1.9953 R2 = 0.9003, SE = 0.43

y = 0.0856x2.2028 R2 = 0.9788, SE = 1.86

Figure 1 Allometric models for predicting foliage, branch, stem and 
total aboveground tree biomass using (a) diameter at breast 
height (D) and (b) D2H; H = height
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y = 0.0245x0.751 R2 = 0.9127, SE = 0.29

y = 0.0632x0.7476 R2 = 0.97, SE = 0.73

y = 0.0055x1.0147 R2 = 0.9619, SE = 0.78

   y = 0.0748x0.8241 R2 = 0.9802,   SE = 0.29
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different management practices in Indonesia 
(Heriansyah et al. 2007), and a generalised 
allometric equation estimating AGB for Khaya 
ivorensis plantations on three soil series in Johor, 
Malaysia (Heryati et al. 2011).
 Our study results showed biomass significantly 
increased with increasing diameter class (Table 

2). Biomass differed significantly among tree 
components, with mean biomass of the stem 
> branch > foliage. There was no interaction 
between diameter class and tree component 
across biomass, percent carbon and carbon 
stock. While biomass may increase as trees (and 
D) grow larger (Forrester 2021), as seen in this 
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Figure 2 Comparison of observed (destructively harvested trees) and predicted values (derived 
from allometric equations) for component AGB and total AGB using D (a, c respectively) 
and D2H (b, d respectively); predicted values are denoted by circles with dotted line 
while observed values are denoted by solid shapes with solid line

R2 = 0.97774 R2 = 0.97899

R2 = 0.97884 R2 = 0.98036
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study, a previous study reported no correlation 
between D and H with increasing age of 15-year-
old A. malaccensis and A. beccariana (Dwianto et 
al. 2019). The authors attributed their results to 
different growing conditions experienced by the 
trees. 

Estimation of carbon stock

The AGC contents of the stems, branches/
twigs, and foliage were 119, 105 and 57 kg 
respectively (Table 3). Carbon percent was 
lowest in the stems (38.04%) and highest in 
foliage (43.42%), with an average of 40.35% 
across the three components. Carbon storage 
among forest types differ significantly (Birdsey 
1992). The value obtained in this study was close 
to that reported for woody biomass (47.00%) 
(IPCC 2006, Hengeveld et al. 2015) or proposed 
standard biomass-to-carbon conversion factor of 
50% (Schroeder 1993, Houghton et al. 1995). 
 Using the average AGC of 40.35% gave a total 
AGC content of 285 kg for the harvested trees 
which equalled to 9353 kg for the 1-ha stand. The 
sampled trees stored 1046 kg CO2

  equivalent 
which gave an estimation of 34,291 kg CO2 
equivalent in the 1-ha stand. The carbon stock 
value in this study (9353 kg ha-1) was far less than 
the 68,800 kg ha-1 reported for A. malaccensis in a 
plantation in Bangladesh (Khan et al. 2020) but 

was much greater than the 810 kg ha-1 reported 
for A. malaccensis in Siberut Island (Chairul et 
al. 2019). These differences in carbon stock may 
be attributed to the differences in biomass, tree 
size, age, composition and location, with foliar 
carbon concentration dependent on biomass, 
carbon absorption, soil fertility, plant diversity 
and density (IPCC 2006). 

CONCLUSIONS

The findings of this study suggest the applicability 
of using a single allometric equation for 
estimating aboveground biomass and stand level 
carbon stocks over 10 years by plantation-grown 
A. malaccensis. Forest plantations can sequester 
atmospheric CO2 in biomass and play a role in 
reducing emissions and enhance forest carbon 
stocks. In this study, 10-year-old A. malaccensis 
stored 9353 kg ha-1 of carbon. Further research 
is needed to determine if our developed model 
and estimated biomass and carbon stock values 
are applicable across a wider range of planting 
sites and tree ages. 
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Table 2 Results of two-way ANOVA of the biomass, carbon percent and carbon content in the biomass 
of Aquilaria malaccensis trees

Source of variation F-value and statistical significance

df Biomass Carbon (%) Carbon (kg)
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DC × TC 4 2.426ns 1.782ns 0.540ns

df = degrees of freedom, * p < 0.05, **p < 0.01, ns = not significant

Table 3  Observed (destructively harvested trees, n = 10) and estimated aboveground 
carbon of tree components

Tree component Observed Estimated

 Actual (%) (kg) (kg ha-1)

Stem 38.04 119 4038
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Foliage 43.42 57 1909

Total  285 9353
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