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Abstract

Background: In India, rubber (Hevea brasiliensis) plantations cover ~0.8 million ha of land, emphasizing its
significant role in the Earth’s carbon dynamics. Therefore, it is important to estimate the biomass stocks of
plantations precisely in the context of carbon management. Previous studies in India have focused on development
of allometric equations for estimating aboveground biomass (AGB) through harvesting younger trees (up to 14 yr)
only or on studies with small sample sizes without assessing model bias. The objective of this study was to develop
biomass estimation models for different tree components in rubber plantations and assess model predictive
performance at the stand level.

Methods: A total of 67 trees were harvested from plantations of different ages (6, 15, 27 and 34 yr) in North East
India and their diameter at 200 cm (D), height and dry weights of different tree components were recorded. The
data were used for evaluation of H-D and biomass estimation models at the stand level.

Results: The Michaelis-Menten function was found to be the most appropriate model for estimating tree height
among 10 commonly used H-D models. For estimation of AGB and coarse root biomass, a model that involves tree
volume (i.e. D2H) was found to provide better prediction than either D or H alone or a model that combines H, D and
stand density. The estimated AGB varied from 28 Mg·ha−1 in 6 yr. old plantation to 169 Mg·ha−1 in 34 yr. old plantations.
The coarse root biomass was estimated at 4 Mg·ha−1 for 6 yr. old plantation and 12 Mg·ha−1 for 34 yr. old stands.

Conclusions: It is concluded that models involving tree volume are more appropriate for regional level biomass
estimation than simple power-law models for individual stands. We recommend that the power-law model should not be
used for estimation of AGB in plantations at different growth stages because power-law parameters can be biased due
to data truncation.

Keywords: Aboveground biomass, Data truncation, Michaelis-Menten function, Power-law

Background
Accurate biomass estimation of plantations and natural
forests is a prerequisite for establishing regional carbon in-
ventory datasets. Tree biomass may be estimated through
destructive harvesting or non-harvest methods (Brown
1997). In the case of the non-destructively approach avail-
able generalized models are often used for estimating bio-
mass in forests, agroforestry and plantation forestry
(Brown and Schroeder 1999; Chave et al. 2001; Houghton

et al. 2001). However, due to variations in plant architec-
tures and complexity in associations of trees, biomass esti-
mation through generalized models is fraught with errors
(Ter-Mikaelian and Korzukhin 1997; Shepashenko et al.
1998; Brown and Schroeder 1999; De Oliveira and Mori
1999). Generalized models have often been used without
consideration of the tree age or plantation age. Tree age is
an important factor that influences biomass accumulation
(Fatemi et al. 2011), suggesting the need for age-specific
biomass models for precise estimation.
Rubber tree plantations are managed throughout the

tropical worlds due to their significant economic value
(Fox et al. 2012) and each plantation is managed under
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homogeneous age series up to maximum of 40 yr.
(Brahma et al. 2016). In India, 0.8 million ha of land is
currently under rubber plantation and the annual in-
crease in acreage is 3% (The Rubber Board 2013). Al-
though rubber plantations cover a vast land area in
India, appropriate biomass estimation models are still
lacking. The available models were either developed by
harvesting younger trees (Chaudhuri et al. 1995; Dey et
al. 1996) or limited to a very small sample size (Dey et
al. 1996). The need for developing models covering a
wide range of tree ages is important because the shape
of the relationships between tree variables change along
the stage of development. The variations in biomass
stocks in rubber plantations with plantation age have
been demonstrated (Tang et al. 2009). All these raise
concerns about the applicability of available models for
future biomass estimation in India. Therefore, the ob-
jective of this study was to develop biomass estimation
models for different tree components in rubber planta-
tions and assess model predictive performance at the
stand level.

Methods
Study site
The present study was carried out in Karimganj District
of Assam (24°36′ N, 92°23′ E), North East India (NEI)
within the range of Himalayan foothills and Barak river
basins. Karimganj is an administrative district of the
State of Assam, which occupies an area of 1809 km2. It
is bounded on the Northeast by Cachar District, on the
east by Hilakandi, on the south by Mizoram, on the
southwest by Tripura State and on the west and north-
west by Bangladesh. The edge to edge distance between
the selected stands for different ages were measured ap-
proximately as 200–300 m. Generally, the soils of the re-
gion are classified as the Barak series, which is fine,
hyperthermic family of Aeric Endoaquepts (USDA 1998).
The soil characteristics of the study site did not vary
from stand to stand. Mean annual precipitation of the
study area is about 3538 mm, temperature ranges from
13 °C to 37 °C with average relative humidity of 93.5%
(Regional Agricultural Research Institute 2013).

Stand selection, sampling and biomass analysis
The main criterion for selecting the specific plantation
was the age of the stand. Age of the plantation was eval-
uated and confirmed from the official plantation record.
Rubber plantations of four different ages, i.e. 6, 15, 27
and 34 yrs., were selected for this study on the basis of
the availability of the stands under same age. Ten plots
measuring 25 m × 25 m area were selected randomly
from each of the different aged plantations and all trees
were counted for estimation of tree density. All the trees
within the selected area were counted and measured at

circumference at 200 cm (C200) above the ground to
avoid the tapping artefacts. When collecting the latex
from rubber trees, tapping on the stems is commonly
done between stem heights of 150 and 180 cm. Regular
tapping resulted in significant deformations on the stem.
Therefore, instead of following the recommended height
to measure the stem circumference, here the stem height
at 200 cm was considered. We acknowledge that this
can lead to a systematic underestimation of diameter at
breast height (DBH). Standard procedures were followed
during the circumference measurement of each tree
(Husch et al. 2003). The measured C200 values across
the ages ranged between 10 and 110 cm, which were fur-
ther divided into 10 cm classes. Five to six C200 classes
were considered for each stand. Based on the availability
of trees in these C200 classes, a total of 67 trees of dif-
ferent ages (15, 19, 15, and 18 for 6, 15, 27 and 34 yrs.,
respectively) were felled. Total height (H) of each har-
vested tree was measured to use as a covariate in bio-
mass model development. Here the main support to the
branches from ground level to the top of the felled tree
was considered as stem. In order to avoid the ambiguity
of branch and stem at the fork, the higher circumference
was considered as the stem. Different tree parts includ-
ing foliage, branch and stems were separated and fresh
weight (fw) in kg was measured in the field. For below-
ground biomass, coarse roots (>2.5 mm diameter) were
extracted from a 1 m radius with 1 m depth around the
felled tree stem. Fine root biomass could not be esti-
mated due to difficulties in separation of fine roots from
the soil. Fresh weights of extracted coarse roots were
weighed after carefully removing the soil. Sub-samples
of each tree part were taken to the laboratory and sub-
samples were oven dried at 70 °C for a minimum of 72 h
or until the constant dry weight was achieved. Fresh
weight and dry weight (dw) ratios (Rdw/fw) for each plant
part were calculated to get their respective total part dry
weight (PDW) as PDW = (Rdw/fw × fresh weight of the
plant part). Total dry weight or total biomass of the tree
was estimated by adding all the calculated PDW of that
tree.

Biomass model development
Use of different independent variables for developing
biomass models are still a subject of empirical debate
(Sileshi 2014). Diameter at breast height (D) and total
tree height (H) have been used widely for modelling
scaling relationships between tree biomass components,
H and DBH assuming different physical and biological
first principles (Sileshi 2014). In this study first we devel-
oped the relationship between D200 (here after D) and
H as well as biomass components with D, H and stand
density (StD). First we explored the appropriateness of a
simple power-law relationship between AGB, D and H.
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This is because power-law scaling is supported by emer-
gent theories of macroecology and thus recommended
in biomass estimation to reduce the ambiguity about
allometric relationships (Sileshi 2014, 2015). Initially we
also explored the use of stand age as a covariate. How-
ever, we found stand age to be inappropriate due statis-
tical complications such as collinearity that arise when
combined with D and H. In addition, we explored stand-
level variables especially stand density (StD) as a bio-
logical meaningful and potentially more predictive vari-
able than stand age. Finally, we compared the
performance of the power-law model with three other
models involving D alone, H alone and their combin-
ation with StD. When fitting the models, log trans-
formed biomass data were linearly regressed against the
log transformed values of D, H, D2H and DHStD as
follows:
ln(Y) = ln(α) + β(lnD) + ε Model 1
ln(Y) = ln(α) + β(lnD2H) + ε Model 2
ln(AGB) = ln(α) + β(lnH) + ε Model 3
ln(Y) = ln(α) + β(lnDHStD) + ε Model 4
In addition, we explored the relationship between

coarse root dry weight (RDW) and AGB using the
power-law model specified as follows:
ln(RDW) = ln(α) + β(lnAGB) + ε Model 5

where Y is the biomass component (e.g. foliage, branch,
stem, root, etc.) being modelled, D2H is tree volume,
and ε is the error. These models were fitted using ordin-
ary least square regression assuming a power function
with multiplicative error structure (Lai et al. 2013; Dong
et al. 2016). For estimating biomass components in the
arithmetic domain, the equations were back-transformed
to give Y = αXβ × CF where X is the single or compound
variables, αXβ = exp. (α + β(lnX) and CF is the correc-
tion factor calculated from the mean square of error
(MSE) as exp.(MSE/2) (Sileshi 2015).
In the absence of measured tree height, the H in

model 2 may be estimated using height-diameter (H-D)
models. This is a convenient approach because data on
tree height are relatively more difficult and time con-
suming to obtain than D. H-D models can also be used
to predict missing heights from field measurement of
tree diameter. The commonly used H-D models include
Chapman-Richard, exponential, Gompertz, hyperbolic,
logistic, Michaelis-Menten (saturation growth), mono-
molecular, power-law, Richard and Weibull functions
(Zeide 1993; Huang et al. 2000). The models are also ap-
plied to estimate the asymptotic height, which is often
used as a measure of tree size (Thomas 1996). In order
to determine the appropriate H-D relationship in rubber
trees we compared the following models:
Chapman-Richards H = a(1 − exp(−bD))c

Exponential H = a − b(exp(−cD))
Gompertz H = a(exp(− exp(b − cD)))

Hyperbolic models H ¼ aþ b
D

Logistic H ¼ a
1þ exp b−cDð Þð Þ

Michaelis-Menten H ¼ aD
bþD

Monomolecular H = a(1 − exp(−b(D − c)))
Power-law H = aDb

Richards function H ¼ a
1þ exp b−cDð Þð Þ1=d

Weibull H = a − b(exp(−cDd))
These models were chosen because they are supported

by theory and their parameters have biologically mean-
ingful interpretations. For example, in all models except
the power-law, the parameter a represents the asymp-
totic height of trees. Nonlinear regression was used to
estimate parameters of all H-D models.
The performance of all these models was compared

using the coefficient of determination (R2), Akaike infor-
mation criterion (AIC), and root mean square of error
(RMSE) (Sileshi 2014). In all cases the small sample ap-
proximation of AIC (i.e. AICc) was used for comparing
models. In addition, we checked the normality of resid-
uals by plotting the residuals against the predictor values
and the Shapiro-Wilk test. Finally, we compared the 95%
confidence intervals (CI) of the slopes to see whether
the corresponding model for different age classes is sig-
nificantly different or not (Sileshi 2014, 2015).
Using the best model developed through the steps de-

scribed above, biomass stocks in plantations of different
ages was estimated by using the following formula:
Biomass density (Mg·ha−1) = N ×

(B1 + B2 + B3 + … + Bn)/n
where N is the tree density, n is the number of harvested
trees and Bi is the AGB stock (kg) of the respective tree.

Results
Biomass estimation models
Tree density ranged from 784 trees·ha−1 in 6 yr. old
plantations to 576 trees·ha−1 in 34 yr. old plantations
(Table 1). Stem diameter and tree height also signifi-
cantly (P < 0.0001) varied with stand age. Tree diameter
ranged from 11 to 35 cm in 6 and 34 yr. old plantations,
respectively (Table 1).
A strong non-linear relationship was observed between

stem height (H) and diameter at 200 cm (D) in all the
stand ages (Fig. 1; Table 2). Among the H-D models com-
pared, the Michaelis-Menten function had the smallest
AIC and RMSE and the largest pseudo R2. The second
best model was the power-law model, while the worst was
the hyperbolic function. The differences in terms of model
goodness of fit criteria (pseudo R2, AIC and RMSE)
among the models except the hyperbolic were marginal
(Table 3). However, the 95% confidence limits of the esti-
mated asymptotic heights reveal significant differences
among the models. Some of the models (e.g. Weibull and
Richard functions) had four parameters and hence are
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Table 1 Average tree density, stem diameter at 200 cm, height (cm) and aboveground biomass (AGB), coarse root biomass and total
biomass stocks estimated using the best model (Model 2) in different ages of rubber plantation in North East India

Stand
age (yrs)

Density
(tree·ha−1)

Diameter
(cm)

Height
(cm)

Biomass stocks

AGB (Mg·ha−1) Coarse root (Mg·ha−1) Total biomass (Mg·ha−1)

6 784 (6) 11.1 (1.48) 8.3 (0.68) 28.9 (18.9) 4.1 (1.0) 31.5 (18.2)

15 720 (11) 19.9 (1.32) 15.2 (0.61) 119.4 (16.8) 10.3 (0.9) 121.4 (16.2)

27 688 (11) 19.5 (1.48) 16.5 (0.68) 116.4 (18.9) 10.0 (1.0) 118.4 (18.2)

34 576 (25) 23.8 (1.35) 20.0 (0.62) 169.6 (17.3) 11.9 (1.0) 167.6 (16.6)

All ages 692 (44) 18.9 (0.88) 15.3 (0.60) 112.0 (10.7) 9.3 (0.6) 113.0 (10.3)

Values in parentheses are standard errors of means
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Fig. 1 Relationship between tree height (H) and diameter (D) in different aged stands (a–d) and generalized across plantation ages (e). Parameters of
the fitted lines (power-law) are presented in Table 2
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complicated or fail to converge. For practical purposes,
the following two models were chosen for estimating H in
the absence of measured height:
Michaelis-Menten: H ¼ 51:1D

42:3þD

Power-law: H = 1.99D0.70

Examination of the confidence limit of the slopes of the
age-specific models (Table 3) indicated that slopes for ages

6 and 34 yr. are not significantly different from the slopes
of the models generalized across all age classes. Due to
this and the small sample size for individual ages, equa-
tions that are generalized across all age classes were devel-
oped and tested. Based on the higher R2 and lower AIC
and RMSE, Model 2 and 4 were found to be more appro-
priate for AGB, stem, coarse root and total dry weight
than Model 1 and 3 (Table 4). On the other hand, the
power-law model was more appropriate for foliage and
branch biomass. Therefore, the following models were
proposed for estimation of AGB, foliage, branch, stem,
coarse root (RDW) and total biomass components:
AGB = (exp(−3.31 + 0.95(lnD2H))) × 1.02
Foliage = (exp(−4.41 + 1.87(lnD)) × 1.25
Branch = (exp( × 2.76 + 2.07(lnD)) × 1.20
Stem = (exp(−4.57 + 1.05(lnD2H))) × 1.03
RDW = (exp(−0.53 + 0.64(lnAGB)) × 1.03
Total = (exp(−2.84 + 0.90(lnD2H))) × 1.02
In addition, RDW could be estimated using model 2

as RDW = (exp(−2.64 + 0.60 (lnD2H))) × 1.04. However,
in terms of goodness of fit criteria, Model 5 was only
slightly better than Model 2 and Model 4 (Table 4).

Variation in tree biomass components
The measured and estimated biomass components sig-
nificantly varied with stand age (Fig. 2). However, the
measured biomass components were not significantly
different from the estimated biomass in all plantation
ages. The exception was branch dry weight at 34 yr.,
where the estimated branch dry weight was higher than
the measured dry weight. Measured total aboveground
(AGB) dry weight increased from 35.4 kg·tree−1 in 6 yr.
plantations to 288.5 kg·tree−1 in 34 yr. old plantations
(Fig. 2a). However, using different models the estimated
total AGB for all the ages are given in Fig. 3. Measured
foliage dry weight increased from 3 kg·tree−1 in 6 yr. old
plantations to 5 kg·tree−1 in 34 yr. old plantations, but

Table 2 Parameter estimates and model fit criteria for ten different height-diameter (H-D) models

Model a b c d AICc R2 RMSE 95% CI of asymptotic height

Michaelis-Menten 51.1 42.3 –a – 112.4 0.795 2.24 33.8 – 68.5

Power law 1.98 0.70 – – 114.3 0.790 2.27 –

Gompertz 24.9 0.84 0.09 – 114.4 0.796 2.25 20.0–29.8

Chapman-Richard 30.0 0.04 1.07 – 114.5 0.796 2.25 13.5–46.5

Monomolecular 31.3 0.04 0.17 – 114.5 0.796 2.25 18.2–44.4

Exponential 31.3 31.52 0.04 – 114.5 0.796 2.25 18.2–44.4

Logistic 23.1 1.72 0.13 – 114.9 0.795 2.26 19.8–26.3

Weibull 25.5 23.40 0.02 1.34 116.6 0.797 2.27 11.2–39.9

Richardb 24.8 −2.12 0.09 0.05 116.8 0.796 2.27 14.0–35.5

Hyperbolic 20.9 −84.9 – – 159.7 0.585 3.19 19.5–22.3

–a represents that parameter is not applicable
bIndicates that convergence criteria not met
Model fit statistics of the best model are in bold face

Table 3 Parametersa and model fit statistics for the age-specific
models of aboveground biomass (AGB). For ease of comparing
slopes (β) the 95% confidence limits were presented

Model Stand
age
(yrs)

Intercept
(ln(α))

Slope (β)b Model fit criteria

R2 AIC RMSE

1 6 −2.9 2.57 (2.49–2.65) 0.997 −70.8 0.077

15 −2.01 2.25 (2.11–2.39) 0.984 −84.0 0.095

27 −0.32 1.84 (1.53–2.15) 0.909 −45.5 0.717

34 −2.12 2.43 (2.18–2.68) 0.958 −64.3 0.143

All ages −2.83 2.60 (2.46–2.74) 0.954 −170.6 0.271

2 6 −3.49 0.97 (0.94–1.00) 0.998 −66.6 0.089

15 −3.64 0.96 (0.90–1.02) 0.980 −79.4 0.107

27 −1.71 0.78 (0.67–0.89) 0.938 −51.4 0.059

34 −3.08 0.93 (0.87–0.99) 0.983 −80.5 0.092

All ages −3.31 0.95 (0.91–0.99) 0.976 −217.1 0.192

3 6 −4.85 3.79 (3.22–4.36) 0.93 −24.2 0.365

15 −11.28 5.85 (4.71–6.99) 0.858 −42.3 0.285

27 −5.53 3.79 (2.73–4.85) 0.79 −32.8 0.274

34 −4.15 3.23 (2.63–3.83) 0.876 −44.8 0.246

All ages −3.49 3.04 (2.81–3.27) 0.911 −126.6 0.376

Model fit statistics of the best model for a given plantation age are in
bold face
aAll parameters were significantly different from zero. Therefore P values were
not included
bFigures in parentheses represent 95% confidence limits of the slope. Two or
more slopes are significantly different from each other only if their confidence
limits do not overlap
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foliage biomass in 6 yr. plantations did not significantly
differ from those in 27 yr. plantations (Fig. 2b). Mea-
sured branch dry weight increased from 11 kg·tree−1 in
6 yr. plantations to 43 kg·tree−1 in 27 yr. old plantations
and then decreased to 35 kg·tree−1 in 34 yr. old planta-
tions (Fig. 2c). Measured stem dry weight increased from
21 kg·tree−1 in 6 yr. plantations to 249 kg·tree−1 in 34 yr.
old plantations (Fig. 2d). Similarly, coarse root dry
weight increased from 5.4 kg·tree−1 in 6 yr. plantations
to 19 kg·tree−1 in 34 yr. old plantations (Fig. 2e). The
coarse root biomass estimated using the three models
also did not significantly differ (Fig. 4). However, esti-
mating coarse root biomass from AGB (Model 5) was
superior to other models in terms of goodness of fit cri-
teria (Table 4) and normality of residuals (Fig. 4c). Total
dry weight of all components increased from 40 kg·tree
−1 in 6 yr. old plantations to 307 kg·tree−1 in 34 yr. old
plantations (Fig. 2e). In terms of the mean absolute per-
centage error (MAPE), AGB, total biomass and stem

biomass were estimated with less error (MAPE <20%)
compared to coarse root dry weight (MAPE = 21%).
Branch dry weight (MAPE = 80%) and foliage dry weight
(MAPE = 83%) were poorly estimated. Foliage dry
weight was underestimated in 6 yr. old plantations com-
pared to the measured (Fig. 2b), while stem dry weight
was severely overestimated in 34 yr. old plantations.
The estimated AGB stocks (Mg·ha−1) were 29, 119, 116

and 169 Mg·ha−1 for 6, 15, 27 and 34 yr. old plantations,
respectively (Table 1). The coarse root biomass was esti-
mated at 4 Mg·ha−1 for 6 yr. old plantations and 12 Mg·ha
−1 for 34 yr. old plantations. Similarly, total biomass (ex-
cluding fine roots) was estimated at 32 Mg·ha−1 at 6 yr.
and 168 Mg·ha−1 at 34 yr. old plantations (Table 1).

Discussion
The average stand density of rubber plantations declined
from 784 trees·ha−1 in 6 yr. old plantations to 576 in
34 yr. old plantations. Since, a common plant spacing of

Table 4 Parameters and goodness of fit statistics for the various models used in estimating biomass components combining all stand
ages

Components Model Intercept Slope R2 AICc RMSE

AGB 1 −2.82 (0.21)a 2.60 (0.07) 0.954 −170.6 0.270

2 −3.31 (0.15) 0.95 (0.02) 0.977 −217.1 0.192

3 −3.49 (0.32) 3.03 (0.12) 0.911 −126.6 0.377

4 −14.47 (0.46) 1.58 (0.04) 0.963 −186.2 0.241

Foliage 1 −4.41 (0.51) 1.87 (0.18) 0.635 −49.0 0.672

2 −4.48 (0.57) 0.65 (0.07) 0.588 −40.9 0.713

3 −3.91 (0.71) 1.82 (0.27) 0.418 −17.8 0.847

4 −11.89 (1.41) 1.07 (0.12) 0.559 −36.4 0.738

Branches 1 −2.76 (0.46) 2.03 (0.16) 0.714 −62.5 0.607

2 −2.95 (0.51) 0.71 (0.06) 0.687 −56.4 0.636

3 −2.60 (0.65) 2.11 (0.24) 0.543 −31.1 0.767

4 −11.32 (1.25) 1.19 (0.10) 0.672 −53.4 0.650

Stem 1 −3.97 (0.27) 2.88 (0.09) 0.934 −131.8 0.362

2 −4.57 (0.19) 1.05 (0.02) 0.972 −188.4 0.237

3 −4.95 (0.29) 3.45 (0.11) 0.941 −139.4 0.342

4 −17.09 (0.50) 1.77 (0.04) 0.967 −176.5 0.259

Coarse roots 1 −2.4 (0.23) 1.7 (0.08) 0.871 −155.1 0.305

2 −2.64 (0.23) 0.60 (0.03) 0.883 −161.9 0.290

3 −2.69 (0.32) 1.91 (0.12) 0.802 −126.7 0.375

4 −9.84 (0.56) 1.02 (0.05) 0.881 −160.9 0.292

5 −0.53 (0.12) 0.64 (0.03) 0.905 −175.4 0.261

Total biomass 1 −2.38 (0.20) 2.49 (0.07) 0.954 −176.7 0.259

2 −2.84 (0.15) 0.90 (0.02) 0.976 −221.2 0.184

3 −3.00 (0.31) 2.89 (0.11) 0.908 −130.9 0.365

4 −13.50 (0.45) 1.51 (0.04) 0.963 −191.1 0.232

Goodness of fit statistics of the best model is in bold face
aFigures in parenthesis are standard errors of estimates
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3 m × 4 m was maintained during the initial plantation
stage, the results indicate that the number of trees in plan-
tation decreased by about 26% with the increase in stand
age. This implies that plantation density reduced at 0.95%
per annum, and this is comparable with the 1.5% reduction
reported from Sri Lanka (Munasinghe et al. 2014). This is
consistent with predictions of Yoda’s law (Yoda et al. 1963)
and the stand density rule of Reineke (Reineke 1933).
From the H-D models it is evident that the Michaelis-

Menten and power-law models are adequate, while the
gain in explanatory power from the other models was
minimal. Therefore, in the absence of measured tree
height, H estimated using the Michaelis-Menten func-
tion can be used to estimate tree volume. The results
also suggest that AGB can be estimated more accurately
using models consisting of compound variables of D and

H. The power-law model (Model 1) was slightly poorer
in terms of goodness of fit criteria. The poor perform-
ance of the power-law model could be attributed to data
truncation (Sileshi 2015), which is evident in Fig. 1. Data
truncation can occurs either due to sampling that only
includes those individuals whose size lies within a cer-
tain interval or when equations are fitted to a restricted
segment of the size range. Data are said to be left trun-
cated when the lower segment of the population has
been left out, whereas right-truncation results from leav-
ing out the upper segment. Sileshi (2015) has demon-
strated that the allometry exponent can be highly biased
when the power-law equation is fitted to a restricted seg-
ment of the size range or different life stages of a species.
In the different plantation ages except at 6 yr., data are
evidently left truncated, i.e. the lower segment of the

a

c

e

b

d

f

AGB

Branch

Coarse root Total biomas

Foliage

Stem

Fig. 2 Variation in measured and estimated tree biomass components with plantation age. Parameters of the best model in Table 4 were used
for estimating the specific biomass component. The measured and estimated biomass components are deemed significantly different from each
other only if their confidence limits do not overlap
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population has been left out. Left-truncation of data tends
to raise the allometry intercept and as a result shrink the
slope (Sileshi 2015). On the other hand, Model 2 slopes
did not significantly differ from each other except at plan-
tation age of 15. As the models for all ages were developed
from a larger dataset, they may be less sensitive to change
in age and hence may be used for future AGB estimations
of 6, 27 and 34 yrs. old plantations.
Among the models compared, the model that contains

tree volume had higher predictive power for AGB and
total tree biomass. This is consistent with the general
observation that AGB increases with bole volume in
woody species (Chave et al. 2005). Although the use of
fewer explanatory variables are recommended for ease in

model application and validation (Sileshi 2014), in the
present study D and H were directly measured and
therefore could be applied for biomass estimation.
In this study the focus was on the aboveground living

biomass and coarse roots (excluding fine roots) of trees
since these components account for the largest percent-
age of the sequestered carbon within a forest ecosystem
(Kongsager et al. 2013). Root biomass is difficult to
measure in most conditions. Therefore, we recommend
direct estimation of coarse root biomass from measured
AGB assuming a power-law relationship between root
biomass and AGB (i.e. Model 5).This assumption is rea-
sonable because allometry theory and empirical observa-
tions have demonstrated near-isometric relationships
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of all ages. Parameters of the fitted lines are presented in Table 4
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between aboveground and belowground biomass of trees
(Cheng and Niklas 2007; Hui et al. 2014).
The estimated AGB stocks (Mg·ha−1) for 6 and 15 yrs.

old rubber trees are comparable with values (56 and
248 kg·tree−1) reported from Brazil (Maggiotto et al. 2014).
AGB estimates for 27 and 34 yr. old plantations are 25 and
50% lower than the estimated total biomass for 25 and
38 yr. old rubber plantations from China (Tang et al. 2009;
Yang et al. 2014). These differences could be related to dif-
ferences in planting density, growth habitat and manage-
ment practices (Yang et al. 2014). Moreover, total biomass
stocks of 5 to 40 yrs. old rubber plantations from the same
region were reported to be 32 to 211 Mg·ha−1 (Brahma et
al. 2016). Similar to the present study the AGB stock in
rubber plantations increased with increase in plantation age
(Chaudhuri et al. 1995; Dey et al. 1996; Yang et al. 2005;
Tang et al. 2009; Corpuz et al. 2014; Maggiotto et al. 2014;
Brahma et al. 2016).

Conclusions
It is concluded that models involving tree volume are
more appropriate for regional level biomass estimation

than simple models for individual stands. We recom-
mend that the power-law model should not be used for
estimation of AGB of plantations at different growth
stages because power-law parameters can be biased due
to data truncation. Our study suggests that the model gen-
eralizing all the ages can be used irrespective of the age of
the stand. In the absence of measured height, we recom-
mend the Michaelis-Menten model for estimating height.
One of the limitations of this study is the relatively small
sample size for developing age-specific models. Another
limitation is our inability to sample total belowground bio-
mass due to resource constraints to collect fine roots. We
recommend that future studies tackle these issues.

Additional file

Additional file 1: Dataset for biomass stock of rubber plantations.
(XLS 34 kb)
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