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Abstract 
Biomass and carbon stock in a forested areas are now prime important indi-
cators of forest management and climate change mitigation measures. But the 
accurate estimation of biomass and carbon in trees of forests is now a chal-
lenging issue. In most cases, pantropical and regional biomass models are 
used frequently to estimate biomass and carbon stock in trees, but these esti-
mations have some uncertainty compared to the species-specific allometric 
biomass model. Acacia nilotica, Casuarina equisetifolia and Melia azedarach 
have been planted in different areas of Bangladesh considering the spe-
cies-specific site requirements. While Barringtonia acutangula and Pongamia 
pinnata are the dominant tree species of the freshwater swamp forest of Ban-
gladesh. This study was aimed to develop species-specific allometric biomass 
models for estimating stem and above ground biomass (TAGB) of these spe-
cies using the non-destructive method and to compare the efficiency of the 
derived biomass models with the frequently used regional and pantropical 
biomass models. Four Ln-based models with diameter at breast height (DBH) 
and total height (H) were tested to derive the best fit allometric model. 
Among the tested models, Ln (biomass) = a + b Ln (D) + c Ln (H) was the 
best-fit model for A. nilotica, M. azedarach, B. acutangula and P. pinnata and 
Ln (biomass) = a + b Ln (D2H) was best-fit for C. equisetifolia. Finally, the 
derived best-fit species-specific TAGB models have shown superiority over 
the other frequently used pantropical and regional biomass models in relation 
to model efficiency and model prediction error. 
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1. Introduction 

Bangladesh is facing rapid deforestation and fragmentation of natural forest to 
meet the basic needs of the additional population as in the rest of the world, 
which results in only 12.8% forest cover of the total country area (GoB, 2019). 
However, the natural forest area declined rapidly, but the overall tree canopy 
coverage increased modestly from 2000 to 2014 in Bangladesh (Potapov et al., 
2017). This improvement has been made possible due to the overall progress of 
the afforestation programs across the country. Acacia nilotica, Barringtonia acu-
tangula, Casuarina equisetifolia, Melia azedarach and Pongamia pinnata have 
been planted in various zones of the country considering the species-specific site 
requirements. Barringtonia acutangula and P. pinnata are the dominant native 
naturally growing tree species of the freshwater wetland (Ratargul swamp forest) 
and also found in other marshy lands of Bangladesh as plantation (Hossain, 
2015; FAO, 2018). Casuarina equisetifolia is native to the southern Bangladesh 
and A. nilotica is an introduced species, but both are suitable for plantation in 
sandy coastal lands and slop of coastal embankment. Moreover, A. nilotica is al-
so promising for roadside plantation (Nandy et al., 2002; Siddiqi, 2002; Islam et 
al., 2014; Hossain, 2015; GoB, 2019). Melia azedarach is an exotic species which 
is planted for roadside avenue trees in dry areas and also in hill zones in Bangla-
desh (Das & Alam, 2001; Hossain, 2015; GoB, 2019). 

These species are planted all over the country to increase the green cover, road 
and embankment stabilization, which ultimately contributed to the climate 
change mitigation initiatives of Bangladesh. The contribution of these species in 
carbon locking is needed to assess their role in climate change mitigation meas-
ures. In this situation, development of species-specific biomass estimation mod-
els could open new windows in understanding the carbon stocking and seques-
tration, nutrient cycling, site productivity, and sustainable management of them. 
Among the diverse methods of biomass estimation, pantropical allometric bio-
mass models are available. But, there are some restrictions for using these pan-
tropical biomass models (Mahmood et al., 2019a, 2019b, 2019c). Variation of 
biomass estimation may even greater when used the same model in different 
geographic locations and this variation may be due to difference in climatic con-
ditions, site quality, forest types and tree architecture (Brown et al., 1989; 
Ter-Mikaelian & Korzukhin, 1997; Chave et al., 2005; Návar, 2009; Genet et al., 
2011). However, site and species-specific allometric biomass models provide 
greater accuracy in assessing the biomass and carbon stock than regional and 
pantropical equations (Ketterings et al., 2001; Chave et al., 2005; Mahmood et 
al., 2019a, 2019b, 2019c, 2020). While, A. nilotica and M. azedarach have only 
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the allometric volume models (Latif & Islam, 2014) and M. azedarach has spe-
cies-specific allometric biomass models for the limited geographical areas of 
Bangladesh (Miah et al., 2020). So, species specific allometric biomass models for 
A. nilotica, B. acutangula, C. equisetifolia, M. azedarach and P. pinnata are 
needed for accurate estimation of biomass and carbon stock assessment. There-
fore, present was aimed to 1) develop species-specific allometric biomass models 
for estimating stem and above ground biomass of the studied species (A. niloti-
ca, B. acutangula, C. equisetifolia, M. azedarach and P. pinnata) using the 
non-destructive approach and 2) compare the efficiency of the derived biomass 
models with the frequently used regional and pantropical biomass models. 

2. Materials and Methods 
2.1. Selection of Sample Trees 

Present study collected two sets of data for each species which were denoted as 
data set A and B. The data set A that was collected at the first stage for each spe-
cies was deployed to derive the biomass models, while the dataset B of each spe-
cies was collected separately to validate the derived allometric biomass models. 
The sample trees of this study were selected purposively to avoid defective, dis-
ease affected, top broken and suppressed one. A total of 92 and 123 sample trees 
of A. nilotica, and C. equisetifolia were collected from the coastal areas of Ban-
gladesh covering coastal block plantation, roadside and embankment plantation. 
Sample trees of B. acutangula (307 individuals), and P. pinnata (261 individuals) 
were collected from the only one natural freshwater swamp forest (Ratargul 
swamp forest) situated at the northeastern part of Bangladesh. While, 123 indi-
viduals of M. azedarach were sampled from the plantations situated at the 
northern part of Bangladesh. The wood density, range of DBH (Diameter at 
Breast Height), range of tree height and number of individuals in each dataset 
have been presented in Table 1. 

2.2. Tree Measurement 

DBH and total height (H) of the sampled trees were was measured by using  
 
Table 1. List of studied species and their wood density (Source: Zanne et al. (2009)), 
range of DBH and Height, sample number in data set A and B and mean biomass expan-
sion factor. Wood density. 

Name of species Family 
Average wood 
density (g/cc) 

Range of 
DBH 
(cm) 

Range of 
Height 

(m) 

Dataset 
A 

Dataset 
B 

Acacia nilotica Fabaceae 0.723 ± 0.052 9.8 - 40 7.0 - 15.5 67 25 

Melia azedarach Meliaceae 0.438 ± 0.021 7.4 - 34 4 - 13.5 100 23 

Barringtonia acutangula Lecythidaceae 0.525 ± 0.167 9.5 - 42 2.5 - 8.5 250 57 

Casuarina equisetifolia Casuarinaceae 0.809 ± 0.03 9.5 - 43 8 - 28.5 240 52 

Pongamia pinnata Fabaceae 0.595 ± 0.02 9.8 - 46.3 5.5 - 15 210 51 
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diameter tape and haga altimeter respectively. The sampled trees were climbed 
to measure the sectional (suitable log sections) diameter of stems and the bigger 
branches (Diameter > 10 cm) using a diameter tape or caliper according to Pi-
card et al. (2012).  

2.3. Biomass of Sample Trees 

Sectional volume of stem and bigger branch of individual sampled trees were es-
timated using Smalian’s formula (Equation (1)) and volumes of each log section 
were summed to get the total volume of that particular sampled tree. 

( )
( )2 2

1 2Smalian s formula
8

L D D
V

π +
=’               (1) 

where, V = volume in m3, π = 3.143, L = Length of the log section (m), D1 = 
Diameter at the thicker end (m), D2 = Diameter at the thinner end (m).  

Finally, the biomass of stem and bigger branch biomass (kg) of the individual 
sampled tree was estimated from their stem volume (m3) and wood density (W) 
(g/cc) value of the respective tree species as collected from wood density data-
base generated by Zanne et al. (2009) (Table 1). Wood density varies along the 
length from base to top of the stem and bigger branches. Moreover, it also varies 
from the periphery to the pitch of the stem and branch and age of the tree (Pi-
card et al., 2012). This study did not consider this variation in wood density. 
Therefore, biomass estimates from this study have a certain level of uncertain-
ties. Other sources of uncertainty also exist in the calculation of total Above-ground 
biomass (TAGB). TAGB of trees included the biomass of stem and bigger 
branches, smaller branches, and leaves. But, the calculation of TAGB for this 
study did not include the biomass of smaller branches (diameter < 10 cm) and 
leaves of the sampled trees, which was a source of underestimation. 

2.4. Allometric Model Development and Evaluation 

The independent variables (DBH and H) and dependent variable stem biomass 
and total above ground biomass (TAGB) were transformed to Ln (natural loga-
rithm) to improve the linearity and homoscedasticity. Four Ln based models 
were tested to derive the best fit allometric model for TAGB and stem biomass: 
Model 1) ( ) ( )ln biomass lna b D= + ; Model 2) ( ) ( )ln biomass lna b H= + ; 
Model 3) ( ) ( )2ln biomass lna b D H= + ; Model 4)  
( ) ( ) ( )ln biomass ln lna b D c H= + + . All the tested models were natural loga-

rithm which introduced a systematic bias during biomass estimation. Therefore, 
a correction factor (CF) was calculated for each equation to minimize the syste-
matic bias during the back transformation to biomass value (Sprugel, 1983). The 
best-fitted models were selected based on the lowest Akaike Information Crite-
rion Corrected (AICc), Residual Standard Error (RSE), Standard Error of Equation 
(SEE) and the highest coefficient of determination (Adjusted R2) values (Sileshi, 
2014; Mahmood et al., 2019a, 2019b, 2019c). Data was analyzed using R statistical 
software. Microsoft Office Excel 2016. The derived best-fitted TAGB models were 
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compared and evaluated with the frequently used regional and pantropical mod-
els (Table 2) in terms of Model Efficiency (ME) and Model Prediction Error (MPE) 
(Mayer and Butler, 1993). This comparison was conducted with dataset B.  

( )
( )100MPE % p o

o

Y Y

n Y

 −
 = ×
  

∑                  (2) 

( )
( )

2

2ME 1 o p

o

Y Y

Y Y

 −
 = −
 − 

∑
∑

                    (3) 

where, n = Number of trees, Yp = Predicted biomass from model, Yo = Observed 
biomass in field measurement and Y  = Mean of the observed biomass. 

3. Results 
3.1. Selection of Allometric Model 

In case of stem and TAGB, Model 4 ( ( ) ( ) ( )ln biomass ln lna b D c H= + + ) se-
lected as best-fit for A. nilotica, M. azedarach, B. acutangula and P. pinnata. 
While, Model 3 ( ( ) ( )2ln biomass lna b D H= + ) has been selected as best-fit for 
stem and TAGB of Casuarina equisetifolia. The range of adjusted R2 for the 
best-fitted models of stem and TAGB were 0.904 to 0.974 and 0.886 to 0.975 re-
spectively, which were quite good fit (Table 3 and Table 4). 

 
Table 2. Regional and commonly used pan-tropical allometric biomass models. 

Source Allometric biomass model Type 

Mahmood et al., 2019a 
(Tropical moist deciduous forest) ( ) ( ) ( ) ( )ln TAGB 2.460 2.171 ln 0.367 ln 0.161 lnD H W= − + ∗ + ∗ + ∗  

Regional multi-species, 
Bangladesh 

Brown et al. (1989) (Moist) ( )( )2TAGB exp 2.4090 0.9522 ln D H W= − + ∗ ∗ ∗  Pan-tropical 

Chave et al. (2005) ( )( )2TAGB exp 2.977 ln D H W= − + ∗ ∗  Pan-tropical 

Chave et al. (2014) ( )( )2TAGB exp 2.6986 0.976ln D H W= − + ∗ ∗  Pan-tropical 

Nelson et al. (1999) ( ) ( ) ( ) ( )ln TAGB 1.8985 2.1569 ln 0.3888 ln 0.7218 lnD H W= − + ∗ + ∗ + ∗  Central amazon 

 
Table 3. Best fit models for stem biomass. 

Species Equation a b c Adjusted 
R2 

RSE SEE AICc 
Correction 

Factor 

Acacia nilotica ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −2.256 2.011 0.388 0.958 0.033 0.185 −216.363 1.017 

Melia azedarach ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −2.378 1.782 0.143 0.922 0.033 0.183 −330.248 1.017 

Barringtonia acutangula ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −1.857 1.631 0.461 0.904 0.035 0.183 −839.985 1.017 

Casuarina equisetifolia ( ) ( )2ln biomass lna b D H= + ∗ ∗  −2.395 0.866  0.974 0.017 0.13 −970.019 1.008 

Pongamia pinnata ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −1.379 1.486 0.475 0.925 0.021 0.146 −797.591 1.011 

Note: R2 = co-efficient of determination; RSE = Residual Standard Error; SEE = Standard Error of Equation; AICc = Akaike Information Criterion corrected; 
CF = Correction factor. 
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Table 4. Best-fit models for Total above-ground biomass. 

Species Equation a b c 
Adjusted 

R2 
RSE SEE AICc 

Correction 
Factor 

Acacia nilotica ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −3.005 2.099 0.652 0.965 0.032 0.180 −219.525 1.016 

Melia azedarach ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −2.350 1.799 0.117 0.916 0.036 0.191 −321.508 1.018 

Barringtonia acutangula ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −1.287 1.668 0.485 0.900 0.038 0.192 −814.885 1.019 

Casuarina equisetifolia ( ) ( )2ln biomass lna b D H= + ∗ ∗  −2.669 0.9  0.975 0.017 0.131 −966.306 1.009 

Pongamia pinnata ( ) ( ) ( )ln biomass ln lna b D c H= + ∗ + ∗  −1.167 1.574 0.314 0.886 0.035 0.187 −694.75 1.018 

Note: R2 = co-efficient of determination; RSE = Residual Standard Error; SEE = Standard Error of Equation; AICc = Akaike Information Criterion corrected; 
CF = Correction factor.  

3.2. Model Evaluation and Comparison 

The model efficiency and model prediction error values of the best-fitted TAGB 
models of the studies species were ranged from 0.845 to 0.913 (at scale 1) and 
−1.336% to 8.474% respectively. The highest model efficiency and prediction 
error were observed for the M. azedarach, and B. acutangula, while the lowest 
model efficiency and model prediction error observed for the A. nilotica (Table 
5). In comparison, the derived best-fit species-specific TAGB models have 
shown superiority than other frequently used pantropical and regional biomass 
models in relation to model efficiency and model prediction error (Table 5).  

4. Discussion 

The accuracy of allometric biomass model depends on some factors, such as, 
method of model development, model efficiency, selection of dependent and in-
dependent variables, and interpretation of outcomes (Picard et al., 2012; Sileshi, 
2014). The present study tested linear regression equations, where the indepen-
dent variables (D = Diameter at Breast Height, H = Total height) and dependent 
variables (stem biomass and TAGB) were transformed to Ln (natural logarithm) 
to get best-fitted one for stem biomass and TAGB estimation. Best fit models are 
selected considering values of adjusted R2, RSE, AICc, and CF (Correction Fac-
tor) (West & Wells, 1990; Parresol, 1999). In present study, models contained D 
and H as independent variables showed greater efficiency than models contained 
single variable, which was similar with the findings of the study of Rutishauser et 
al. (2013), Kusmana et al. (2018), and Khushi et al. (2019). The sample trees were 
collected from the same ecoregion hence wood density (W) was not considered 
as another independent variable in the model development phase. However, W 
is not recommended as an independent variable for species-specific allometric 
models due to lack of robustness in use (Njana et al., 2016; Kusmana et al., 
2018). Though models with single variable are easy to apply in the field but in 
case of model efficiency, application of multiple variables are more appreciated 
(Chave et al., 2014). 
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Table 5. Comparison among the best fit TAGB models and frequently used pan-tropical and regional models. 

Species 
Best-fit 

Brown 
et al. (1989) 

Nelson 
et al. (1999) 

Chave 
et al. (2005) 

Chave 
et al. (2014) 

Mahmood 
et al. (2019a) 

ME MPE (%) ME MPE (%) ME MPE (%) ME MPE (%) ME MPE (%) ME MPE (%) 

Acacia nilotica 0.894 8.474 0.079 59.705 −0.121 64.699 0.531 32.851 0.359 44.655 0.892 11.7102 

Melia azedarach 0.913 −1.336 −26.427 216.607 −57.274 318.775 −15.743 152.371 −20.109 180.845 −44.482 278.427 

Barringtonia acutangula 0.845 1.850 0.662 −22.236 0.255 31.762 0.338 −37.885 0.503 −30.946 0.758 8.846 

Casuarina equisetifolia 0.892 1.869 −0.943 68.794 0.543 24.612 −0.357 44.122 −0.582 54.922 0.877 −21.561 

Pongamia pinnata 0.853 2.604 −8.741 118.744 −19.104 175.287 −4.774 85.285 −6.372 100.010 −7.387 109.983 

Note: ME = Model efficiency, MPE = Model prediction error. 

 
Validation of the derived best fit model is an important aspect to check the 

model accuracy (Sileshi, 2014). A comparison is needed before the estimation of 
tree biomass by using the frequently used pantropical and regional allometric 
biomass models to maintain the realistic estimation of tree biomass (Mahmood 
et al., 2019a, 2019b, 2019c, 2020). Present study compared the derived TAGB 
models of the studied species with the pantropical and regional allometric bio-
mass models in terms of model efficiency and model prediction error and indi-
cated higher efficiency of the derived species-specific models. These variations in 
model accuracy may be related to some uncertainty related to species, wood 
density, geographical location, site quality, independent parameters in the mod-
els, which can limit the applicability of the biomass models beyond the study 
areas (Basuki et al., 2009; Alvarez et al., 2012; Manuri et al., 2014; Nam et al., 
2016; Mahmood et al., 2019b). Thus present study recommended the application 
of best fit allometric biomass models for the studied species of Bangladesh in-
stead of using other frequently used regional and pantropical models. Again the 
best-fitted models of present study require validation when they will be applied 
in different geographical locations. 

5. Conclusion 

Species-specific allometric biomass models with diameter at breast height (D) 
and height (H) as independent variables were best-fit models for the studied 
species. All the best-fitted allometric models showed higher model efficiency and 
lower model prediction error compared to the regional and pan-tropical models, 
which indicated that the derived best-fit TAGB model can efficiently and accu-
rately estimate the biomass of the studied species. Therefore, it is suggested to 
use species-specific allometric models for biomass estimation for higher accura-
cy. In absence of species-specific models, ME and MPE need to be checked for 
the regional-and pan-tropical models to reduce uncertainties in large scale bio-
mass estimation.  
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