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Abstract 

Allometric equations are used to estimate the biomass and carbon stock of forests. There is a dearth of species-

specific allometric equations for bamboos growing in Bangladesh. Bambusa tulda and Melocanna baccifera are 

the two most common bamboo species of commercial importance in Bangladesh. This study reports allometric 

equations for estimating biomass of bamboo compartments (leaf, branches, and stem) and total above-ground 

biomass. Data was collected from natural bamboo forests of different locations of Khagrachhari district. A total 

of 50 bamboos (25 B. tulda and 25 M. baccifera) were sampled following the destructive method. Bamboo leaf, 

branch, and stem were measured for fresh weight in the field. Sub-samples were collected in sufficient amounts 

and processed in the laboratory for density and oven-dry weight to derive fresh to oven-dry weight ratio. 

Commonly used 10 candidate equations were tested using Diameter at Breast Height (DBH), diameter at base 

(D5), and height (H) as explanatory variables to find the best fitted allometric equation. In total, the study 

developed 60 models with 10 for each component of the two species. Applying the goodness-of-fit statistics, 4 

best-fitted models were selected for estimating stem and total above-ground biomass (TAGB) of the two 

bamboo species. The best fit allometric biomass models for M. baccifera were, Ys = 0.398*DBH1.542 and Yt = 

0.627*DBH1.382, where, Ys = stem biomass and Yt = total above-ground biomass. On the other hand, best fit 

allometric biomass models for B. tulda were, Ys = 0.041*DBH1.0658*H1.2311, and Yt = 0.235*D5
1.867, where, D5 is 

diameter at the base (5 cm above the ground). The relationship between the biomass and dendrometric 

variables in the form of best-fitted models was statistically significant at p < 0.05 levels. The allometric models 

developed by this study will be useful for better estimation of biomass and sequestered carbon in the plain land 

homestead forests of Bangladesh. 
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Introduction 

The atmospheric concentration of Carbon dioxide (CO2) - the most critical of greenhouse gases contributing to 

global climate change (Miah et al. 2020)– is poised to increase through direct and indirect emissions as IPCC 

predicted (Korner and Basler 2010, Pachauri et al. 2014). Sequestrating the atmospheric carbon as tree biomass 

is a cost-effective mean to reduce atmospheric carbon (Baral and Guha 2004). Therefore, estimation of the 

accumulated floral biomass is important to assess the potential amount of carbon that can be emitted in the 

form of carbon dioxide when forests are being cleared or burned productivity and sustainability of the forest 
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(Keith et al. 2009, Sedjo and Sohngen 2012, Hiraishi et al. 2014). Moreover, it gives an indication of the amount 

of carbon that can be removed from the atmosphere by natural or afforested ecosystems (Kebede and 

Soromessa 2018). Consequently, the fast-growing species like bamboo are inherently potent for carbon 

sequestration initiatives (Lobovikov et al. 2009, Nath et al. 2015a, b). Bangladesh is home to 33 species of 

bamboo of which Bambusa tulda Roxb. (Mitinga bansh) dominates bamboo groove in the rural homesteads 

throughout the country while Melocanna baccifera (Roxb.) Kurz (Muli bansh) dominates the bamboo grooves in 

the hill forests of Bangladesh (Bystriakova et al. 2003, Latif 2008). Bamboo can be harvested as little as three 

years of age due to its high biomass yield – as much as 40 tons per hectare per year (Piouceau et al. 2014). Yet, 

only a handful of studies are available on carbon sequestration potential of bamboo species (Yen et al. 2010; Xu 

et al., 2018).  

Estimation of carbon stock in bamboos may vary considerably depending on estimation method, geographic 

range, and species. Biomass can be estimated by direct method, i.e., destructive techniques or by indirect 

method, i.e., developing an allometric relationships (Poudel et al. 2013). Destructive technique is time 

consuming and expensive as it depends on collection and processing of a large amount of biomass (Poudel et al. 

2013). In contrary, allometric relationship yields a less precise indirect measurement of different biomass 

components and is often the preferred approach as it is fast and less expensive. Globally, allometric equations - 

a basic prerequisite for studying biomass production, carbon balance and carbon sequestration in different 

compartments (i.e., stem, branches, leaf, rhizome) of bamboo - are essential yet scarce. Given this context, this 

study aimed to develop a best-fit allometric equation to estimate stem, leaf, and total biomass of Mintinga 

(Bambusa tulda Roxb.) and Muli (Melocanna baccifera (Roxb.) Kurz – the two most common bamboo species in 

Bangladesh. These two bamboo species are selected due to their wide availability, their pivotal role in the rural 

life and livelihood and their potentials towards climate change mitigation. The finding of this study will help 

future estimations of biomass and carbon in bamboo groves of Mitinga and Muli in rural homesteads and forests 

for their sustainable management. 

Materials and Methods 

Study area 

The culms of both the species were selected for sampling from 3 villages viz., Payong Para, Moratila, and Podini 

Para of Panchari Upazila of Khagrachhari district which covers an area of 334 km2 and located between 23°12' 

to 23°28' north latitudes and 91°50' to 92°00' east longitudes (Fig. 1). Topography of these localities features 

medium to high hills (Rahman et al. 2018). Monsoon climate of the area has three prominent seasons - the rainy 

season that lasts from May to October accounting for almost 90% of the total rainfall (Khatun et al. 2016). The 

mean annual temperature range is 13°C to 34.6°C while the mean annual rainfall is 3031 mm. The sampling area 

lies within the natural distribution range of bamboo. M. baccifera grows in pure brakes in the hill forests while 

B. tulda grows sporadically in small patches or grooves in the rural settings and hill forests of Bangladesh (Banik 

1998). Considering the morphology of these species, this study assumed uniform physical properties of the culms 

for both the species across their geographical ranges in Bangladesh. 
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Fig. 1: Location of the area from where bamboo species were selected for sampling 

Sampling the bamboo 
The sample consisted of 50 culms with 25 for each of M. baccifera and B. tulda and represented the diameter 

and height ranges for both the species in the sampling area. Diameter at Breast Height (DBH) of M. baccifera 

ranged from 2.2-6.1 cm with an average of 4.43 ± 0.19 cm while DBH for B. tulda ranged from 3.1-6.2 cm with 

an average of 4.86 ± 0.18 cm. The mean total height of M. baccifera was 10.9 ± 0.39 m with a range of 7.3-14.2 

m while the respective values for B. tulda were 10.93 ± 0.34m and 7.4-13.4 m. 

Field data collection and laboratory analysis 
Before felling, DBH of all the selected bamboo culms were measured. The culms were felled using a hand saw at 

<20 cm height from the ground. The leaves and branches were severed from the culm. Since the branches were 

very small in diameter, they were mixed with leaves and weighed with a portable digital measuring scale (Figure 

2). Then culms were sectioned to measure the fresh weight with a digital hanging scale. The top section of the 

bamboo was separated at the point where its diameter was 2 cm. The top was weighted separately. Fresh weight 

of a total of 20 sub-samples (10 per species) of culms and leaves were measured in the field and after bringing 

the samples to the laboratory their oven dry (105°C) weights were obtained. The fresh to oven dry weight ratio. 

Moreover, bamboo culm samples taken from bottom, middle and top portions were cut into one-inch squares. 

Oven dry weights of these samples were measured separately in air and in water to calculate the density (Eq. 1 

and 2). 

𝑉 =  𝑊𝑎 − 𝑊𝑤 ------------------- Eq (1) 

𝐷 =  
𝑊𝑜

𝑉
 ----------------------- Eq (2) 

where, Wa = weight in air (g), Ww   = weight in water (g), Wo = oven dry weight (g), D = density (g/cc), V = volume 

(oven dry) in cubic center. 
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Biomass calculation  
The total fresh weight of the bamboo compartments (i.e., leaves & branches, and stem) were converted to oven 

dry weight by using fresh to oven dry weight ratio. The total biomass of each sampled bamboo was then 

computed as the sum of the oven dry weights of the compartments (Hossain et al. 2018). 

Development of allometric equations 
Descriptive statistics were calculated for the explanatory (DBH, Diameter at base, height) and output variables. 

Ten candidate allometric equations that are commonly used for plants in pantropical regional were tested for 

the prediction of biomass for bamboo compartments (leaf & branches, and stem) and total above ground 

biomass (AGB) of the two bamboo species (Table 1). R (version 4.0.2) statistical software was used for testing 

the allometric equation. 

Table 1: Candidate models for development of allometric equations 

Model No. Candidate equation Reference 

1 𝑌 = 𝑎 + 𝑏𝐷 Khan and Faruque 2010 

2 𝑌 =  𝑎 + 𝑏(𝐷2 × 𝐻) Khan et al. 2005 

3 𝑌 = 𝑎𝐷𝑏  Gao et al. 2015 

4 𝑌 = 𝑎 + 𝑏𝐷5 Kebede and Soromessa 2018 

5 𝑌 = 𝑎 + 𝑏(𝐷5)2 × 𝐻 Paul et al. 2013 

6 𝑌 = 𝑎(𝐷5)𝑏 Gao et al. 2015 

7 𝑌 = 𝑎 + 𝑏𝐻 Gurmessa et al. 2012 

8 𝑌 = 𝑎𝐻𝑏  Baharuddin and Malamassam 

2016 

9 𝑌 = 𝑎(𝐷𝑏 × 𝐻𝑐) Basuki et al. 2009 

10 𝑌 = 𝑎 + 𝑏𝐿𝑁(𝐷) Djomo and Chimi 2017 

Model selection and validation 
The best-fit model was selected based on the goodness-of-fit statistics. The model having the lowest Akaike 

Information Criterion (AIC), and Residual Standard Error (RSE), and the highest adjusted coefficient of 

determination (R2) values was selected as the best fit model (Sileshi 2014a, Vickers 2017). The predicted biomass 

was plotted against the observed biomass to validate the model. Significance of slope (b = 1) and intercept (a = 

0) were also evaluated to graphically understand the over- or under-estimation of the biomass for each model 

(Pineiro et al. 2008; Sileshi 2014a). The alpha level for all statistical analyses was 0.05 unless stated otherwise. 

 

Results  

Bamboo density 

The density of bamboo stems of both M. baccifera and B. tulda were analyzed separately for bottom, middle 

and top portions. Density was high for samples from the middle portion for both species which were 0.945 

(±0.01) g/cc for M. baccifera and 0.904 (±0.03) g/cc for B. tulda (Table 2). M. baccifera stem showed slightly 

higher mean density (0.849±0.02 g/cc) than B. tulda (0.844±0.02 g/cc). Abdullah et al. (2017) reported varying 

densities for five bamboo species in Indonesia within the range 0.54-0.76 g/cc. In comparison, both bamboo 

species in the present study showed higher densities over Indonesian species, maybe due to climatic and 

geographic variations. 
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Table 2: Density of the culm of the two bamboo species in different portions 

Location of sample 
in the stem 

Melocanna baccifera  Bambusa tulda  

Density (g/cc) SE Density (g/cc) SE 

Bottom 0.804 0.03 0.796 0.02 

Middle 0.945 0.01 0.904 0.03 

Top 0.842 0.06 0.833 0.03 

Average 0.849 0.02 0.844 0.02 

 

Descriptive statistics of allometric data 
The leaf fresh to OD weight conversion ratios were respectively 0.551 (±0.05) and 0.624 (±0.03) for of B. tulda 

and M. baccifera (Table 3). The respective mean fresh and oven dry weights of stem were 7.03 (±0.50) and 4.40 

(±0.32) kg/culm. Including the leaf oven dry biomass, the mean total biomass of B. tulda was 5.13 (±0.36) 

kg/culm. On the other hand, respective mean fresh and oven dry weights of stem of M. baccifera were 

6.04(±0.39) and 4.07(±0.26) kg/culm. The total oven dry biomass of the individual M. baccifera bamboo is 5.0 (± 

0.29) kg/culm. 

Table 3: Descriptive statistics of the fresh biomass, fresh to OD weight conversion ratio, and OD biomass of 

different bamboo compartment [Here, OD = oven dry, Wt = weight] 

Species Stem fresh 

(kg/culm) 

Leaf fresh 

weight 

(kg/culm) 

Leaf & 
branch fresh 
to OD weight 
ratio 

Stem fresh 
to OD 
weight 
ratio 

OD weight of 

stem 

(kg/culm) 

OD weight of 

leaf (kg/culm) 

Total OD biomass 

(kg/culm) 

B. tulda 7.03 ± 0.50 1.64 ± 0.18 0.551±0.05 0.627±0.03 4.40 ± 0.32 0.91 ± 0.10 5.31 ± 0.36 

M. baccifera 6.04 ± 0.39 1.50 ± 0.14 0.624±0.03 0.673±0.03 4.07 ± 0.26 0.93 ± 0.08 5.0 ± 0.29 

 

Best fit allometric models 

Three best fitted allometric equations were identified for each species from each of the three compartments 

from the 30 allometric equations tested including 10 for leaves-branches biomass, 10 for stem biomass and 10 

for total AGB, (Table 4). The adjusted R2, residual standard error (RSE) and Akaike Information Criterion (AIC) 

values of the allometric model for leaf, stem and total above ground biomass varied widely with the candidate 

equations. Few models for bamboo stem and total AGB indicated a good relationship between the explanatory 

variables and biomass. Model 3 was the best fit allometric equation for leaf and branch, stem and total above 

ground biomass of M. baccifera. The value of goodness of fit statistics (RSE, AIC and Adj-R2) were strong enough 

for selection of the stem and total above ground biomass models. But, in cases of leaf and branch the value of 

statistics did not indicate a good relationship of biomass of leaf and branch with DBH.  

Table 4: Best fitted allometric equation for M. baccifera 

Component Model No. Allometric model Adj-R2 RSE AIC P value 

Leaf and branches 3 𝑌𝑙 = 0.282𝐷0.757 0.158 0.396 28.54 0.028 

Stem 3 𝑌𝑙 = 0.398𝐷1.542 0.767 0.211 -2.90 5.89e-09 

Total Above Ground Biomass 3 𝑌𝑙 = 0.627𝐷1.382 0.783 0.181 -10.60 2.619e-09 

In contrary, for B. tulda, Model 9 and Model 6 were the best fit allometric equations for stem and total above 

ground biomass, respectively (Table 5). The value of goodness of fit statistics (RSE, AIC and Adj-R2) were 

supportive in the selection of models for stem and total above ground biomass. Alike M. baccifera, no model 
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indicated good relationship between leaf and branch biomass of B. tulda with the explanatory variables. 

However, considering the value of goodness of fit statistics, Model 3 indicated a better relationship between 

biomass of leaves and branch with DBH. 

Table 5: Best fitted allometric equation for B. tulda 

Component Model No. Allometric model Adj-R2 RSE AIC P value 

Leaf and branches 3 𝑌𝑙 = 0.174(𝐷0.9824) 0.145 0.4375 34.41 0.06846 

Stem 9 𝑌𝑙 = 0.041(𝐷1.0658 × 𝐻1.2311  0.8654 0.158 -16.51 1.012e-10 

Total Above Ground Biomass 6 𝑌𝑡 = 0.253(𝐷10)1.867 0.819 0.1701 -13.71 3.121e-10 

 

Model validation 

The predicted and observed stem and total above ground biomass from the selected best-fit models of the two 

species were plotted to show the relationship and prediction efficiency (Fig. 2). There was no significant 

deviation between the biomass estimation from the line of the significance of slope (b = 1) and intercept (a = 0). 

These visualizations indicated the accuracy of best-fit models for the estimation of aboveground dry biomass 

from the observed values. However, scopes always exist for further improvement of the models with more data. 

 
 

 
Fig. 2: Observed and predicted stem and total above ground biomass of B. tulda and M. baccifera in Bangladesh. [Note: The 

solid line is the regression line, and the dotted line is the significance of slope (b = 1) and intercept (a = 0).] 
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Discussion 

Allometric model is critical to estimate the total above ground biomass of both tree and bamboo species (Nam 

et al., 2016).  Model accuracy and the inclusion of predictor(s) are important considerations in selecting the best-

fit models (Sileshi, 2014b). This study indicated slightly higher average density (0.849±0.02 g/cc) of M. baccifera 

than that of B. tulda (0.844±0.02 g/cc). In B. tulda and M. baccifera, bamboo stem respectively represented 

about 83% and 81% of the total OD biomass, which was in line with that (80-85%) reported by Shanmughavel 

and Francis (2001) and Nath et al. (2009).  

The best-fit models are based on DBH as predictor except one model that estimated stem biomass of B. tulda 

based on both DBH and Height as explanatory variables. The simple allometric models with one independent 

variable will be helpful due to requirements of less efforts in the field measurements. The best-fit models of this 

study - particularly the DBH based power models - are similar to those recommended for bamboo by Melo et al. 

(2015) and Yen et al. (2010). Moreover, the predictability of the models in terms of coefficient of determinants 

(R2) were higher (0.77-0.87) for stem and total AGB while not for the biomass of leaves & branches in both B. 

tulda and M. baccifera. However, the models proposed by Gao et al. (2015) reported a better predictability (R2 

= 0.5-0.7) for foliage and branch biomass of Phyllostachys edulis. The proposed best-fit models from the study 

can be used for estimating the above ground biomass of B. tulda and M. baccifera. Although the best-fit models 

are appropriate for estimating the total AGB of bamboo using predictor variables, these are not applicable for 

leaf and branch component. 

 

Conclusions 

Bamboo – the poor men’s timber - is one of the most important non-timber forest products in Bangladesh with 

Bambusa tulda and Melocanna baccifera being the two main bamboo species of economic and ecological 

importance. Due to the heavy extraction and shifting cultivation in hilly areas - the stock of bamboo in hilly areas 

are rapidly decreasing. Bamboo has great potential to play a great role in organic carbon sequestration. Dearth 

of allometric equations for these two species for quick estimation of carbon sequestration by them - the study 

established 4 best fit allometric models for B. tulda and M. baccifera. These models are expected to provide 

reliable estimates for stem biomass and total above ground biomass for B. tulda and M. baccifera. The equations 

will play a pivotal role to assess biomass and thus organic carbon in bamboo (stem and total above ground 

biomass). These allometric models will also help develop the methodology and estimation procedure for organic 

carbon stock and biomass of Bambusa tulda and Melocanna baccifera in the future. 
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