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An allometric model‑based 
approach for estimating biomass 
in seven Indian bamboo species 
in western Himalayan foothills, 
India
R. Kaushal1, S. Islam1*, Salil Tewari2, J. M. S. Tomar1, S. Thapliyal1, M. Madhu1, T. L. Trinh3, 
Tarun Singh1, Avnindra Singh1 & J. Durai3

The rapid growth rate, high biomass production, and annual harvesting make bamboo a suitable 
species for commercial production. Allometric equations for many broadleaf and conifer tree species 
are available. However, knowledge of biomass production and allometric equations of bamboos is 
limited. This study aims to develop species‑ specific allometric models for predicting biomass and 
synthetic height values as a proxy variable for seven bamboo species in Himalayan foothills. Two 
power form‑based allometric models were used to predict aboveground and culm biomass using 
diameter at breast height (D) alone and D combined with culm height (H) as an independent variable. 
This study also extended to establishing an H–D allometric model that can be used to generate 
synthetic H values as a proxy to missing H. In the seven bamboo species studied, among three major 
biomass components (culm, branch and foliage), culm is the most important component with the 
highest share (69.56–78.71%). The distribution of percentage (%) share of culm, branch and foliage to 
above‑ground fresh weight varies significantly between different bamboo species. D. hamiltonii has 
the highest productivity for above‑ground biomass components. Ratio of dry to fresh weight of seven 
bamboo species was estimated for culm, branch, foliage and above‑ground biomass to convert fresh 
weight to dry weight.

Bamboos are a group of perennial plants belonging to the Poaceae family. The rapid growth rate, high biomass 
production, and annual harvesting make bamboo a suitable species for commercial production. There are 1642 
bamboo species which occupy a broad ecological regime across the globe, mainly in tropical and sub-tropical 
 regions1. Worldwide, bamboo grows over 35 million ha area and covers 3.2 percent of the forest areas of their 
host countries or about 1 percent of the global forest  area2,3. India is one of the richest countries globally in 
terms of bamboo genetic resources with 125 bamboo species belonging to 23 genera. The area under bamboo 
in the country is 15.68 million hectares which provide livelihood to about 2 million traditional artisans through 
harvesting, processing, value addition and selling bamboo  products4. The demand for bamboo is estimated to be 
26.69 million tonnes against the supply of 13.47 million tonnes in the  country5. Overall, bamboo contributes to 
achieving important United Nations 2030 Agenda Sustainable Development Goals–particularly, SDG1, SDG7, 
SDG 11, SDG 12, SDG 13, SDG 15, and SDG  176.

Climate change due to greenhouse gas emissions and fossil fuel resource depletion are major global concerns. 
India has set its target to reduce its emissions intensity by 33–35% between 2005 and 2030 and cut its carbon 
emissions to net-zero by 2070 at the United Nations Climate Change Conference (COP26) climate crisis sum-
mit 2021 organized in Glasgow, the UK. India is also committed to creating an additional carbon sink of 2.5 to 
3 billion tonnes of  CO2 equivalent through additional forest and tree cover by 2030. Climate change mitigation 
approaches broadly include, (i) conventional mitigation efforts (decarbonization technologies and techniques 
that reduce CO2), (ii) negative emissions techniques (bioenergy carbon capture and storage, biochar, enhanced 
weathering, direct air carbon capture and storage, ocean fertilization, ocean alkalinity enhancement, soil carbon 
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sequestration, afforestation and reforestation, wetland construction and restoration) and (iii) radiative forcing 
geoengineering technologies (stratospheric aerosol injection, marine sky brightening, cirrus cloud thinning, 
space-based mirrors, surface-based brightening and various radiation management techniques)7,8. The radia-
tive forcing geoengineering technologies are presently not included within policy  frameworks7. So far, the IPCC 
assessments include two negative emissions technologies viz., bioenergy carbon capture and storage and affor-
estation and reforestation to assess the feasibility of achieving the targets of the Paris  agreement9.

Biomass-based techniques for  CO2 removal include biomass for primary carbon storage (e.g., tree), combus-
tion and subsequent storage of the products. Biomass produces biofuels as non-fossil fuel alternatives that supply 
9% (~ 51 EJ) of the global overall primary energy requirement as an inexpensive, reliable, and sustainable energy 
 source10. As a biofuel sources, biodiesel and biochar, can help mitigate the environmental effects of fossil  fuels11,12. 
In this context, bamboo can also significantly reduce emissions by replacing fossil fuels for energy generation and 
sequestering carbon due to its capacity to grow quickly and persist for a long time without creating significant 
changes in the culm stock after harvesting, thereby helping to mitigate the effects of climate  change13–15. Bam-
boo is a prospective and priority species for carbon storage and sequestration. Nath et al. (2015)16 reported that 
biomass carbon sequestration rates ranged from 13 to 24 Mg C  ha−1  y−1 globally for various types of bamboo. 
Bamboos are considered equivalent to trees in afforestation and  reforestation17 and have been certified under 
the verified carbon standard by the Food and Trees for Africa’s18. Bamboo has enormous potential to be used as 
feedstock for bioenergy  production19,20. It can be used as an energy source by converting them into solid liquid 
and gaseous fuels. Compared to many non-food crops like miscanthus (Miscanthus), switchgrass (Panicum 
virgatum), giant reed (Arundo donax), short-rotation poplar coppices (Populus), or willow (Salix), bamboo can 
yield annually upto next life cycle of 30–50 years without disturbing the root system (roots and rhizome). This 
can additionally prevent soil erosion, improve soil carbon sequestration and lower the pressure on the existing 
forests. Littlewood et al. (2013)21 reported high sugar content of 62% of dry matter in two bamboo species from 
China. Despite vast potential of bamboo in producing biomass, bioenergy, carbon sequestration and providing 
numerous ecosystem services, bamboo has been neglected in many policy agreements related to climate change 
(United Nations Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol and the Marrakech 
Accords) mainly due to its botanical classification as a  grass13,14,16,22. Therefore, there is an urgent need to improve 
our understanding of biomass production and carbon sequestration by bamboos so that it can be recognized 
and included in the climate change programme of UNFCCC.

Assessment of woody biomass is helpful in timber extraction, tracking changes in the carbon stocks and 
quantifying the amount of carbon dioxide which can be sequestered from the atmosphere. Destructive methods 
and indirect methods (biomass equations) are generally used for estimating tree biomass. The use of biomass 
equations is cost-effective and less time-consuming. It is recognized by United Nations as a common frame-
work and good practice guidance for carbon reporting in implementing the emerging carbon credit market 
 mechanism23. Biomass equation predicts biomass based on easily correlated measured variables like diameter 
at breast height and tree  height24,25. However, in bamboos biomass estimation becomes more complicated due 
to different aged and multiple culms. In bamboos, occular methods are being used for assessing biomass by 
the traders and farmers which require long field experience and suffer from a high degree of inaccuracy and 
therefore results in huge losses to the farmers, foresters, industries and other bamboo growers. Therefore, there 
is an urgent need to develop site-specific predictive models/ equations for estimating biomass in bamboos. Of 
various non-linear models, allometric models are most efficient for estimating biomass because of numerous 
computational advantages like high convergence of model parameters compared to most of the other non-linear 
models, best goodness of fit and the low statistical  errors26–29.

In literature, allometric equations are available for broadleaf and conifer tree species. However, knowledge 
on biomass production in bamboos is limited. Most of the allometric equations for bamboo are available for 
Phyllostachys species in  China30–33. In India, despite large area under bamboo, allometric equations are available 
for a few species viz., Bambusa cacharensis, Bambusa balcooa, Bambusa tulda, Bambusa vulgaris, Dendrocala-
mus hamiltonii, Dendrocalamus longispathus, Melocanna baccifera, Schizostachyum dullooa and Pseudostachyum 
polymorphum in north east  India34,35; D. strictus in north  India36,37; Bambusa bambos in eastern  India38-and south 
 India39. In north India, not much work has been attempted on biomass estimation in bamboos. The present 
study was therefore undertaken in seven commercial important bamboo species with objectives to (i) develop 
allometric models for seven bamboo species to predict both aboveground and culm biomass, (ii) establish height-
diameter relationship for the bamboo species and, (iii) determine the biomass yield and relative contribution of 
different biomass components of this bamboo species.

Materials and methods
Study area. The study was carried out in the western Himalayan foothills to develop allometric models 
for predicting biomass in seven commercial important bamboo species viz., Bambusa balcooa, Bambusa bam-
bos, Bambusa vulgaris, Bambusa nutans, Dendrocalamus hamiltonii, Dendrocalamus stocksii and Dendrocalamu 
strictus. All the selected bamboo species are of commercial importance and on the priority list of the National 
Bamboo Mission, Government of India and International Bamboo and Rattan Organization (INBAR). Two sites 
located at a distance of 275 km were selected for collecting the data of seven different bamboo species (Fig. 1). 
The details of the study sites are given in Table 1. The planting material for site 1 was collected from the nursery 
of Uttarakhand Bamboo and Fiber Development Board, Dehradun, India. For site 2, the nursery raised plants 
were obtained from bamboo nurseries in different parts of the country. The identification of the bamboo species 
was based on morphological features described by Seethalakshmi and Kumar (1998)40.
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Sampling. For sampling, three plots of 0.018 ha (15 m × 12 m) were selected for each species at site 1. For site 
2, three plots of 0.0225 ha (15 m × 15 m) were selected for each species. Each plot consisted of 9 bamboo clumps 
comprising of numerous bamboo culms (poles). Sample selection was done using two-stage random sampling 
design considering clumps as 1st stage sampling unit and culms as  2nd stage sampling unit. In total 39 plots (21 
at site 1 and 18 at site 2) comprising 351 clumps were demarcated to collect data every year starting from 2017 
to 2020. For understanding the culm size distributions within the sample plots, three clumps were selected 
randomly and measured for their clump girth, crown diameter, culm number, culm diameter at breast height. 
Depending on the culm sizes, different diameter classes were recognized representing the whole diameter range. 
From each diameter class, three mature culms (> 3 years old) were harvested randomly for each species in each 
clump. The age of mature culms in the clumps was determined on the basis of culm sheath, colour of culms, posi-
tion of the culms, and growth and development of branches and  leaves41. The summary statistics for biometric 

Figure 1.  The study sites location map [Map was created using ArcGIS desktop (version 10.1) software].

Table 1.  Detail of the study sites.

Parameters Site1 Site 2

Location Research farm, ICAR-Indian Institute of Soil and Water Conservation, 
Dhulkot and Selaqui

Agroforestry Research Centre, G.B. Pant University of Agriculture and 
Technology, Pantnagar

District/state/country Dehradun, Uttarakhand, India U.S. Nagar, Uttarakhand, India

Coordinates 30" 20′ 59" N latitude, 77" 53′ 05" E longitude 29° 1′ 17″ N latitude and 79° 29′ 14″ E longitude

Altitude 548 m 243.8

Soil type Inceptisols Mollisols

Climate Sub-humid and subtropical climate humid sub-tropical

Rainfall (mm) 1660 1364

Species Bambusa balcooa, B. bambos, B. vulgaris, B. nutans, Dendrocalamus hamilto-
nii, D. stocksii and D. strictus

Bambusa balcooa, Bambusa bambos, Bambusa nutans, Dendrocalamus  
hamiltonii, and Dendrocalamus strictus

Year of plantation 2010 and 2 012 2005

Area of plantation 1.2 ha 3 ha
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parameters of different bamboo species studied are given in Table 1.The diameter of each bamboo culm was 
measured at breast height with the help of a caliper. After harvesting the culm, its height was measured with the 
tape and separated into different components viz., leaf, branch and culm. Fresh weights were taken for respective 
components in the field. Subsamples from upper, middle, and lower portions of the culms of different ages were 
oven-dried at 65 °C to constant weight for determining the ratio of dry weight to the fresh  weight42.

Development of allometric equations for biomass estimation. Two power equation forms of allo-
metric equations were developed for biomass modelling of seven bamboo species. The first one was a two-
parameter general power form allometric equation as:

where ‘a’ denotes the constant of proportionality or scale constant, ‘b’ denotes the power or shape constant, 
and εi is the error component following normal distribution with zero mean and non-constant variance σ 2

i  
i.e.,εi ∼ iid N(0, σ 2

i ) . ‘x’ be a single predictor variable. Here, diameter at breast height (D) and culm volume 
 (D2H) were used as x variables. Further, three-parameter power form of allometric equation was used as:

where ‘a’ denotes the scale constant, ‘b’ and ‘c’ denote the shape constant for the predictor variable x and z, 
respectively; εi be the error component follow a normal distribution with zero mean and non-constant variance 
σ 2
i  i.e.,εi ∼ iid N(0, σ 2

i ) . For biomass modelling D was used as x and H used as z.
The error term of both the allometric forms already discussed, assuming as heteroscedastic (i.e., not constant 

variance). Therefore, a weighted fit model was used to calculate the variance of the residual variation using the 
function,σ 2

i = Var(εi) = σ̂ 2(vi)
2δ ; where σ̂ 2 is the sum of the estimated errors of the squares; vi is the weight-

ing variable associated with the ith plant/clump sampled; and δ is the coefficient of the variance function to be 
 estimated43–45. Therefore, the weighted maximum likelihood non-linear fixed effects modelling method was used 
to fit the biomass equations for the seven bamboo species using the ‘nlme’ package of RStudio statistical software 
(R version 4.1.0). The details of the allometric form of equations used for testing and validation of best fit are 
shown in Table 2. Statistical differences between the biomass components of the seven species were examined 
using analysis of variance. Further post-hoc analysis was performed through Tukey’s Honest Significant Differ-
ence (HSD) test to achieve pair-wise comparison between species biomass components.

Model fit statistics and plot analysis to compare and choose the best model. Three popularly used models fit sta-
tistics viz. Akaike Information  Criteria46, Bayesian Information  Criteria47, and adjusted  R2 (Adj.R2) were used to 
evaluate, compare and select the best allometric equations as per the following formulae:

 (i) AIC = − 2ln(L) + 2p, where L is the likelihood of the model, and p is the number of model parameters 
and n is the sample size.

 (ii) BIC = − 2ln(L) + pln(n), where L is the likelihood of the model, and p is the number of model parameters 
and n is the sample size.

 (iii) Adj.R2 = 1−
RSS/(n−p)
TSS/(n−1)

 , where RSS = Residual sum of square, TSS = Total sum of square, and p is the 
number of the parameters of the model and n is the sample size.

Model with the highest Adj.R2 and the lowest AIC, lowest BIC value was chosen as the best  model47. Diag-
nostic plots of observed values versus fit and residual trends were also used to assess model performance.

Model validation. Monte Carlo cross-validation method was applied to select, evaluate and compare the 
 models48–51. The method divides the dataset randomly into two parts, with about 80% for model development 
and 20% for cross-validation, repeated R times (about 100 times) to obtain stable statistics. Model fitting sta-
tistics and cross-validation criteria were calculated for each data series randomly selected and averaged over R 
(approximately 100) series. To evaluate the predictive reliability of the fitted model, three statistical validation 
criteria viz., bias (percentage), Root Mean Squared Error (RMSE) and Mean Absolute Percentage Error (MAPE) 
was  used43–45,50–54 as per the following formulae:.

(1)yi = axbi + εi

(2)yi = axbi z
c
i + εi

Table 2.  Allometric models selected for comparison. y denotes above ground fresh weight (kg), culm fresh 
weight (kg).

Model Id Model name Model Expression

A1 Allometric1 y = aDb
+ ε

A2 Allometric2 y = a(D2H)b + ε

A3 Allometric3 y = aDbHc
+ ε
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MAPE(%) = 1
R

∑R
r=1

100
n

∑n
i=1

|yi−ŷi|
yi

 , where yi = Observed value and ŷi = Predicated value, R = Number of 
times cross-validation occurred. A model with the lowest statistical error value in terms of bias, RMSE and 
MAPE were preferred as the best model.

Assessment of the relationship between height and diameter of bamboo. Allometric equation 
of the form H = aDb + e, was used to develop the relationship between height (H) with the diameter at breast 
height (D), where ‘a’ is the normalization (scale) constant, ‘b’ is the shape parameter and e is error term follows 
normal distribution with zero mean and non-constant variance σ 2

Hi i.e., ei ∼ iid N(0, σ 2
Hi) . The model develop-

ment was done using the weighted maximum likelihood nonlinear fixed effects modelling method and valida-
tion using Monte Carlo cross-validation method.

Biomass and carbon stocks. Biomass in different components (culm, branches and foliage) at Site 1 was 
determined by harvesting three randomly selected culms of different aged clumps (from year 2013–19) for each 
species. Sub-samples from the upper, middle, and lower portions of the culms of different ages were oven-dried 
at 65 °C to constant weight to determine the dry weight to the fresh weight ratio which was used for determining 
biomass in different  components42. The respective biomass values in different components were multiplied by 
the culm number and clump density for computing biomass on hectare basis and added to obtain total biomass 
for each species. Data on carbon stock and sequestration rate was estimated by assuming carbon concentration 
to 42%, 47% and 50% in foliage, branches and culm biomass  respectively34. The carbon storage in the different 
culm components was determined by multiplying the biomass with the carbon concentration. The total carbon 
storage in the above ground standing biomass was obtained by summing the carbon concentration values for 
foliage, branch and culm components.

Results
Biometric parameters. Analysis of variance revealed that different above-ground biometric parameters of 
the seven bamboo species viz., culm diameter, culm height, culm weight, foliage weight and above-ground bio-
mass weight were varied significantly (p < 0.05). Post-hoc analysis through Tukey’s honest significant difference 
(HSD) test, revealed that D. hamiltonii has the highest average culm diameter (5.99 cm), culm height (11.91 m), 
culm weight (16.92 kg), foliage weight (1.53 kg) and above ground weight (20.39 kg). Average branch weight 
of D. hamiltonii though was observed as the highest (1.93 kg). Still it did not differ significantly from the other 
bamboo species viz., B. balcooa, B. bambos, B. nutans and B. vulgaris (Table 3). Furthermore, Tukey’s HSD test 
demonstrated that for the seven bamboo species, the ratio of dry weight to fresh weight of distinct above-ground 
biomass components, such as culm, branch, foliage, and total aboveground biomass (AGB), differed consider-
ably. aboveground B. nutans had the highest dry to fresh weight ratios for culm (0.63), branch (0.62), and AGB 
(0.61). D. strictus, on the other hand, had the highest dry to fresh weight ratio (0.53) for foliage (Table 4). The 
distribution of biomass revealed that the culm component has the largest percentage (69.56–78.71%), followed 
by branch (12.04–17.79%), and foliage (3.50–16.94%). B. bambos acquired the most branch biomass (17.79%) 
among the seven bamboo species, while D. stocksii accumulated the most culm (78.71%) and leaf biomass 
(16.94%) (Fig. 2).

Development and validation of allometric models. Aboveground biomass prediction. Using data 
obtained from harvested culms from > 3 years old bamboo plantations, three allometric equations [allometric 
form (1) in A1 and A2; allometric form (2) in A3] were established for the fresh aboveground biomass (AGB) 
and fresh culm weight for the seven bamboo species. Furthermore, utilising diameter at breast height (H) as a 
predictor of bamboo height (H), allometric model A1 was established once more. The ranging value of adjusted-
R2 (Adj.R2) (0.82–0.97), AIC (190.24–562.79) and BIC (205.57–580.74) for the three models suggested differen-
tial fitting accuracy, but high Adj.R2 and low AIC and BIC value for the three model, evidenced appropriateness 
of adopting allometric models (Table 5).

Monte Carlo cross-validation method unfolded prediction accuracy of the fitted allometric models with the 
extended value of ABias (− 14.62 to 8.90%), ARMSE (0.98–5.12) and AMAPE (11.28–30.29%), revealed dif-
ferential prediction accuracy of the fitted model. In contrast, low error values for the three models, indicating 
their prediction capabilities (Table 6).

Allometric model A1 unveiled the highest adj.R2 (0.94) for B. bambos, lowest AIC (209.02–269.03) and BIC 
(221.35–283.08) for B. bambos and B. nutans. Further, it also revealed the lowest prediction error for B. bambos 
and B. nutans, with the lowest ABias (− 2.74 to 0.50%) ARMSE (2.14–4.02) and AMAPE (10.83–25.88%).With 
the lowest AMAPE (17.66–22.50%) and ARMSE (1.31–3.91), the A2 model exhibited the lowest prediction error 
for D.stocksii and B.vulgaris. Furthermore, A2 found the lowest ABias (− 4.08%) for B. vulgaris.For B. balcooa, 
D. hamiltonii and D. strictus, model A3 revealed the highest adj.R2 (0.87–0.97), lowest AIC (335.17–550.55) and 
BIC (367.52–564.76). Further, it also had the the lowest prediction error for B. balcooa, D. hamiltonii and D. 
strictus, with the lowest ABias (− 7.13 to − 0.47%) and AMAPE (18.96–23.45%) for B. balcooa, D. hamiltonii, as 
well as the lowest ARMSE (2.97–23.45) for B. balcooa and D. hamiltonii.

Bias(%) =
1

R

∑R

r=1

100

n

∑n

i=1

(yi − ŷi)

yi
,

RMSE =
1

R

∑R

r=1

√

∑n

i=1

(

yi − ŷi
)2

and
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Overall, the abovegroundA1 model was most efficient for B.bambos and B.nutans, whereas A2 was most reli-
able for D.stocksii and B.vulgaris, and A3 was most suitable for B.balcooa, D.hamiltonii, and D.strictus, according 
to the results of above ground biomass modelling (Tables 5 and 6). Figures 3 and 4 show the findings of the 
best fitted allometric models for above-ground fresh weight prediction. The results show that the weighted best 
fitted allometric models effectively capture heteroscedasticity in residuals and provide much lower residuals. 
Furthermore, residuals were found to be random (lack of any pattern) visually, indicating high fitting accuracy.

Culm biomass prediction. The establishment of allometric models for fresh culm biomass yielded lower Adj.
R2 (0.80–0.96), AIC (200.39–554.83), and BIC (205.72–578.54) values than the fitted model for fresh above 
ground biomass, implying higher consistency of allometric models (Table 7). Cross-validation results of the fit-
ted allometric models unfolded low prediction error with extended value of ABias (− 11.68 to 7.03%), ARMSE 
(0.79–4.70) and AMAPE (11.10–30.10%), revealing high prediction accuracy (Table 8).

Model A1 was found to be an outperformer for fresh culm biomass prediction of B. bambos as it has the 
highest fitting accuracy with adj.R2 (0.95), AIC (200.39) and BIC (212.72) and lowest prediction error with 
ABias (− 4.99%) ARMSE (3.16) and AMAPE (23.14%). A2 model was found to be outperforming with maxi-
mum fitting and prediction accuracy over A1 and A3 model for five bamboo species viz., B.balcooa, B.nutans, 

Table 3.  Summary statistics for different above ground biometric parameters. SE: Standard Error of mean, 
Min.: Minimum value and Max.: Maximum value; mean ± SE value within biometric parameter, different 
superscript letters (a-e) in same column indicate significant differences (p < 0.05) between the species.

Species
(sample size) Summary Statistics Culm diameter (cm) Culm height (m) Culm weight (kg) Branch weight (kg) Foliage weight (kg)

Above ground weight 
(kg)

B. balcooa
(97)

mean ± SE 5.18 ± 0.14bc 8.85 ± 0.33c 9.62 ± 0.68b 1.85 ± 0.12a 1.29 ± 0.09bc 12.76 ± 0.84b

Min 2.55 3.30 0.70 0.10 0.05 1.03

Max 8.6 17.2 26.00 4.86 2.99 32.88

B. bambos
(54)

mean ± SE 5.37 ± 0.30bc 8.54 ± 0.55c 10.51 ± 1.40b 1.85 ± 0.15a 0.51 ± 0.08d 12.87 ± 1.65b

Min 2.17 0.90 1.15 0.04 0.05 1.46

Max 10.51 17.7 41.5 4.56 2.23 48.03

B. nutans
(69)

mean ± SE 4.74 ± 0.16 cd 10.43 ± 0.41b 9.84 ± 0.88b 2.05 ± 0.28a 1.12 ± 0.06c 13.00 ± 1.14b

Min 2.23 3.80 0.56 0.05 0.12 0.86

Max 8.60 17.30 32.94 12.40 2.10 45.15

B. vulgaris
(62)

mean ± SE 5.56 ± 0.18ab 9.39 ± 0.46bc 12.41 ± 0.95b 1.80 ± 0.17a 1.51 ± 0.11ab 15.71 ± 1.16b

Min 2.77 2.7 0.9 0.08 0.04 1.15

Max 8.60 18.80 31.58 5.895 3.545 38.34

D. hamiltonii
(121)

mean ± SE 5.99 ± 0.19a 11.91 ± 0.43a 16.92 ± 1.17a 1.93 ± 0.07a 1.53 ± 0.07a 20.39 ± 1.29a

Min 1.91 2.80 0.49 0.29 0.10 1.05

Max 9.87 22.78 45.20 3.90 3.69 51.27

D. stocksii
(83)

mean ± SE 4.24 ± 0.10de 8.61 ± 0.28c 4.97 ± 0.24c 0.95 ± 0.06b 1.20 ± 0.06c 7.12 ± 0.34c

Min 1.91 1.60 0.72 0.10 0.05 1.20

Max 5.73 13.30 10.15 2.25 3.20 14.60

D. strictus
(176)

mean ± SE 3.78 ± 0.11e 6.24 ± 0.21d 3.96 ± 0.33c 0.84 ± 0.08b 0.59 ± 0.03d 5.38 ± 0.43c

Min 1.30 1.50 0.06 0.03 0.03 0.17

Max 8.60 13.5 28.27 6.73 1.95 34.17

Table 4.  Description about ratio of dry to fresh weight of different above ground biomass components. Dry 
weight (kg) = Ratio × Fresh weight (kg). Within biometric parameter, different superscript letters (a-f) in same 
column indicate significant differences (p < 0.05) between the species.

Species

Ratio =  Wsample dry weight/
Wsample wet weight

Culm Branch Foliage

B. balcooa 0.59a 0.60a 0.48d

B. bambos 0.52d 0.49d 0.51c

B. nutans 0.53c 0.52c 0.46e

B. vulgaris 0.51e 0.57b 0.52b

D. hamiltonii 0.47f 0.49e 0.46e

D. stocksii 0.56b 0.45f 0.45f

D. strictus 0.53c 0.53d 0.53a
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D.hamiltonii, D.stocksii and B.vulgaris. Here, highest fitting accuracy of A2 was observed through the highest 
Adj.R2 (0.80–0.89), lowest AIC (253.26–545.05) and BIC (205.72–563.01). The highest prediction accuracy of A2 
was defined by the lowest ABias (− 8.24 to 6.11%), ARMSE (1.71–3.93) and AMAPE (11.10–23.98%).Whereas 
A3 was found to be most suitable for D.strictus, as it has the highest fitting accuracy [highest Adj.R2 (0.96), lowest 
AIC (283.21) and BIC (315.57)] and the lowest prediction error [ABias (− 2.62%) ARMSE (0.79) and AMAPE 
(27.21%)].

Generate synthetic height values as a proxy using H–D model. The results of fitted general power form allometric 
model for H–D modelling in the seven bamboo species revealed that the Adj.R2 value of the fitted model for the 
seven bamboo species was found to be > 0.7 except the species B. nutans with Adj.R2 = 0.69 (Table 9). B. bambos, 
on the other hand, had the highest Adj.R2 (0.89), lowest AIC (156.04) and BIC (497.83). In contrast, the highest 

75.20 78.71 73.19 77.96 75.92 70.10 69.56

14.98 17.79
15.13 12.04 13.99

12.96 15.29

9.82
3.50

11.68 10.00 10.09 16.94 15.14

B. balcooa B.bambos B.nutans B. vulgaris D. hamiltonii D. stocksii D. strictus

Culm Branch Foliage

Figure 2.  Distribution of percentage (%) share of culm, branch and foliage to above ground biomass in 
different bamboo species.

Table 5.  Parameter estimates of allometric models fitted on 80% dataset for above ground fresh weight 
prediction.

Species
Model
Id Weight variable

Parameter
[Estimate ± std. error]

Adj.R2 AIC BICa b c

B. balcooa

A1 1/D2.41 0.10 ± 0.02 2.87 ± 0.11 – 0.85 375.02 391.42

A2 1/D0.40 0.15 ± 0.03 0.79 ± 0.04 – 0.83 387.65 404.05

A3 1/D2.18 0.10 ± 0.02 2.45 ± 0.19 0.31 ± 0.14 0.87 372.10 390.88

B. bambos

A1 1/D1.10 0.35 ± 0.06 2.04 ± 0.09 – 0.94 209.02 221.35

A2 1/D0.29 0.24 ± 0.06 0.69 ± 0.04 – 0.92 225.08 237.40

A3 1/D1.16 0.40 ± 0.06 2.34 ± 0.24 − 0.29 ± 0.20 0.94 215.00 234.37

B. nutans

A1 1/D2.02 0.21 ± 0.04 2.56 ± 0.11 – 0.82 269.03 283.08

A2 1/D0.34 0.15 ± 0.04 0.80 ± 0.05 – 0.85 306.83 320.89

A3 1/D1.99 0.16 ± 0.03 2.34 ± 0.17 0.27 ± 0.14 0.85 273.51 295.59

D. hamiltonii

A1 1/D1.58 0.29 ± 0.05 2.29 ± 0.08 – 0.87 562.79 580.74

A2 1/D0.58 0.16 ± 0.03 0.77 ± 0.03 – 0.88 552.35 570.30

A3 1/D1.54 0.20 ± 0.03 1.88 ± 0.13 0.43 ± 0.12 0.89 550.55 564.76

D. stocksii

A1 1/D1.48 0.37 ± 0.05 2.01 ± 0.9 – 0.86 208.4 223.72

A2 1/D0.23 0.30 ± 0.04 0.62 ± 0.02 – 0.91 190.24 205.57

A3 1/D0.78 0.29 ± 0.04 1.31 ± 0.16 0.58 ± 0.11 0.90 198.21 222.30

D. strictus

A1 1/D1.78 0.15 ± 0.01 2.48 ± 0.04 – 0.96 357.64 378.24

A2 1/D0.48 0.10 ± 0.01 0.82 ± 0.01 – 0.97 347.55 368.14

A3 1/D1.75 0.11 ± 0.01 1.92 ± 0.1 0.57 ± 0.09 0.97 335.17 367.52

B. vulgaris

A1 1/D0.95 0.30 ± 0.08 2.23 ± 0.15 – 0.84 275.31 288.56

A2 1/D0.32 0.27 ± 0.07 0.70 ± 0.04 – 0.87 264.20 277.45

A3 1/D1.20 0.26 ± 0.06 1.50 ± 0.21 0.63 ± 0.14 0.87 268.31 289.12
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AIC (497.83) and BIC (485.78) value were found in D.hamiltonii. Further, the prediction accuracy of the fitted 
models H–D was evaluated, and it was discovered that the bias of the fitted models was extended between − 1.57 
(in B. vulgaris) and − 3.91 (in D. stocksii). The RMSE ranged between 1.16 (in D. strictus) to 2.70 (in D. hamilto-
nii). The lowest value of MAPE (9.34) was found in B. bambos, while the highest MAPE (20.52) was observed 
for D. hamiltonii (Table 10).

Biomass and carbon stocks. The biomass in different components revealed the maximum contribution 
by culms followed by branches and foliage except B. vulgaris where foliage biomass was more than branch bio-
mass. The culm biomass followed the order: B. vulagris > B. balcooa > B. nutans > D. hamiltonii > D. strictus > B. 
bambos > D. stocksii. Branch biomass was highest in B. nutans followed by B. balcooa and minimum in D. strictus, 
while foliage biomass was highest in B. nutans followed by B. vulgaris. Total biomass was highest in B. balcooa 
(212.6 Mg  ha−1), followed by B. nutans (209.2 Mg  ha−1). The mean total biomass ranged from 11.87 Mg  ha−1  y−1 
in D. stocksii to 30.37 Mg  ha−1  y−1 in B. balcooa. The biomass carbon storage in the present study ranged from 
40.8–104.2 with annual carbon storage rate of 5.83–14.88 Mg  ha−1  yr−1 (Table 11).

Discussion
Biometric parameters of the seven bamboo species. In bamboo, culm has surprising biomass pro-
ductivity due to its habit of producing sprouting from horizontal rhizome systems annually that allows annual 
harvesting without exposing the soil surface. Bamboo plays an important role in the global carbon cycle, by 
sequestering atmospheric carbon through its biomass accumulation  process55–58. In the seven bamboo species 
studied, among three major biomass components (culm, branch and foliage), culm is the most important with 
the highest share (69.56–78.71%) to above-ground biomass which is more than double to combine biomass share 
of branch and foliage. Moreover, bamboo culm has high commercial value due to its multi-purpose  utility59. The 
distribution of percentage (%) share of culm, branch and foliage to above-ground fresh weight varies signifi-
cantly between different bamboo species (Fig. 2).

Analysis of variance (ANOVA) analysis revealed significant (p < 0.05) differential productivity of aboveground 
biometric components (culm diameter, culm height, culm fresh weight, foliage fresh weight and aboveground 
fresh weight) for the seven bamboo species. Tukey’s HSD post-hoc test, revealed that on an average D. hamiltonii 
has the highest biometric productivity for culm diameter D (5.99 cm), culm height H (11.91 m), culm fresh 
weight (16.92 kg), foliage fresh weight (1.53 kg) and aboveground fresh weight (20.39 kg). For branch fresh 
weight, though D. hamiltonii was found to have the highest productivity but not significantly higher than B. 
balcooa, B. bambos, B. nutans and B. vulgaris (Table 3). The differential growth rate of the seven bamboo species 
evidenced the need of species-specific relationship rather general relationship study for establishing the model 
for biomass prediction.

The ratio of dry to fresh weight of seven bamboo species in different components within species was found 
significantly different. The highest dry to fresh weight ratio was found for culm (0.63), branch (0.62) and above-
ground biomass (0.61) in B. nutans, whereas, in foliage the highest ratio (0.53) was achieved for in D. strictus. The 

Table 6.  Validation of allometric models of above ground fresh weight prediction on 20% dataset.

Species Model Id ABias (%) ARMSE AMAPE (%)

B. balcooa

A1 − 7.13 3.09 21.67

A2 − 11.52 2.87 24.85

A3 − 7.10 2.97 21.22

B. bambos

A1 − 2.74 4.02 25.88

A2 2.77 4.17 27.95

A3 − 14.62 5.12 30.29

B. nutans

A1 0.50 2.14 10.83

A2 − 8.87 2.22 13.96

A3 − 1.64 2.02 11.28

D. hamiltonii

A1 − 9.13 3.90 23.93

A2 − 2.57 3.71 19.59

A3 − 1.87 3.24 18.96

D. stocksii

A1 − 8.11 1.62 24.44

A2 − 4.08 1.31 17.66

A3 − 4.98 1.33 18.68

D. strictus

A1 − 3.98 0.98 24.22

A2 − 0.65 1.12 27.28

A3 − 0.47 1.03 23.45

B. vulgaris

A1 5.68 4.94 30.80

A2 8.46 3.91 22.50

A3 8.90 4.03 23.05
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relationship equation between dry weight and fresh weight indicated that variability of fresh weight is directly 
proportional to dry weight (biomass) (Table 4).

Development and validation of allometric models. Allometric relationship yields a non-destructive 
and indirect measurement of biomass components and is often the preferred approach since it is less time con-
suming and less expensive than direct measurements. Biomass production in the seven bamboo species has a 
high positive correlation with the diameter at breast height (D) and culm height (H) but did not have a signifi-
cant correlation with age. This was similar to findings pointed out by Yen et al.58 for bamboo species S. dullooa, 
P. polymorphum and M. baccifera. So, D, combination of D and H was used for the prediction of biomass using 
combined data of more than three years old bamboo plantation. Many authors already observed D and  D2H as 
good predictor variables for bamboo allometric  modelling59–61. The results revealed that D was a valid independ-
ent variable but using volume  (D2H) as compound independent variable or incorporation of H as a separate 
independent variable, further improved prediction accuracy for both above-ground biomass and culm biomass 
except bamboo species B.bambos and B.nutans for fresh above-ground biomass and B.bambos for fresh culm 
weight prediction (Tables 5, 6, 7 and 8). Here, the use of H as an additional independent variable did not improve 
prediction accuracy but increased prediction error may be due to measurement error in H data, or incorporation 
of H may have a masking effect on D during model fitting. A1 with D as independent variable alone, performed 
very well and was usually very close to A2 and A3 model. Further biomass equation using D as an independent 
variable has the practical advantage of easy  measurement61,62. A1 model was also reported as a reliable model for 
biomass prediction by Yen et al.41, Kaushal et al.36

Figure 3.  A1-A4 plots potraited observed vs best fitted allomteric models for above ground fresh weight 
prediction in B. balcooa, B. bambos, B. nutans, D. hamiltonii, respectively. Whereas B1-B4 plots potraited 
weighted residuals vs best fitted above ground fresh weight values in B. balcooa, B. bambos, B. nutans, D. 
hamiltonii, respectively. 
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General power form allometric equation A2 with volume  (D2H) as an independent variable, found to be most 
reliable for aboveground fresh weight prediction in bamboo species D.stocksii and B.vulgaris, whereas for fresh 
culm weight prediction A2 to be outperformer for five bamboo species viz., B.balcooa, B.nutans, D.hamiltonii, 
D.stocksii and B.vulgaris.This finding was consistent with allometric models established for biomass prediction 
in thin-walled bamboo species by Singnaret al.63 and general findings of Chave et al.53 in woody species for 
aboveground biomass prediction using bole volume  (D2H).

Three parameters allometric equation A3 with D and H as independent variables, were found to be most 
reliable in bamboo species B. balcooa, D. hamiltonii and D. strictus for aboveground fresh weight prediction, 
whereas for fresh culm weight prediction A3was most appropriate model in D.strictus. For A3 use of D and H as 
independent variables provided more flexibility to establish a relationship with biomass response.

The fitting and prediction accuracy of best fitted allometric models for fresh above weight prediction was 
visually investigated through line plots. The residual plot of prediction error values evidenced that allometric 
models using weighted maximum likelihood non-linear fixed effects modelling method capture heteroscedastic 
relationship between the biomass response and the predictor variables well and produced much lower residu-
als. Further, the residuals were found to be random (lack of any pattern) visually which indicates high fitting 
accuracy (Figs. 3 and 4).

Predictive models for biomass estimation provided the best goodness-of-fit statistics, increasing statistical 
efficiency in biomass estimate. The cross-validation procedure indicated that the parameter values in models 
are stable and therefore, the models are reliable to predict biomass. However, the models were data-driven, so 
growth relationship changes with alteration in climatic condition and the models developed are only valid within 
the range of DBH and height covered during sampling and also they do not account for other sources of varia-
tion in the study. Therefore, these models are only applicable to bamboo species with similar growth conditions.

Figure 4.  A5-A7 plots potraited observed vs best fitted allomteric models for above ground fresh weight 
prediction in D. stocksii, D. strictus, respectively. Whereas B5-B7 plots potraited weighted residuals vs best fitted 
above ground fresh weight values in D. stocksii, D. strictus and B. vulgaris, respectively. 
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Generate synthetic values as a proxy height using H–D model. It was very often those best fit-
ted allometric models were not possible to apply due to missing observation of  H64. Synthetic H values were 
generated as proxy H using the H–D allometric model to get H value. H–D allometric equation developed for 
the seven bamboo species revealed high fitting accuracy with high Adj.R2 (> 0.7) except B. nutans (0.69). The 
highest fitting accuracy was observed in B. bambos, whereas the lowest value observed in D. hamiltonii (Tables 9 

Table 7.  Parameter estimates of allometric models of culm fresh weight fitted on 80% dataset.

Species
Model
Id Weight variable

Parameter
[Estimate ± std. error]

Adj.R2 AIC BICa b c

B. balcooa

A1 1/D2.91 0.06 ± 0.01 3.00 ± 0.10 – 0.81 324.18 340.59

A2 1/D0.61 0.07 ± 0.13 0.87 ± 0.03 – 0.89 311.20 337.61

A3 1/D2.67 0.05 ± 0.01 2.33 ± 0.17 0.54 ± 0.12 0.85 315.14 340.92

B. bambos

A1 1/D0.74 0.16 ± 0.03 2.33 ± 0.10 – 0.95 200.39 212.72

A2 1/D0.22 0.10 ± 0.03 0.79 ± 0.04 – 0.93 216.08 228.41

A3 1/D1.04 0.25 ± 0.05 2.61 ± 0.25 − 0.39 ± 0.22 0.94 206.16 225.53

B. nutans

A1 1/D2.28 0.11 ± 0.02 2.75 ± 0.13 – 0.80 297.12 267.17

A2 1/D0.41 0.10 ± 0.03 0.83 ± 0.06 – 0.81 291.67 205.72

A3 1/D1.68 0.09 ± 0.02 2.11 ± 0.165 0.49 ± 0.15 0.80 550.33 578.54

D. hamiltonii

A1 1/D1.77 0.13 ± 0.03 2.59 ± 0.11 – 0.84 554.83 572.78

A2 1/D0.61 0.07 ± 0.01 0.87 ± 0.03 – 0.88 545.05 563.01

A3 1/D1.68 0.09 ± 0.02 2.12 ± 0.166 0.49 ± 0.14 0.87 550.33 578.54

D. stocksii

A1 1/D1.35 0.20 ± 0.06 2.31 ± 0.18 – 0.81 268.19 281.43

A2 1/D0.38 0.18 ± 0.05 0.723 ± 0.04 – 0.84 253.26 265.50

A3 1/D1.39 0.175 ± 0.05 1.37 ± 0.24 0.80 ± 0.165 0.84 258.48 279.28

D. strictus

A1 1/D1.39 0.087 ± 0.01 2.63 ± 0.05 – 0.95 287.58 308.17

A2 1/D0.43 0.06 ± 0.01 0.86 ± 0.02 – 0.96 309.38 329.97

A3 1/D1.82 0.07 ± 0.01 2.17 ± 0.11 0.46 ± 0.11 0.96 283.21 315.57

B. vulgaris

A1 1/D1.35 0.20 ± 0.06 2.31 ± 0.18 – 0.81 268.18 281.43

A2 1/D0.38 0.18 ± 0.05 0.72 ± 0.04 – 0.84 253.26 266.50

A3 1/D1.38 0.18 ± 0.05 1.37 ± 0.24 0.798 ± 0.16 0.83 258.47 279.28

Table 8.  Validation of allometric models for culm fresh weight on 20% dataset.

Species Model Id ABias (%) ARMSE AMAPE (%)

B. balcooa

A1 − 9.71 2.96 25.23

A2 − 7.52 2.56 20.38

A3 − 8.69 2.71 21.98

B. bambos

A1 − 4.99 3.16 23.14

A2 7.03 3.56 24.50

A3 − 11.68 4.70 29.30

B. nutans

A1 2.27 1.76 12.91

A2 − 2.05 1.71 11.10

A3 − 3.03 1.79 18.86

D. hamiltonii

A1 − 7.08 4.16 26.07

A2 − 8.24 3.93 23.98

A3 − 11.28 3.57 24.56

D. stocksii

A1 7.01 4.70 27.66

A2 6.11 3.87 21.46

A3 6.92 3.89 22.44

D. strictus

A1 − 5.32 0.86 28.15

A2 − 3.06 0.81 30.10

A3 − 2.62 0.79 27.21

B. vulgaris

A1 7.01 4.70 29.66

A2 6.11 3.77 22.46

A3 6.92 3.83 25.44
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and 10). Similar, result was also pointed out by Kempeset al.24 and  Sileshi25. The H–D relationship was devel-
oped using > 3-year-old bamboo plantation where H reached to plateau i.e., there is no growth in diameter and 
 height65. As per our knowledge, for the first time, this study has established allometric modelling for quantify-
ing H–D relationship between the seven-bamboo species viz., B. bambos, B. nutans, D. stocksii, B. vulgaris, B. 
balcooa, D. hamiltonii, and D. strictus.

Biomass, carbon storage estimation and comparison. The biomass in different bamboo species 
ranged from 83.1 in D. stocksii to 212.6 in B. balcooa. Overall the values of D.stocksii B. bambos, D. strictus, and 
D. hamiltonii in the present study (83.1–115.5 Mg  ha−1) are less than the values (206–212.6 Mg  ha−1) of, B. vul-
garis, B. nutans and B. balcooa. The difference in biomass is attributed to the differences in the culm size, culm 
height and culm density of the bamboo species and their differences in resource (water, light, nutrients, etc.) 
requirement and its utilization efficiency. Our values are within range to the reported average bamboo biomass 
of 124 Mg  ha−1, with a range of 60–242 Mg  ha−1 16. Our values of biomass for D. strictus (90.7 Mg/ha for 7 years) 
are comparatively higher than the reported value of 11–36 Mg  ha−1 for mature (5-year-old culms on > 20-year-
old clump) dry tropical bamboo savannah with density of 253–267  ha−1 66 and 30–49 Mg  ha−1 in 3–5-year-old 
D. strictus plantation in a dry tropical  region67. The values for B. bambos (89.23 Mg  ha−1) is comparatively much 
lower than reported values of 109–167 Mg  ha−1 for B. bambos plantation in eastern  India68 and 287 Mg  ha−1 for 
B. bambos in south  India69. The lowest biomass in B. bambos is attributed to the large scale mortality of new bam-
boo shoots after the first harvest of clump in 2018. The values for B. balcooa and B. vulgaris 208 and 212 Mg  ha−1 
for 7 years with mean productivity of 29–30.3 Mg  ha−1y−1 are higher than biomass produced from Miscanthus 

Table 9.  Parameter estimates of H–D allometric model fitted on 80% dataset.

Species Weight variable

Parameter
[Estimate ± std. error]

Adj.R2 AIC BICa b

B. balcooa 1/D0.91 1.28 ± 0.19 1.17 ± 0.09 0.70 318.85 335.26

B. bambos 1/D0.45 1.29 ± 0.15 1.11 ± 0.06 0.89 156.04 168.37

B. nutans 1/D1.07 2.58 ± 0.37 0.89 ± 0.09 0.69 254 260.74

D. hamiltonii 1/D0.38 2.30 ± 0.30 0.92 ± 0.06 0.70 497.83 485.78

D. stocksii 1/D0.41 1.55 ± 0.21 1.18 ± 0.09 0.76 232.66 247.99

D. strictus 1/D0.13 1.73 ± 0.10 0.96 ± 0.03 0.84 438.77 459.36

B. vulgaris 1/D1.057 1.09 ± 0.22 1.24 ± 0.11 0.71 220.15 224.39

Table 10.  Validation of H–D allometric model on 20% dataset.

Species Bias (%) RMSE MAPE (%)

B. balcooa − 3.33 1.61 13.73

B. bambos − 2.26 1.25 9.34

B. nutans 2.14 1.47 12.80

D. hamiltonii − 3.65 2.70 20.52

D. stocksii − 3.91 1.58 12.61

D. strictus − 1.72 1.16 16.66

B. vulgaris − 1.57 1.48 10.67

Table 11.  Biomass and carbon storage in different above ground components in different bamboo species after 
7 years of plantation.

Species
Culm
(Mg  ha−1)

Branch
(Mg  ha−1)

Foliage
(Mg  ha−1)

Total biomass
(Mg  ha−1)

Mean annual 
biomass
(Mg  ha−1  year−1)

Above ground 
carbon storage
(Mg  ha−1)

Mean carbon 
storage
(Mg  ha−1  year−1)

B. balcooa 171.6 23.0 18.0 212.6 30.37 104.2 14.88

B. bambos 70.9 15.5 2.9 89.2 12.75 43.9 6.27

B. nutans 160.3 30.0 18.9 209.2 29.89 102.2 14.60

B. vulgaris 174.4 15.7 18.4 208.4 29.77 102.3 14.61

D. hamiltonii 93.4 11.1 10.9 115.5 16.49 56.5 8.07

D. strictus 72.5 8.8 9.4 90.7 12.96 44.4 6.34

D. stocksii 64.6 14.8 3.6 83.1 11.87 40.8 5.83
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(5.9–13 Mg  ha−1y−1)70 but comparable to the values of 121.5 Mg  ha−1 for 4 years with mean productivity of 30.4 
for mix stand of B. cacharensis, B. vulgaris and B. balcooa in north east  India71.

The comparison of bamboo with other biomass producing species revealed that biomass production in 
bamboo species is comparable to many other short rotation woody tree species like Leucaena leucocephala 
(87 Mg  ha−1) in 5 years); Populus deltoides (48.7–128 Mg  ha−1 in 3–9-year-old plantation) and Eucalyptus 
(54.1–101.8 Mg  ha−1 in 5 and 8-year-old plantations)72–75.

The carbon storage in the present study ranged from 40.8–104.2, which is also within reported values of mean 
carbon storage values of 30–121 Mg  ha−1 16. Our values are, however much lower than the carbon storage values 
of 169–259 Mg C  ha−1 in bamboo forests in China and Phyllostachys edulis (169.4 Mg C  ha−1), Bambusa stenos-
tachya (114 Mg C  ha-1) from Taiwan, Bambusa bambos (143.3 Mg C  ha−1) from  India14. Carbon storage values 
are, however comparable or greater than mean estimates of 39 and 86 Mg C  ha−1, reported for forests in China 
and  globally76,77. Compared to fast-growing short rotation trees, the carbon storage in bamboo species is much 
higher than the reported above ground carbon storage of 28.67 Mg  ha−1 74 and 22.04–23.23 Mg  ha−1 in  Poplar78.

The biomass carbon storage rate of 5.83–14.88 Mg  ha−1  yr−1 in the present study is lower than 10-year-old 
Dendrocalamus latiflorus (16 Mg  ha−1y−1)79 but within the reported range of 6–24 Mg C  ha−1  yr−1 for various types 
of bamboo  worldwide16. Compared to other woody tree species, carbon storage rate in the present study is higher 
than Grewia optiva (0.63–0.81 Mg  ha−1y−1)26 and different agroforestry practices (0.29–15.21 Mg  ha−1  yr−1)80. 
The difference in carbon sequestration potential may be ascribed to difference in tree density, age, structure and 
carbon concentration in different  components26,74.

Conclusions
In this study species-specific, two-parameter allometric equations with simple and compound regressor variable 
and three-parameter allometric equations were developed for aboveground biomass. Further, species-specific 
height-diameter models were also developed to predict bamboo height, which can be used as a proxy of height 
variable and used for allometric equations without measuring the height of bamboo. Since the allometric equa-
tions were developed using rigorous criteria, we can also conclude that the developed biomass estimation equa-
tions provide better biomass prediction for culm and above-ground biomass. The models can be expected to 
increase accuracy in estimation of biomass and carbon sequestration in bamboo-based ecosystems of India under 
managed natural stands or plantations grown under similar conditions. Moreover, considering the wide multi-
purpose use of the bamboo species, the developed models may provide useful information about culm biomass 
and above-ground biomass to forestry professionals, bamboo farmers, and other stakeholders.

Limitations. Age-wise modelling and root biomass was not incorporated in this study due to some meth-
odological difficulties. Inclusion of these parameters in the future can improve the prediction accuracy. Further, 
these models were derived from a limited data set covering Himalayan foothills which restricts its applicability 
to similar site conditions.

Ethics approval. The planting material was obtained from different Government nurseries from different 
part of the country and for which all the permissions were obtained. All the collection complies with relevant 
institutional, national, and international guidelines and legislation.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.

Received: 23 November 2021; Accepted: 15 April 2022

References
 1. Vorontsova, M. S., Clark, L. G., Dransfield, J., Govaerts, R. H. A. & Baker, W. J. World Checklist of Bamboos and Rattans 102 (Sci-

ence Press, 2017).
 2. Lobovikov, M., Paudel, S., Ball, L., Piazza, M., Guardia, M., Ren, H., Russo, L. & Wu, J. World bamboo resources: a thematic study 

prepared in the framework of the global forest resources assessment 2005. Food & Agriculture Org., (2007).
 3. FAO. Global Forest Resources Assessment 2020: Main report, Rome. Accessed 18 Nov 2021. https:// www. fao. org/3/ ca982 5en/ 

ca982 5en. pdf. https:// doi. org/ 10. 4060/ ca982 5en (2020).
 4. ISFR http:// www. india envir onmen tport al. org. in/ files/ file/ isfr- fsi- vol1. pdf (Accessed November 18 2021) (2019).
 5. Salam, K. Connecting the poor: bamboo, problems and prospect. South Asia Bamboo Foundation (SABF) (2013) retrieved 17 

December 2013 from jeevika.org/bamboo/2g-article-fornbda.docx.
 6. INBAR. Accessed 18 Nov 2021. https:// www. inbar. int/ global- progr ammes/.
 7. Osman, A. I., Abdelkader, A., Johnston, C. R., Morgan, K. & Rooney, D. W. Thermal investigation and kinetic modeling of ligno-

cellulosic biomass combustion for energy production and other applications. Ind. Eng. Chem. Res. 56, 12119–12130 (2017).
 8. Fawzy, S., Osman, A., Doran, J. & Rooney, D. W. Strategies for mitigation of climate change: a review. Environ. Chem. Lett. 18, 

2069–2094 (2020).
 9. IPCC. Global warming of 1.5 °C. In: Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P. R., Pirani, A., 

Moufouma-Okia, W., Péan, C., Pidcock, R., Connors, S., Matthews, J. B. R., Chen, Y., Zhou, X., Gomis, M. I., Lonnoy, E., Maycock, 
T., Tignor, M., & Waterfeld, T. (eds) An IPCC special report on the impacts of global warming of 1.5 °C above pre-industrial levels and 
related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change, 
sustainable development, and eforts to eradicate poverty (2018). https:// www. ipcc. ch/ site/ assets/ uploa ds/ sites/2/ 2019/ 06/ SR15_ 
Full_ Report_ High_ Res. pdf (Accessed 22 Dec 2019).

 10. Osman, A. et al. Conversion of biomass to biofuels and life cycle assessment: a review. Environ. Chem. Lett. 19, 4075–4118 (2021).

https://www.fao.org/3/ca9825en/ca9825en.pdf
https://www.fao.org/3/ca9825en/ca9825en.pdf
https://doi.org/10.4060/ca9825en
http://www.indiaenvironmentportal.org.in/files/file/isfr-fsi-vol1.pdf
https://www.inbar.int/global-programmes/
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_High_Res.pdf
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Full_Report_High_Res.pdf


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:7527  | https://doi.org/10.1038/s41598-022-11394-3

www.nature.com/scientificreports/

 11. Balajii, M. & Niju, S. Biochar-derived heterogeneous catalysts for biodiesel production. Environ. Chem. Lett. 17, 1447–1469. https:// 
doi. org/ 10. 1007/ s10311- 019- 00885-x (2019).

 12. Gunarathne, V., Ashiq, A., Ramanayaka, S., Wijekoon, P. & Vithanage, M. Biochar from municipal solid waste for resource recovery 
and pollution remediation. Environ. Chem. Lett. 17, 1225–1235. https:// doi. org/ 10. 1007/ s10311- 019- 00866-0 (2019).

 13. Lobovikov, M., Schoene, D. & Yping, L. Bamboo in climate change and rural livelihood. Mitig. Adapt. Strateg. Glob. Change 17, 
261–276 (2012).

 14. Yuen, J. Q., Fung, T. & Ziegler, A. D. Carbon stocks in bamboo ecosystems worldwide: estimates and uncertainties. For. Ecol. Manag. 
393, 113–138 (2017).

 15. Devi, A. S. & Singh, K. S. Carbon storage and sequestration potential in aboveground biomass of bamboos in North East India. 
Sci. Rep. 11, 837 (2021).

 16. Nath, A. J., Lal, R. & Das, A. K. Managing woody bamboos for carbon farming and carbon trading. Glob. Ecol. Conserv. 3, 654–663 
(2015).

 17. UNFCCC. Thirty-ninth Meeting of the Clean Development Mechanism Executive Board. UN Campus, Langer Eugen, Hermann-
Ehlers-Str. 10, 53113 Bonn, Germany (2008).

 18. FTFA. Food and Trees for Africa. World’s First Bamboo Carbon Offset Credits Issued under the VCS in the Voluntary Carbon 
Market. In: trees.co.za (2012).

 19. Sharma, R., Wahono, J. & Baral, H. Bamboo as an alternative bioenergy crop and powerful ally for land restoration in Indonesia. 
Sustainability 10, 4367 (2018).

 20. Chin, K. L. et al. Bioenergy production from bamboo: potential source from Malaysia’s perspective. Bioresources 12, 6844–6867 
(2017).

 21. Littlewood, J., Wang, L., Tumbull, C. & Murphy, R. J. Techno-economic potential of bioethanol from bamboo in China. Biotechnol. 
Biofuels 6, 173–173 (2013).

 22. Buckingham, K. et al. The potential of bamboo is constrained by outmoded policy frames. Ambio 40, 544–548 (2011).
 23. IPCC shorturl.at/bguxF (Accessed November 18 2021) (2003).
 24. Kempes, C. P., West, G. B., Crowell, K. & Girvan, M. Predicting maximum tree heights and other traits from allometric scaling 

and resource limitations. PLoS ONE 6(6), e20551 (2011).
 25. Sileshi, G. W. A critical review of forest biomass estimation models, common mistakes and corrective measures. For. Ecol. Manag. 

329, 237–254 (2014).
 26. Verma, A. et al. Predictive models for biomass and carbon stocks estimation in Grewia optiva on degraded lands in western 

Himalaya. Agrofor. Syst. 88(5), 895–905 (2014).
 27. Gao, X. et al. Modeling of the height–diameter relationship using an allometric equation model: a case study of stands of Phyl-

lostachys edulis. J. For. Res. 27, 339–347 (2016).
 28. Huy, B. & Long, T. T. A manual for bamboo forest biomass and carbon assessment, INBAR technical report (2019).https:// www. 

inbar. int/ resou rces/ inbar_ publi catio ns/a- manual- for- bamboo- forest- bioma ss- and- carbon- asses sment/ (Accessed November 18 
2021).

 29. Brahma, B. et al. A critical review of forest biomass estimation equations in India. Trees For. People 5, 100098. https:// doi. org/ 10. 
1016/j. tfp. 2021. 100098 (2021).

 30. Yen, T. M., Ji, Y. J. & Lee, J. S. Estimating biomass production and carbon storage for a fast-growing makino bamboo (Phyllostachys 
makinoi) plant based on the diameter distribution model. For. Ecol. Manag. 260, 339–344. https:// doi. org/ 10. 1016/j. foreco. 2010. 
04. 021 (2010).

 31. FAO. Guidelines on Destructive Measurement for Forest Biomass Estimation (FAO, Rome, 2012).
 32. Yen, T. M. Comparing aboveground structure and aboveground carbon storage of an age series of moso bamboo forests subjected 

to different management strategies. J. For. Res. 20, 1–8 (2015).
 33. Yuen, J. Q., Fung, T. & Ziegler, A. D. Carbon stocks in bamboo ecosystem worldwide: estimates and uncertainties. For. Ecol. Manag. 

393, 113–138 (2017).
 34. Nath, A. J., Das, G. & Das, A. K. Above ground standing biomass and carbon storage in village bamboos in North East India. 

Biomass Bioenergy 33, 1188–1196 (2009).
 35. Rawat, R. S., Arora, G., Rawat, V. R. S., Borah, H. R., Singson, M. Z., Chandra, G., Nautiyal, R. & Rawat, J. Estimation of biomass 

and carbon stock of bamboo species through development of allometric equations. Indian Council of Forestry Research and Educa-
tion, Dehradun, INDIA (2018).

 36. Tripathi, S. K. & Singh, K. P. Productivity and nutrient cycling in recently harvested and mature bamboo savannas in the dry 
tropics. J. Appl. Ecol. 31, 109–124 (1994).

 37. Kaushal, R. et al. Predictive models for biomass and carbon stock estimation in male bamboo (Dendrocalamus strictus L.) in Doon 
valley, India. Acta Ecol. Sin. 36, 469–476 (2016).

 38. Das, D. & Chaturvedi, O. P. Bambusa bambos (L.) Voss plantation in eastern India: I. Culm recruitment, dry matter dynamics and 
carbon flux. J. Bamboo Rattan 5(1&2), 47–59 (2006).

 39. Shanmughavel, P. & Francis, K. Above ground biomass production and nutrient distribution in growing bamboo (Bambusa bambos 
(L.) Voss). Biomass Bioenergy 10(5/6), 383–91 (1996).

 40. Seethalakshmi, K. K. & Kumar, M. Bamboos of India: A Compendium. Kerala Forest Research Institute, Peechi and International 
Network for Bamboo and Rattan, Beijing (1998).

 41. Yen, T. M., Ji, Y. J. & Lee, J. S. Estimating biomass production and carbon storage for a fast-growing makino bamboo (Phyllostachys 
makinoi) plant based on the diameter distribution model. For. Ecol. Manag. 260, 339–344. https:// doi. org/ 10. 1016/j. foreco. 2010. 
04. 021 (2010).

 42. FAO. Guidelines on Destructive Measurement for Forest Biomass Estimation (FAO, Rome, 2012).
 43. Huy, B. et al. Allometric equations for estimating tree aboveground biomass in evergreen broadleaf forests of Vietnam. For. Ecol. 

Manag. 382, 193–205 (2016).
 44. Huy, B. et al. Allometric equations for estimating tree aboveground biomass in tropical dipterocarp forests of Vietnam’. Forests 

7(180), 1–19 (2016).
 45. Huy, B., Poudel, K. P. & Temesgen, H. Aboveground biomass equations for evergreen broadleaf forests in South Central coastal 

ecoregion of Vietnam: selection of eco-regional or pantropical models’. For. Ecol. Manag. 376, 276–283 (2016).
 46. Akaike, H. Information theory as an extension of the maximum likelihood principle’. In Petrov, B. N. & Csaki, F. E. (eds) Proceed-

ings of the 2nd international symposium on information theory. Budapest: Akademiai Kiado, 267–281 (1973).
 47. Schwarz, G. E. Estimating the dimension of a model. Ann. Stat. 6(2), 461–464 (1978).
 48. Huy, B. Methodology for developing and cross-validating allometric equations for estimating forest tree biomass. HCM City: Science 

& Technology, 238 (2017a).
 49. Huy, B. Statistical informatics in forestry. HCM City: Science & Technology, 282 (2017b).
 50. Huy, B., Tinh, N. T., Poudel, K. P., Frank, B. M. & Temesgen, H. Taxon-specific modeling systems for improving reliability of tree 

aboveground biomass and its components estimates in tropical dry dipterocarp forests. For. Ecol. Manag. 437, 156–174 (2019).
 51. Huy, B., Thanh, G. T., Poudel, K. P. & Temesgen, H. Individual plant allometric equations for estimating aboveground biomass 

and its components for a common bamboo species (Bambusa procera A. Chev. and A Camus) in tropical forests. Forests 10, 1–17 
(2019).

https://doi.org/10.1007/s10311-019-00885-x
https://doi.org/10.1007/s10311-019-00885-x
https://doi.org/10.1007/s10311-019-00866-0
https://www.inbar.int/resources/inbar_publications/a-manual-for-bamboo-forest-biomass-and-carbon-assessment/
https://www.inbar.int/resources/inbar_publications/a-manual-for-bamboo-forest-biomass-and-carbon-assessment/
https://doi.org/10.1016/j.tfp.2021.100098
https://doi.org/10.1016/j.tfp.2021.100098
https://doi.org/10.1016/j.foreco.2010.04.021
https://doi.org/10.1016/j.foreco.2010.04.021
https://doi.org/10.1016/j.foreco.2010.04.021
https://doi.org/10.1016/j.foreco.2010.04.021


15

Vol.:(0123456789)

Scientific Reports |         (2022) 12:7527  | https://doi.org/10.1038/s41598-022-11394-3

www.nature.com/scientificreports/

 52. Mayer, D. G. & Butler, D. G. Statistical validation. Ecol. Model. 68, 21–32 (1993).
 53. Chave, J. et al. Tree allometry and improved estimation of carbon stocks and balance in tropical forests. Oecologia 145, 87–99 

(2005).
 54. Basuki, T. M., Van Laake, P. E., Skidmore, A. K. & Hussin, Y. A. Allometric equations for estimating the aboveground biomass in 

the tropical lowland Dipterocarp forests’. For. Ecol. Manag. 257, 1684–1694 (2009).
 55. Kaushal, R. et al. Rooting behavior and soil properties in different bamboo species of Western Himalayan Foothils, India. Sci. Rep. 

10, 4966 (2020).
 56. Kramer, P. J. & Kozlowski, T. T. Physiology of Wood Plants 628–702 (McGraw Hill, 1979).
 57. IPCC Available at http:// www. ipcc. ch. AccessedOctober2008 (2008).
 58. Yen, T. M., Ji, Y. J. & Lee, J. S. Estimating biomass production and carbon storage for a fast-growing makino bamboo (Phyllostachys 

makinoi) plant based on the diameter distribution model. For. Ecol. Manag. 260, 339–344 (2010).
 59. Inoue, A., Sakamoto, S., Suga, H., Kitazato, H. & Sakuta, K. Construction of one-way volume table for the three major useful 

bamboos in Japan. J. For. Res. 18, 323–334 (2013).
 60. Kralicek, K., Huy, B., Poudel, K. P., Temesgen, H. & Salas, C. Simultaneous estimation of above- and below-ground biomass in 

tropical forests of Vietnam. For. Ecol. Manag. 390, 147–156 (2017).
 61. Montes, N., Gauquelin, W., Badri, V., Bertaudiere, E. H. & Zaoui, A. A non-destructive method for estimating aboveground forest 

biomass in threatended woodlands. For. Ecol. Manag. 130, 37–46 (2000).
 62. Verma, A. et al. Predictive models for biomass and carbon stocks estimation in Grewia optiva on degraded lands in western 

Himalaya. Agrofor. Syst. 88, 895–905. https:// doi. org/ 10. 1007/ s10457- 014- 9734-1 (2014).
 63. Singnar, P. et al. Allometric scaling, biomass accumulation and carbon stocks in different aged stands of thin-walled bamboos 

Schizostachyum dullooa Pseudostachyum polymorphum and Melocanna baccifera. For. Ecol. Manag. 395, 81–91. https:// doi. org/ 
10. 1016/j. foreco. 2017. 04. 001 (2017).

 64. Huang, S., Price, D. & Titus, S. J. Development of ecoregion-based height diameter models for white spruce in boreal forests. For. 
Ecol. Manag. 129, 125–141 (2000).

 65. Yen, T. M. Culm height development, biomass accumulation and carbon storage in an initial growth stage for a fast-growing moso 
bamboo (Phyllostachy pubescens). Bot. Stud. 57, 10 (2016).

 66. Tripathi, S. K. & Singh, K. P. Culm recruitment, dry matter dynamics and carbon flux in recently harvested and mature bamboo 
savannas in the Indian dry tropics. Ecol. Res. 11, 149–164 (1996).

 67. Singh, A. N. & Singh, J. S. Biomass, net primary production and impact of bamboo plantation on soil redevelopment in a dry 
tropical region. For. Ecol. Manag. 119, 195–207 (1999).

 68. Das, D. K. & Chaturvedi, O. P. Bambusa bambos (L.) Voss plantation in eastern India: I. Culm recruitment, dry matter dynamics 
and carbon flux. J. Bamboo Rattan 5, 47–59 (2006).

 69. Shanmughavel, P. & Francis, K. Above ground biomass production and nutrient distribution in growing bamboo (Bambusa bambos 
(L.) Voss). Biomass Bioenergy 10, 383–391 (1996).

 70. Arnoult, S. & Brancourt-Hulmel, M. A review on miscanthus biomass production and composition for bioenergy use: genotypic 
and environmental variability and implications for breeding. Bioenergy Res. 8, 502–526 (2015).

 71. Nath, A. J., Das, G. & Das, A. K. Above ground standing biomass and carbon storage in village bamboos in North East India. 
Biomass Bioenergy 33, 1188–1196 (2009).

 72. Bargali, S. S., Singh, S. P. & Singh, R. Structure and function of an age series of eucalyptus plantations in central Himalaya I. Dry 
matter dynamics. Ann. Bot. 69, 405–411 (1992).

 73. Rizvi, R. H., Dhyani, S. K., Yadav, R. S. & Ramesh, S. Biomass production and carbon stock of poplar agroforestry systems in 
Yamunanagar and Saharanpur districts of North western India. Curr. Sci. 100, 736–742 (2011).

 74. Kanime, N. et al. Biomass production and carbon sequestration in different tree-based systems of Central Himalayan Tarai region. 
For Trees Livelihoods 22(1), 38–50 (2013).

 75. Arora, G. et al. Growth, biomass, carbon stocks and sequestration in age series Populus deltoides plantations in Tarai region of 
central Himalaya. Turk. J. Agric. For. https:// doi. org/ 10. 3906/ tar- 1307- 94 (2013).

 76. Song, X. et al. Carbon sequestration by Chinese bamboo forests and their ecological benefits: assessment of potential, problems, 
and future challenges. Environ. Rev. 19, 418–428 (2011).

 77. Winjum, J. K., Dixon, R. C. & Schroeder, P. E. Carbon storage in forest plantations and their wood products. J. World Resour. 
Manag. 8, 1–19 (1997).

 78. Yadava, A. K. Biomass production and carbon sequestration in different agroforestry systems of Tarai region. Indian For. 136(2), 
234–244 (2010).

 79. Lou, Y., Li, Y., Buckingham, K., Henley, G. & Zhou, G. Bamboo and Climate change mitigation: a comparative analysis of carbon 
sequestration. In International Network for Bamboo and Rattan (INBAR), Beijing (2010).

 80. Nair, P. K. R., Kumar, B. M. & Nair, V. D. Agroforestry as a strategy for carbon sequestration. J. Plant Nutr. Soil Sci. 172, 10–23 
(2009).

Acknowledgements
The financial help received from both the funding agency is duly acknowledged. We also thank ICAR and Direc-
tor ICAR-IISWC for providing permission to conduct the experiment. The technical assistance provided by Mr. 
U.V.S. Chauhan and Mr. Ravish is gratefully acknowledged.

Author contributions
R.K., S.I., S.T., J.D. conceptualized the research and design the experiments; R.K. contributed to experimental 
materials; J.M.S.T., S.T. T.S., A.S. executed the experimental data collection, R.K., S.I. conducted data analysis 
and interpretation; S.I., R.K., M.M. prepared the manuscript; T.L.T. and J.D. secured funding and edited the 
manuscript. All authors reviewed the manuscript.

Funding
This research was funded by National Bamboo Mission, New Delhi, State Forest Department, Uttarakhand, India 
and International Bamboo and Rattan Organisation (INBAR)through its grants from IFAD and Dutch Govern-
ment and from the CGIAR Research Program on Forests, Trees and Agroforestry (FTA).

Competing interests 
The authors declare no competing interests.

http://www.ipcc.ch
https://doi.org/10.1007/s10457-014-9734-1
https://doi.org/10.1016/j.foreco.2017.04.001
https://doi.org/10.1016/j.foreco.2017.04.001
https://doi.org/10.3906/tar-1307-94


16

Vol:.(1234567890)

Scientific Reports |         (2022) 12:7527  | https://doi.org/10.1038/s41598-022-11394-3

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to S.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An allometric model-based approach for estimating biomass in seven Indian bamboo species in western Himalayan foothills, India
	Materials and methods
	Study area. 
	Sampling. 
	Development of allometric equations for biomass estimation. 
	Model fit statistics and plot analysis to compare and choose the best model. 

	Model validation. 
	Assessment of the relationship between height and diameter of bamboo. 
	Biomass and carbon stocks. 

	Results
	Biometric parameters. 
	Development and validation of allometric models. 
	Aboveground biomass prediction. 
	Culm biomass prediction. 
	Generate synthetic height values as a proxy using H–D model. 

	Biomass and carbon stocks. 

	Discussion
	Biometric parameters of the seven bamboo species. 
	Development and validation of allometric models. 
	Generate synthetic values as a proxy height using H–D model. 
	Biomass, carbon storage estimation and comparison. 

	Conclusions
	Limitations. 
	Ethics approval. 

	References
	Acknowledgements


