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ABSTRACT

Above ground biomass is the core component of forests and it is known as indirect indicators of carbon
storage capacity. The allometric equations help to estimate biomass without felling of trees and are primarily
a non-destructive approach to estimate biomass and carbon. Biomass estimation of Bamboo forests can
provide information about culm and clumpmaturity, primary productivity, carbon storage and cycling in
the forest ecosystem. For accurate and non-destructive assessment of carbon storage and biomass energy
values, it is essential to employ the appropriate tree biomass allometric equations. For estimating bamboo
biomass, the allometric scaling principles have not been thoroughly investigated. Bamboos are
monocotyledonous, hence using models created to estimate dicotyledonous plants’ biomass is likely to
result in inaccurate results. Height (H) is a key indicator of forest production and demographics.As a result,
H-D models are frequently employed to forecast the heights that are lacking from diameter field
measurements. Compared to woody dicots, information on H-D correlations for woody monocots, such as
bamboos, is sometimes limited. Allometric equations are site and species-specific and thus the selection of
equation is important to have a reliable estimate of biomass and carbon. Therefore, for bamboos, the
development of age-specific and species-specific equations are strongly recommended for accurate biomass
estimation. The present reviews various bamboo species allometric equations developed in several studies

to assess above ground biomass and carbon storage potential in the bamboos of India.
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Introduction

Globally, this fast-growing grass plant covers
approx. 30 million hectares (INBAR, 2019a), and
bamboos has proved to its capability to mitigate
with the number of global challenges, including cli-
mate change, rural poverty, deforestation, land deg-
radation, urban development, unsustainable re-

source use. (Gray et al., 2016; INBAR, 2019a, 2019b;
Ingram et al., 2017; Nath et al., 2015; Odour, 2012;
Terefe and Yu, 2019). Bamboos are one of the most
important forest species of tropics and subtropics
(Signar et al., 2017). Bamboo is becoming one of the
important bio-resource lately because of its short
harvest time (3-5 years). It has been observed that
bamboos can capture significant amount of atmo-
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spheric carbon and consequently help in mitigating
climate change, in a similar way that forests do in
relatively short time (Wang et al., 2013; Zhang et al.,
2014; Zhou et al., 2011; Nath et al., 2015a; Yen, 2015).

Worldwide there are about 1662 species of bam-
boo comprising approximately 121 genera, 14% of
the species found beyond their native ranges
(Canavan et al., 2017).Eighty per cent of the total
area covered by bamboo is located in Asia and
roughly half of this in India (Lobovikov et al., 2007).
Total of 136 bamboo species, 125 indigenous and 11
exotic species of bamboo, belonging to 23 genera,
distributed in 7, 71,821 km?2 area naturally and/or
under cultivation (FSI, 2013). About 70% of species
of bamboos in India are reported from the two-
biodiversity hot-spots i.e. North-east India and the
Western Ghats.For accurate and non-destructive
assessment of carbon storage and biomass energy
values, it is essential to employ the appropriate tree
biomass allometric equations. For estimating bam-
boo biomass, the allometric scaling principles have
not been thoroughly investigated. Bamboos are
monocotyledonous, hence using models created to
estimate dicotyledonous plants” biomass is likely to
result in inaccurate results. Height (H) is a key indi-
cator of forest production and demographics
(Kempes et al., 2011). As a result, H and diameter
(D) are frequently used as the two fundamental in-
put variables in growth and biomass projection sys-
tems. However, obtaining data on H is compara-
tively more time- and labor-intensive (Huang et al.,
2000). As a result, H-D models are frequently em-
ployed to forecast the heights that are lacking from
diameter field measurements. Information on H-D
relationships for woody monocots, such as bam-
boos, is often scarce in comparison to woody dicots.
Asymptotic height (Hmax), which is the average
maximum height attained by a cohort of mature
trees, has frequently been employed as an essential
indicator of species size in woody dicots, because H
growth is frequently thought to be asymptotic (Tho-
mas, 1996). However, most data do not show the
asymptotic horizon of size, and new research has
cast doubt on the biological reality of Hmax
(Angome et al., 2018). Information on H-D relation-
ships and Hmax is essentially nonexistent for woody
monocots like bamboos.

However, there aren’t any generic biomass esti-
mation models that can be used to many bamboo
species (Bontemps and Duplat, 2012). Following the
harvest approach, species-specific biomass equa-
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tions for several of the India min bamboo species
have been created (Kumar et al., 2005; Nath et al.,
2009 and Singnar et al., 2017). The relationships be-
tween diameter and height have been found to vary
across environmental conditions, reducing impor-
tance of species type in determining accuracy of
equation (Banin et al., 2012; Fayolle et al., 2013). Ad-
ditionally, only a small amount of biomass produc-
tion and terrestrial carbon capture from bamboo
species is possible under various climatic conditions
(Nath et al., 2015). Moreover, due to structural habit
of being uneven aged, the challenging part in biom-
ass estimation is to quantify the differently aged
culms distributed in a clump and makes it a compli-
cated process.

Materials and Methods

The methodology system utilized in this review in-
cluded two stages: first stage dealt with compilation
of all available biomass allometric equations for
bamboos in India and second stage dealt with vali-
dation of the equations. Articles published on
India’s bamboo biomass assessment studies were
accessed from Web of Science and Google Scholar.
A blend of keywords including “tree biomass as-
sessment, “Bamboo biomass””biomass stock assess-
ment”, “bamboobiomass carbon
storage,””allometric biomass equations for bam-
boos”, “bamboo biomass stock,””bamboo species
biomass assessment model”, were utilized to look
through distributed articles. An aggregate of 150-200
distributed articles were short-listed for basic
screening. The articles were selected by following
these criteria: (i) articles should provide the detailed
description about the method of data collection and
accurate information about the study area, (ii) study
dealt with the model development in biomass esti-
mation for Indian bamboo species. The primary
emphasis was on extracting information on different
biomass pools such as AGB, total biomass (IB), and
components like a branch, bole, and roots.

2z

Results and Discussion

Allometric equations for Biomass Estimation

Allometry is a non-destructive approach for forest
biomass estimation using measurements that do not
require to harvest trees (FAO 2012). It uses allomet-
ric equations, conversion factors and other statistical
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methods to estimate in-situ (Table 2) and/or re-
motely sensed biomass and extrapolate to larger
ground area. These equations calculate biomass
based on other factors such as diameter at breast
height (dbh), tree height, wood density, etc. Allom-
etry is based on the principle of relating ‘size of one
structure in an organism to the size or amount of
another structure in the same organism,” and extend
the results to a larger area with same characteristics
(FAO 2012). The allometric equations apply the scal-
ing relationships between tree form and function to
derive the tree biomass, total as well as in different
components such as branch, needle, bole, root, bark,
foliage etc. (West et al., 1999).

Development of allometric equations and models

The development of the allometric equations in-
volves destructive sampling, which entails harvest-
ing or selecting sample trees for morphometric mea-
surements, followed by the felling of the tree to de-
termine its age and the dry weight of its many com-
ponents, including the bole, first order branches,
other branches, foliage, cones, root system, etc. The
harvested biomass data for the sample trees for total
tree as well as each component is then related to
morphological measurements such as dbh, height
etc. using various statistical equations and models
such as regression equations (Chatuvedi and Singh,
1982), non-linear seemingly unrelated regression;
logarithmic models (Vorster et al., 2020) etc. These
developed allometric or volumetric equations along
with conversion factors (Figure 1.) can be applied
directly in non-destructive studies of biomass esti-
mation.

Due to their rapid development, bamboos growth
and wood density greatly vary with age and species.
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Fig. 1. Various conversion factors used in biomass esti-
mation studies. (Source: FRA 2005, IPCC 2006).

Therefore, it is strongly advised to create age- and
species-specific equations for bamboos in order to
estimate biomass accurately. In order to create bio-
mass equations for 10 different bamboo species, six
investigations were conducted in India (Table 2).
However, a variety of variables, including the avail-
ability of the independent variables employed, the
format of the equations, and the quantity of col-
lected data used in equation formation, have a sig-
nificant impact on how reliable these equations are
for use in the future. For each equation, the variable
D is conveniently available. It is typically advised to
forecast various plant biomass with greater accuracy
than other factors (Lui et al., 2017; Bramha et al.,
2021).

H has commonly been employed as a covariate in
volume equations for estimating AGB in bamboos.
For the development of age-specific Power-law
equations for bamboo culms under 1 to >3 yr of age
for different species in India, at least 15 different

Table 1. Various methods for vegetation carbon estimation using inventory-based approach (Source: Modified from

Sun and Liu, 2020)

Methods Basic Formula

Data required

Average biomass method
Inventory-based = Volume-derived method
Biomass
Estimation Biomass regression equation
Conversion factor continuous
method

Y=Axyxd
Y=Ax(axV+b)xd
Y=Axax (D’H)xd

BEF=a+b/vY=AXxV x
BEF xd

Forest area, average biomass
density, carbon content rate
Forest area, stand volume,
carbon content rate

Forest area, dbh, tree height,
carbon content rate

Stand volume, forest area,
carbon content rate

Y= vegetation carbon storage, A= forest area, y= average biomass or average density, V= stand volume, D= diameter
at breast height (dbh), H= tree height, d= carbon content rate of forest, BEF= biomass expansion factor, a,b, and c are

constants based on forest types or climatic zones
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bamboo culm biomass data have been used. At
least 90 culms were used in the development of the
AGB equations for Pseudostachyum polymorphum,
Dendrocalamus strictus, Melocanna baccifera, and
Schizostachyum dullooa. In India, there was only one
study that discussed AGB estimation of banana
plants (Laskar et al., 2020). There have been reported
species-specific formulae for the AGB calculations of
26 woody tree species in India. Model accuracy is
substantially impacted by the required minimal
dataset for equation development. Consequently, it
is advised to have more than 40 retrieved samples
for the creation of the AGB model of woody species
(Sileshi, 2014). About 60% of research published in
India employed less than 40 numbers of harvested
biomass data for developing equations, according to
the graph of harvested data frequency (Table 2). 13
research in all employed 50 to 160 gathered biomass
data to generate AGB equations. According to the
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AGB equation created (Nath et al., 2019), at least 23
different woody trees were related to the tropical to
subtropical bamboo species. The biggest percentage
of the tree biomass, which ranged from 30 to 53% of
the total tree biomass and 34 to 56% of the AGB
(Nath et al., 2017; Naik et al., 2018; Singh et al., 2011;
Swamy et al., 2004), came from tree bole (Naik et al.,
2018; Newaj et al., 2016). Numerous independent
variables, including D, (collar diameter), CD, cir-
cumference at breast height (CBH), number of
branches (NB), and plant height (H), have been ex-
tensively used in previous reported studies to esti-
mate bole or stem biomass. For estimating the biom-
ass of bamboo culms and tree boles, respectively, 85
and 6 species-specific equations have been reported
from India. The literature also contained three for-
mulae for estimating the biomass of bole in mixed
stands. Dendrocalamus strictus ranging in age from 1
to 4 years, power-law equations based on D of the

Table 2. Equations and default values used in various biomass and carbon estimation studies for the bamboos in In-

dia.
Associated Species Equations Age Harvested = Sources
(yr) sample
size (number)
Bamboos
Bambusaarundinacea AGB= 15.487 + 134.779D°H 1 25 Chandrashekara, 1996
Bambusaarundinacea AGB=13.371 + 145.202D’H 2 25 Chandrashekara, 1996
Bambusaarundinacea AGB=16.372 + 148.869D*H 3 25 Chandrashekara, 1996
Bambusaarundinacea AGB= 14.668 + 120.826D*H >3 25 Chandrashekara, 1996
Bambusacacharensis In AGB= 2.078+2.140 InD <1 27 Nath et al., 2009
Bambusacacharensis In AGB= 2.134+2.268 InD 1 27 Nath et al., 2009
Bambusacacharensis In AGB= 2.174+2.306 InD 2 27 Nath et al., 2009
Bambusacacharensis In AGB= 2.184+2.178 InD 3 27 Nath et al., 2009
Bambusa vulgaris In AGB= 2.281+2.149 InD <1 20 Nath et al., 2009
Bambusa vulgaris In AGB=2.386+2.079 InD 1 20 Nath et al., 2009
Bambusa vulgaris In AGB= 2.554+1.956 InD 2 20 Nath et al., 2009
Bambusa vulgaris In AGB=2.548 + 1.970 InD 3 20 Nath et al., 2009
Bambusabalcooa In AGB=2.149 + 2.284 InD <1 20 Nath et al., 2009
Bambusabalcooa In AGB =2.199+2.353 InD 1 20 Nath et al., 2009
Bambusabalcooa In AGB=2.368 + 2.214 InD 2 20 Nath et al., 2009
Bambusabalcooa In AGB= 2.153+2.477 InD 3 20 Nath et al., 2009
Bambusabambos AGB=-3.225.8 + 1730.4D 9 Kumar et al., 2006
Dendrocalamusstrictus AGB=0.1002D?%* 1to4 112 Kaushal et al., 2016
Melocannabaccifera InAGB= In(-1.83) +1.11(InD?) 1to5 180 Singnar et al., 2017
Pseudostachyum InAGB= In(-7.76) +0.82 (In(D*H) 1to5 90 Singnar et al., 2017
polymorphum
Schizostachyumdullooa InAGB= In(-4.33) +0.51(In(D?H)) 1to 4 132 Singnar et al., 2017
Schizostachyumpergracile AGB=-2.99+1.83D <1 15 Thokchom and Yadava, 2017
Schizostachyumpergracile AGB=-3.12+2.12D 1 15 Thokchom and Yadava, 2018
Schizostachyumpergracile AGB = -3.09+1.95D 2 15 Thokchom and Yadava, 2019
Schizostachyumpergracile AGB =-2.92+1.63D 3 15 Thokchom and Yadava, 2020
Schizostachyumpergracile AGB =-2.34+1.51D >3 15 Thokchom and Yadava, 2021
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112 culms were established. The age-specific equa-
tions for 1 to >3-year-old Bambusa arundinacea have
also been developed using the incorporation of H as
a co-variable with D (Sileshi, 2014). The Power-law
equations were employed in three investigations to
calculate the biomass of mixed woody species in In-
dia (Rana et al., 1989; Chaturvedi et al., 2012;
Chaturvedi and Raghubanshi, 2013). However, this
research either took into account young or small
woody diameter trees or assessed minimal harvest
data for the construction of biomass equations.

There are four species-species regression equa-
tions for bamboo and 75 species-specific equations
for estimating the branch biomass of woody plants,
both of which were discovered to be published in
India. For bamboos (Bambusa arundinacea) that are 1
to >3 years old, age-specific Power-law equations
have been developed using H as a co-variable with
D. Results from a small number of harvest data were
used to generate these findings. After going through
multiple validation steps, these equations can be
used in subsequent references. There have been re-
ported on five different biomass equations for In-
dian bamboos. Age-appropriate equations for culms
from 1 to 3 years old growth of Bambusa arundinacea
stands was dependent on the D and H of the culm.
based on D of 112 culms of 1-4-year-old stands of
Dendrocalamus strictus, Kaushal et al. have reported
this regression equation model (2016).

Biomass estimation of bamboo species helps in
quantifying the carbon dioxide which can be seques-
tered. Its estimation largely depends upon variety of
factors (i.e., age of the stand, topography etc). In for-
estry, it can be generally done by direct method (de-
structive techniques) and indirect method (biomass
equations). Out of this, the indirect method is less
time consuming and cost effective. Several workers
have selected the indirect method of biomass esti-
mate for bamboo species (Nath et al., 2015;
Nfornkah, 2018). The reliability of the usage of the
indirect method for biomass and carbon stock esti-
mation can be improved by applying existing
knowledge on tree allometry. The accuracy in-
creases with the increase in the development of re-
gional or local biomass equations by representing
the varied factors like species-specific culm, culm
growth behaviour, different culm ages in each
clump, climatic parameters and soil properties etc.
The fundamental tenet of allometry is that depen-
dent factors quantitatively relate to independent
variables, such as height or DBH, or both, and yield
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estimations that are generally accurate (Philips et al.,
2002). Different linear and non-linear models have
been developed worldwide for estimating biomass.
Both linear and nonlinear models like mono
molicular, logistic and allometric etc. are considered
better for predicting biomass and depicting height-
diameter relationship (Xu et al., 2018; Chimmi et al.,
2018).

Conclusion

Bamboo is a key development resource for offering
workable solutions to threats associated with cli-
mate change. Understanding the response of bam-
boo species in the Indian forest ecosystem in terms
of carbon stock, carbon budgeting, carbon flux
monitoring, and productivity for the mitigation of
climate change requires the quantification of bam-
boo biomass. Since species-specific allometric equa-
tions are used, different regions may have different
default values. Therefore, in order to reduce estima-
tion bias and uncertainty, the best allometric equa-
tion must be chosen (Vorster et al., 2020). The predic-
tive models for bamboo biomass estimation are a
crucial component in the current situation, espe-
cially by reducing the possible detrimental impact
on the effectiveness of forests to act as carbon sinks.
Carbon stocks of plant around the world is site are
site-specific and dependent on stand composition,
age, soil characteristics, and sustainable forest ap-
proaches. It is useful to determine the precise accu-
rate carbon stock using an indirect method like allo-
metric equations. Due to biological variety, geo-
graphic and environmental variables, and their
management approaches, these equations are site-
and species-specific. The creation of species-specific
allometric equations for bamboo species would aid
in the adoption of the IPCC Tier 3 technique (higher
order approach is used, which incorporates precise
mensuration measurements like species-specific al-
lometric equations) for estimation of carbon stocks.
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