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Abstract

The use of suitable tree biomass allometric equations is crucial for making precise and non-
destructive estimation of carbon storage and biomass energy values. The aim of this research was to
evaluate the accuracy of the most commonly used pantropical allometric models and site-specific
models to estimate the above-ground biomass (AGB) in different aged teak plantations of Southern
Western Ghats of India. For this purpose, the AGB data measured for 70 trees with diameter >10 cm
from different aged teak plantations in Kerala part of Southern Western Ghats following destructive
procedure was used. The results show that site specific models based on a single predictor variable
diameter at breast height (dbh), though simple, may grossly increase the uncertainty across sites.
Hence, a generic model encompassing dbh, height and wood specific gravity with sufficient calibration
taking into account different forest types is advised for the tropical forest systems. The study also
suggests that the commonly used pantropical models should be evaluated for different ecosystems prior
to their application at national or regional scales.
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1. Introduction

Estimation of volume, biomass and carbon stocks supports several applications from the
commercial exploitation of timber to the global carbon cycle. Especially, in the latter context, the
estimation of tree biomass with sufficient accuracy is essential to determine annual changes of carbon
stored in particular ecosystems. Such estimations are the core of carbon sequestration projects (sink
projects) dealing with the accumulation and long-term storage of atmospheric carbon in vegetation and
soil organic matter. These projects give a better understanding of nature’s carbon sinks, and the
valuable information and evidence generated therein will help addressing the physical, natural, social
and economic aspects of climate change in a more factual way.

Tropical forests, which constitute 60% of world forests and 43% of terrestrial net primary
productivity (Dixon et al., 1994), dominate the role of forests in the global carbon flux and stocks, and
hence demand great attention with respect to carbon policies and estimations. In spite of their
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importance to the carbon cycle, there is little information on the carbon budgets of tropical forest
systems in South Asia. Efficient and accurate national systems for measurement, reporting and
verification (MRV) systems are required in the region to properly assess carbon stocks and support
international climate change efforts. The use of suitable allometric equations is a crucial step in such
endeavours, making precise and non-destructive estimation of above and below ground biomass and
carbon storage in the region.

Allometry, generally relates some non-easy to measure tree characteristics (i.e., volume,
biomass) from easily collected data such as dbh (diameter at breast height, also denoted as D), total
height, or tree age and provides relatively accurate estimates. Despite their apparent simplicity, these
models have to be built carefully, using the latest regression techniques. Tree growth parameters vary
considerably with species, site quality, location, climatic regimes, altitude etc. and therefore becomes
necessary to obtain accurate and precise tree allometric estimates in order to improve understanding of
the role of these carbon sinks in global carbon cycle. An unsuitable application of allometric equation
may lead to considerable bias in carbon stocks estimations (Henry, 2013). Although, large number of
allometric equations for estimating above-ground biomass (AGB) have been published in South Asia
during the last decades (Sandeep et al., 2014), the pantropical models developed by Chave et al. (2005)
are widely considered to be the best current approximation for sites for which local equations are not
available (Clark, 2007). However, the predictive power of these global models differs among sites
(Chave et al., 2005). For this reason, the evaluation of the accuracy of these models with new data and
in different geographic locations is needed.

Due to the uncertainties in the generic pantropical models, a simplest and most practical
approach is based only upon tree diameter at breast height (Basuki et al., 2009; Alvarez et al., 2012).
However, scaling of dbh alone based models to a regional or global scale may have greater
uncertainties than more complex models (West et al., 1999; Zianis, 2008). Inclusion of wood density
and tree height has proved to improve biomass estimations considerably (Brown et al., 1989; Chave et
al., 2006; ter Steege et al., 2006; Wang et al., 2006; Patifio et al., 2009). The present work aims to
evaluate the accuracy of the most commonly employed pantropical allometric models and simple dbh
alone based site specific models to estimate AGB in different aged teak plantations of Southern
Western Ghats.

2. Materials and Methods
2.1 Tree harvesting and biomass estimation

Teak plantations in different thinning regimes and at final felling were surveyed in Nilambur
Forest Division of Kerala state, India and seven sites corresponding to the prescribed felling schedule
were selected for the study. Presently the thinning operations are performed in teak plantations at the
ages of 5, 10, 15, 20, 30, and 40 years and the plantations are clear felled at 50 years. Each site
represents a specific age. Ten randomly selected trees were felled at each of these sites and were used
for biomass estimations. Before felling, dbh was measured at 1.37 m or above buttresses.

The total heights (H) of the trees were measured on the ground using a measuring tape from the
base towards the apex of the crown. Felled trees were separated into their components (trunk, branches
and foliage) and were directly weighed in the field to assess the fresh weight. Root systems of the
selected trees in each site were excavated manually by starting at the stump and following the roots to
possible limits and weighed. Sufficient samples of wood, branches and roots were taken from each tree
to determine their moisture contents. Biomass of various compartments were worked out by estimating
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dry matter of samples by oven drying to constant weight and extrapolation to the whole biomass, which
are referred to as measured biomass in this article.

2.2 Evaluation of existing allometric models

The accuracy of the pantropical allometric models developed by Brown et al. (1989), Chave et
al. (2005), and Zianis (2008) (Table 1) were evaluated by calculating the relative error in the predicted
biomass to measured biomass for each site. The relative error (RE) for above-ground biomass (AGB)
was calculated using equation 1.

Tablel: Evaluated pantropical models for estimating the above-ground biomass (dry mass) of tropical
trees from their diameter (cm), height (m), and wood density (g cm™).

Model code Allometric models Source
Chave Type | exp (-2.187 + 0.916 In(p D* H)) = 0.112 (p D? H)***® Chave et al. (2005)
Chave Type Il exp (-2.977 + 0.916 - In(p D* H)) = 0.0509 (p D* H) Chave et al. (2005)
Chave Type Il exp (-2.557 + 0.940 In(p D? H))) = 0.0776 (p D* H))***  Chave et al. (2005)
Brown exp (-2.4090 + 0.9522 In (p D? H)) Brown et al. (1989)
Zianis 0.1424 D*%7° Zianis (2008)
RE = (AGB predicted - AGB measured )/AGB measured (1)

Following Chave et al. (2005), the overall biases were evaluated by examining the mean
relative error (%), and the accuracy was evaluated by examining the standard deviation of relative error
(%) across sites, which represented the overall predictive power of the regression (Chave et al., 2005).

At a local scale, the simplest models for assessing AGB are based upon tree dbh (Sierra et al.,
2007; Litton and Kauffman, 2008; Basuki et al., 2009). Five teak specific allometric models (models 1-
7 in Table 2) based only upon dbh, developed in Kerala, were evaluated for their accuracy and
predictive capacities. However, a simple geometrical argument suggests that the total AGB of a tree
with diameter D should be proportional to the product of wood specific gravity (oven-dry wood over
green volume, denoted by p), times trunk basal area (BA=r D%4), times total tree height (H). Hence,
the relationship should hold across forests as in equation 2:

GB = F x px(xxD?Z2/4) x H )

Table 2: Tree biomass models for predicting above-ground biomass (y) of teak plantations in Kerala
part of Southern Western Ghats.

Models Allometric models
Model-1 log (y) = 1.606 + 0.197 log (D)
Model-2 log (y) = 0.636 +1.265 log (D)
Model-3 log (y) = 0.567 +1.367 log (D)
Model-4 log (y) =0.479 +1.374 log (D)
Model-5 log (y) =-0.150 +1.809 log (D)
Model-6 log (y) = 1.736 log (D)
Model-7 log (y)) = 0.685 +1.376 log (D)
Model-8 y=Fx px (nD°/4) x H




Model 8 tries to capture this argument and hence evaluates the efficacy of equations with wood
density and height factors rather than dbh alone. The multiplicative coefficient F depends on tree taper
and was taken as 0.06 as predicted by Cannell (1984) for broad leaved species (Chave, 2005).

3. Results and Discussion

The results show that there was a linear increase in dbh of tress with age (Figure 1) and there
was about 8 cm decadal increases in dbh of teak trees with age. On an average, teak plants yielded
1052.2 kg/tree (AGB+roots) of which 60.4% was contributed by wood, 5.6% by bark, 17.4% by
branches and 16.5% by roots (data not shown). As percent of AGB, root contribution was 20%. Though
root biomass is as important as shoot in carbon stock estimations, there were very few documents on
root growth parameters (Sandeep et al., 2014). As a proportion of AGB, roots were found to contribute
14%-27% to the total biomass of teak. The decline in ratio of root: AGB in teak indicates accumulation
of carbon in above-ground portions alone after 30 years.

dbh = 0.805 *age + 4.61
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Figure 1: Trends in mean dbh of trees with age in teak plantations of
Kerala part of Southern Western Ghats.

Overall, the Chave type of Table 1 (2005; hereafter Chave 1) model had the lowest bias for
estimating the total average AGB in different sites (-1.5%) (Table 3). However, this model was quite
unstable at the site scale (22.5%). The Type Il model of Chave et al. (2005; hereafter Chave I1) at the
site scale underestimated the average AGB of the forests within acceptable limits (-5.0%). The model
of Brown et al. (1989; hereafter Brown) had a similar but positive bias in magnitude at the site scale
(9.1%) when compared with Chave I and Il but highest uncertainty (26.9%) among the tested models.

Zianis model (2008; hereafter Zianis) though underestimated AGB than Brown and Chave (I
and Il) models at the site scale, had the lowest uncertainty. The Type Il model of Chave et al. (2005;
hereafter Chave Il1), tended to strikingly underestimate the AGB across sites with respect to Chave |
and Il and Brown models and had very low stability. The allometric model developed by Zianis
included only dbh as an explanatory variable. Earlier West et al. (1999) and later Chambers et al.
(2001) showed that AGB does not follow a simple power law scaling relation with stem diameter. The
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instability in models with H, p and forest types may be due to some fundamental differences in the way
p was assessed and included in the study. In the present analyses, inferred p values were used from the
literature which have several disadvantages in comparison to field measurement data because they add
an additional amount of uncertainty to the models (Chave et al., 2005).

Table 3: Variation in root biomass to AGB ratio in teak plantations
in Kerala part of Southern Western Ghats.

Age dbh (cm) AGB (kg/tree) Root to AGB ratio
Min Max

10 12.2 19.43 133.31 0.16
20 13.69 27.39 189.21 0.26
30 20.38 36.62 320.97 0.27
40 32.80 44.59 621.04 0.21
50 36.31 59.87 878.47 0.20

Mean 340.99 0.21

The inferred p data assumed a unique value across the age and dbh classes. In addition to the
concerns related to p measurement, the changes in the H:D relationship observed in the data set
determined by the site variation were not detected by Brown and Chave model, further restricting their
accuracy. All the pantropical models evaluated gave a gross underestimation for dbh values <20 cm
and overestimation >40 cm. From the preliminary analysis neither of the evaluated pantropical models
could be recommended for application at national or regional scales.

The species-specific models used in this study also had higher biases, but were more stable
(except models 1, 7 and 8). Of the species-specific models at the individual scale, model 3 that used the
dbh ranges 10-25 cm was statistically the best of all of the models evaluated (Table 5). The study could
not conclusively establish that using a single predictor ‘dbh’ in allometric models is an accurate AGB
estimation method across different sites, though simple and practical.

Table 4: Relative percent error of pantropical equations in evaluating above-ground biomass in
different age teak plantations in Kerala part of Southern Western Ghats.

Age (Years) Chave Type |l  Chave Type Il  ChaveType IlI Brown Zianis
5 -38.9 -52.8 -50.7 -38.3 -49.9

10 -44.3 -53.9 -54.2 -42.1 -39.1

15 -46.7 -53.8 -55.6 -43.5 -52.2

20 0.4 -9.3 -15.4 8.3 -14.3

30 6.6 2.1 -8.6 18.0 1.1

40 49.7 56.7 31.6 72.1 23.1

50 62.5 75.8 44.2 89.5 39.0
Mean (%) -1.5 -5.0 -15.5 9.1 -13.2
SD (%) 22.5 25.8 20.3 26.9 15.0

Model 8 that included dbh, wood density and height showed good performance at the individual
site scale at all the evaluated dbh ranges but had very high instability, hence further refinement
suggested. The form factor F in model 8 was assumed to be equal to 0.6 for this study, close to the
predictions of Dawkins (1961) and Gray (1966) for broadleaf tree species. However, engineering



arguments (McMahon and Kronauer, 1976) suggest that the form factor is not a constant but trees taper
as a powerlaw along the main stem.

Table 5: Relative percent error of site specific equations in evaluating above-ground biomass in teak
plantations in Kerala part of Southern Western Ghats.

Models Relative Error Standard

(%) Deviation
Model - 1 -68.76 20.2
Model -2 -19.42 16.3
Model -3 -5.69 16.2
Model - 4 -21.30 13.4
Model - 5 -26.82 13.2
Model -6 -18.20 13.2
Model -7 27.30 21.6
Model -8 -6.15 55.7

The assumption of a constant F will grossly reduce the stability of model 8 across dbh and
height classes. Wood specific gravity is another important predictive variable used in model 8. Baker et
al. (2004) have reported that ignoring variations in wood density would result in poor overall prediction
of allometric models. Several workers (Brown et al. 1989; Nelson et al. 1999; Chave et al. 2003; Baker
et al. 2004) have recommended using a species-level average or a stand-level average of wood density
as direct tree density measurements are seldom available. Thus a model encompassing D, H and p with
sufficient calibration for different forest types is advised for the tropical forest systems.

4. Conclusion

AGB quantifications have major implications in assessing ecosystems capacity to sequester
carbon. Chave | model had the lowest bias for estimating the total average AGB in different sites, but
was quite unstable at the site scale. Zianis model though underestimated AGB than Brown and Chave
(I'and I1) models at the site scale, had the lowest uncertainty. All the pantropical models evaluated gave
a gross underestimation for dbh values <20 cm and overestimation >40 cm. From the present study,
neither of the evaluated pantropical models could be recommended for indiscriminate application at
national or regional scales. Of the species specific models at the individual scale, model 8 that included
dbh, wood density and height showed good performance at the individual site scale at all the evaluated
dbh ranges but had high instability. The study concludes that a model encompassing D, H and p is
advised for the tropical forest systems. The model can be made more stable by proper substitution of p
and form factors considering the age structure and forest types. In this regard, further work is needed to
evaluate other available allometric equations besides finding out suitable p and form factors.
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