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a b s t r a c t

To assist countries to reduce emissions from deforestation and forest degradation, the United Nations has
introduced the REDD+ mechanism. This performance-based incentive mechanism requires accurate
quantification of carbon stock and emissions. However, currently there are limited existing local or regio-
nal equations for estimating aboveground biomass in peat swamp forests. The main objective of this
study was to define the most accurate models for aboveground biomass estimation in Indonesian peat
swamp forests. We found that the pan-tropical equations performed better in estimating biomass of peat
swamp forests than did existing local equations. We developed new equations, based on 148 trees from
24 families with diameter at breast height in the range of 2–167 cm collected from peat swamp forests in
the western part of Indonesia. Statistical indicators showed that the best model form was the common
linear one using log-transformed data. Estimated biomass values needs to be back-transformed applying
correction factors. The ratio estimator correction factor which derives from the ratio between the average
of measured biomass and the average of predicted biomass, was found to provide the lowest mean devi-
ation. The existing pan-tropical equations performed similarly to our mixed species and dipterocarp
models but they systematically under- or over-estimated the biomass of certain species groups, espe-
cially non-dipterocarp trees. We also found that grouping by family (dipterocarp vs. non-dipterocarp)
and wood density class (hardwood vs. softwood) significantly improved the accuracy of biomass estima-
tion. In the absence of wood density values, wood density-class specific equations, instead of mixed-spe-
cies equations improved the accuracy of biomass estimates.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Greenhouse gas emissions from land use, land-use change and
forestry (LULUCF) account for about 12.5% of global emissions
(Baccini et al., 2012; Houghton et al., 2012). In Indonesia, this sector
represents 47% of national emissions and emissions from peat fires
an additional 13% (Ministry of Environment, 2010). Peat swamp for-
ests (PSF) in particular suffered intensive deforestation in Indonesia
between 1990 and 2010 with around 4.6 million hectares being
cleared out of the 1990 8.7 million hectares (Miettinen et al.,

2011). In 2011, only 31% of Indonesian PSF were still in pristine con-
dition (Ministry of Forestry, 2012). Peat swamp forest are carbon-
rich ecosystems (Jaenicke et al., 2008) which store on average
220 Mg C ha�1 in the phytomass (Hergoualc’h and Verchot, 2011)
and 670 Mg C ha�1 per meter depth of peat (Warren et al., 2012).
Deforestation of PSF and drainage for cultivation of agricultural
crops involve major shifts in the carbon and nitrogen cycles leading
to substantial greenhouse gas emissions; especially when land-
clearing fires are used (Hergoualc’h and Verchot, 2014). Peat
swamp forests could hence play a potentially important role in
climate change mitigation strategies involving forest conservation.

In 2005, a mechanism for reducing emissions from deforestation
and forest degradation (REDD) was discussed at the 11th annual
Conference of the Parties from the United Nations Framework

http://dx.doi.org/10.1016/j.foreco.2014.08.031
0378-1127/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +61 2 6125 4588; fax: +61 2 6125 0651.
E-mail addresses: solichin.solichin@anu.edu.au, solichin.manuri@gmail.com

(S. Manuri).

Forest Ecology and Management 334 (2014) 241–253

Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier .com/locate / foreco

http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2014.08.031&domain=pdf
http://dx.doi.org/10.1016/j.foreco.2014.08.031
mailto:solichin.solichin@anu.edu.au
mailto:solichin.manuri@gmail.com
http://dx.doi.org/10.1016/j.foreco.2014.08.031
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco


Convention on Climate Change (UNFCCC-COP11). Subsequently at
COP13 in Bali, Indonesia, the parties agreed to emphasize the need
to include carbon stock enhancement, conservation and sustainable
management of forests into the mechanism and it became known as
REDD+. Under REDD + tropical developing countries will be incen-
tivized to decrease the emission rate successfully with respect to
that of the reference emission level. As the performance will be
based on quantified emission reduction, accurate biomass and car-
bon estimation is essential. Inaccurate biomass estimation at tree
and plot level tends to multiply uncertainties at the landscape level
and may result in substantial error (Houghton et al., 2012; Pelletier
et al., 2012). Appropriate allometric models that are precise and
unbiased for estimating forest biomass at tree level are required in
conjunction with remote sensing and field observation to quantify
landscape emission and to understand the role of tropical forests
in climate change.

Current aboveground biomass (AGB) assessments of tropical for-
ests commonly rely on general allometries, instead of specific equa-
tions (Jubanski et al., 2012; Kronseder et al., 2012). Bias, a
systematic over- or under-estimate of the true value, can be severe
when using allometric models from other regions or based on
unsuitable diameter at breast height (DBH) or wood density (WD)
ranges (van Breugel et al., 2011; Alvarez et al., 2012). Biomass esti-
mation using pan-tropical equations or models from another region
displayed a higher bias when compared to estimates derived from
locally-developed models, for instance in Columbia (Alvarez et al.,
2012), Kalimantan (Basuki et al., 2009), Sarawak (Kenzo et al.,
2009a), north-east Gabon (Ngomanda et al., 2014) and Peru
(Goodman et al., 2014). However, the pan-tropical models devel-
oped by Chave et al. (2005) were found to perform equally as local
models in the tropical forests of central Africa (Fayolle et al., 2013),
Madagascar (Vieilledent et al., 2012) and in the lowland dipterocarp
forests in Indonesia (Rutishauser et al., 2013).

In order to avoid the bias introduced by the use of general mod-
els research on forest specific allometric models has been con-
ducted in the past years for local and regional AGB estimation in
tropical forests (Cole and Ewel, 2006; Djomo et al., 2010). In South-
east Asia the focus has been not only on certain forest types,
including lowland dipterocarp forest (Yamakura et al., 1986;
Basuki et al., 2009) and mangrove forest (Komiyama et al., 2002),
but also on various land use and forest degradation levels, such
as agroforestry land (Ketterings et al., 2001), secondary forests
(Hashimoto et al., 2004; Kenzo et al., 2009b) and logged-over for-
ests (Kenzo et al., 2009a). Although some allometries specific to
PSF have been produced (see compilation by Krisnawati et al.,
2012), these were either developed from relatively small sample
sizes and restricted data ranges or based on other forest types
and regions.

The main objective of this study was hence to define which
models were the most accurate for ABG estimation in Indonesian
PSF. For this we used a large dataset of 148 trees, destructively
sampled in PSF of Sumatra and Kalimantan. Specific goals
included: (1) to evaluate the performance of existing pan-tropical
and local equations; (2) to develop new mix-species allometries
for Indonesian PSF testing different equation forms (linear, polyno-
mial and power) with single or multiple independent variables
(DBH, WD and height H) and evaluate their performance; and (3)
to identify effective grouping by family (dipterocarp vs. non dip-
terocarp), WD class (soft vs. hard wood) and island (Sumatra vs.
Kalimantan) for allometric equation development.

2. Materials and methods

The study was based on a relatively large dataset of 148 trees,
destructively sampled during a series of research projects. The

dataset included trees within a large range of diameters, heights
and wood densities (Table 1). The samples consisted of 24 families
collected from three sites of peat swamp forest in the Sumatra and
Kalimantan islands in western Indonesia.

2.1. Study sites

The data was compiled from three different PSF sites: Rokan
Hilir in Riau in Sumatra; Musi Banyuasin in South Sumatra; and
Kapuas Hulu in West Kalimantan, Indonesia (Fig. 1). The mean
annual rainfall in Rokan Hilir, Musi Banyuasin and Kapuas Hulu
is 2637 mm, 2454 mm and 4100 mm, respectively. The peat depths
were up to 5, 8.5 and 6.5 m in Rokan Hilir, Musi Banyuasin and
Kapuas Hulu, respectively. The forests at all sites had been previ-
ously logged by timber companies or by illegal loggers. The Rokan
Hilir study site was managed by a timber company (PT DRT) and
was selectively logged, while the two other sites were illegally
and moderately logged.

In Rokan Hilir the most frequent species were Eugenia sp.,
Palaquium obovatum, Ilex macrophylla, Horsfieldia glabra, and Sho-
rea uliginosa. In Musi Banyuasin, the most dominant tree species
were Melanorrhoea walicchii, Tetramerista glabra, Gonystylus banc-
anus, Hydnocarpus woodii, Palaquium sp. and Dyera lowii, which
represented 11%, 9%, 7%, 6%, 4% and 3% of the total trees measured
during the previous forest inventory. In Kapuas Hulu, the dominant
species were Melanorrheoa sp., Shorea sp., Callophyllum sp., Eugenia
sp. and Diallium patens.

2.2. Destructive sampling

We carried out the destructive sampling from August 2008 to
October 2012. A total of 148 trees with a DBH of between 2 cm
and 167 cm were felled and measured. Tree selection was based
on the dominance and abundance of tree species, derived from per-
manent sample plot data in Rokan Hilir or previous forest inven-
tory plots in Musi Banyuasin and Kapuas Hulu. Further tree
selection within the plots was applied based on diameter class rep-
resentation. We prioritised the selection of large tree before select-
ing small trees, as trees smaller than 20 cm in DBH were abundant.
We selected the trees which would most likely would get impact
from the felling of large trees. As such, we reduced further damage
to the remaining stand and avoided bias of selecting only certain
quality of trees.

Prior to felling, we measured the diameter at breast height
(DBH) or, whenever there was a buttress, 20 cm above it. We used
machetes or chainsaws (60 cm and 90 cm bar length) to cut down
the trees. Tree heights were measured after each tree was felled
using 50 m cloth tape. We collected specimens of unidentified
trees for species identification at the national herbarium (Lembaga
Ilmu Pengetahuan Indonesia-LIPI) or forestry research center (Pusat
Penelitian dan Pengembangan Kehutanan-Puslitbang) in Bogor.
Trees were divided into stems, branches, twigs and leaves as
described by Ketterings et al. (2001). Stems of small trees or
branches (mostly of diameter < 30 cm) were cut into pieces to
allow weighing using spring or digital scales with capacities of
50 kg, 100 kg or 200 kg. Commercial stems of large trees or very
large branches (diameter P 30 cm) were measured for their green
volume at 2 m intervals and the volume was calculated as a
frustum of a cone (except for Rokan Hilir and some of the Musi
Banyuasin dataset, in which we weighed them all).

2.3. Laboratory work

Sub-samples of wood were extracted from at least two sections
of each stem (at the base and the end of the sections) branches,
twigs and leaves for dry mass and/or green volume determination.
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