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Abstract: We developed allometric relationships between tree size parameters (stem diameter at breast height (dbh),
at ground surface (Dy) and tree height) and leaf, stem, small-root (diameter <5 mm) and total root biomass in
various tropical secondary-forest trees in Sarawak, Malaysia. In total, 136 individuals from 23 species were harvested
to measure above-ground parts. Root systems of 77 individuals of 16 species were also excavated. The coefficients
of correlation for the obtained allometric relationships between tree diameter and plant-part biomass showed high
values, ranging from 0.83 to 0.99. In addition, there were few interspecific differences in relationships for all biomass
parts, except for leaves. We also found relatively high coefficients of allometric relationships between tree height and
plant-part biomass ranging from 0.83 to 0.94. Comparison of above- and below-ground biomass equations for various
tropical rainforests implies that our allometric equations differ largely from the equations for tropical primary forests.
Thus, choosing both above- and below-ground allometric equations for biomass estimation in tropical secondary
forests of South-East Asia requires careful consideration of their suitability.
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INTRODUCTION To accurately estimate biomass, it is preferable to

develop allometric relationships for plant-part biomass

Degradation rates in the lowland tropical rain forests
of South-East Asia have increased significantly and
secondary forests are rapidly becoming a common land-
cover type in the area, especially in the last 50 y (Brown &
Lugo 1990, De Jong et al. 2001, Hansen & DeFries 2004,
Wright 2005). Consequently, secondary forests have the
potential to assimilate and store relatively large fractions
of carbon that arelost during deforestation and otherland-
use changes (Hughes et al. 1999, Jepsen 2006, Lawrence
2005).

L Corresponding author. Email: mona@affrc.go.jp

https://doi.org/10.1017/50266467409006129 Published online by Cambridge University Press

components and tree diameter because disturbance is
avoided and it is possible to investigate large study areas
(Brown 1997, Chave et al. 2005, Cole & Ewel 2006,
Lavigne & Krasowski 2007, Niklas 1994). Moreover, the
reliability of estimation using the relationships is usually
high, even when there are many tree species within the
same forest stand (Kira & Shidei 1967, Santantonio et al.
1977, Yamakura et al. 1986).

Although several sets of allometric equations have been
developed to estimate above-ground biomass in tropical
secondary forests (Hashimoto et al. 2000, Ketterings et al.
2001, Nelson et al. 1999, Saldarriaga et al. 1988, Uhl &
Jordan 1984), only a few studies have been conducted on
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Table 1. Mean total nitrogen (N), available phosphorus (P), exchangeable potassium (K), soil texture and
elevation for the Niah site (Hattori et al. 2005) and Sungai Liku site (Ishizuka et al. 1998). Data on soil
properties is at the A horizon (c. 0-10 cm from soil surface). Available phosphorus determined by the Bray
I method and Truog method for Niah and Sungai Liku, respectively.

Total N Available P Exchangeable K Elevation
Site (gkg™h) (mgkg~1) (cmol (+) kg™1) Soil texture (m)
Niah 1.25 8.73 0.30 Sandy loam 45
Sungai Liku 1.75 7.99 0.07 Sandy loam 60
root allometry in forests (Sierra et al. 2007). In particular, =~ MATERIALS AND METHODS
no studies have been done in South-East Asia due to
the difficulty in directly measuring root biomass in the  Stydy sites

forest (Berish 1982, Cairns et al. 1997, Jackson et al.
1996, Vogt et al. 1996). Yet tree root systems must
be considered because they are an important part of
total forest biomass, representing 2—25% of the total
biomass in various tropical rain forests (Andriesse &
Schelhaas 1987, Jackson etal. 1997, Lugo 1992, Sanford
& Cuevas 1996, Santantonio et al. 1977), which have
a larger amount of root biomass compared with other
forest biomes (de Kroon & Visser 2003, Jackson et al.
1996).

Development of allometric relationships of both above-
and below-ground biomass for tropical secondary-forest
trees contributes to the accurate estimation of forest
biomass in the tropical region. Presently, allometric
equations derived from tropical primary forest trees
are generally used to estimate the forest biomass of
tropical regions including not only primary forest but
also secondary forest (Brown 1997, Chave et al. 2004,
2005; but see Jepsen 2006, Nelson et al. 1999). However,
tropical secondary forest consists of significantly different
tree species with different structural traits such as
lower wood density, tree height and rooting depth
compared with the primary forest trees, and these traits
generally relate to different coefficients of the allometric
relationships (Chave et al. 2004, 2005). Therefore, both
above- and below-ground biomass of tropical secondary-
forest trees may be overestimated compared with primary
tropical rain-forest trees, and thus, development of
allometric relationships of both above- and below-
ground biomass for tropical secondary-forest trees is
required for accurate estimation of biomass in the tropical
area.

The objectives of this study were (1) to develop the
allometric relationships between certain dimensional
variables such as tree diameter and plant-part biomass,
particularly in the roots, in tropical secondary
forests in Sarawak, Malaysia and (2) to assess
the variation and suitability of developed allometric
relationships through comparison of relationships among
previously reported equations developed for tropical
primary and secondary forests and/or other forest
biomes.
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Our study was carried out in a post-fire secondary forest
and aroadside secondary forest in the Niah Forest Reserve
(3°39'N, 113°42'E) and the Sungai Liku area located
in the Lambir Hills National Park (4°14’N, 114°04'E),
respectively, in Sarawak, Malaysia. Both areas have a
humid tropical climate. Annual rainfall and average
temperature is about 2800mm and 27°C in Niah
and 2400 mm and 26.3 °C in Sungai Liku, respectively
(Kenzo et al. 2006, 2007). The soil at the Niah site is
classified as Typic Kandihumult and is mainly composed
of moderately soft grey mudstone and shale (Hattori et al.
2005, Irino et al. 2005). The soil type at the Sungai Liku
site is Ultisols. Soil chemical and physical properties at the
A horizon were relatively similar between the two sites
(Table 1).

The original vegetation at both sites was lowland mixed
dipterocarp forest. The forest at the Niah site underwent
selective logging in the 1980s. At the end of the 1980s,
after logging, shifting cultivation was started in the area.
Shifting cultivation was conducted only once at the site.
We mainly cut down the pioneer trees from 4-20-y-old
forests after abandonment of shifting cultivation. We also
conducted the study along a gravel road in the Sungai
Liku area in Lambir. The road had been built around
the 1980s and many pioneer trees, such as species of
Macaranga and Ficus, covered the road side. The forests at
Niah also mainly consist of pioneer trees such as species
of Macaranga, Artocarpus and Ficus. Approximately 50%
of the trees at both sites are Macaranga and Ficus species
(Hattori et al. 2006). The other represented tree species
were Glochidion spp., Callicarpa spp., Dillenia suffruticosa
and Endospermum diadenum. Canopy height varied from
5 to 20m with stand age. Relative light intensity
measured by anilluminance meter (T-10, Konica Minolta,
Japan) was approximately 8—10% (Kenzo et al. 2007).
Such forests are widely distributed throughout tropical
Asia, particularly on Borneo (Dennis et al. 2001), and
the species composition of the forests under study
is typical of secondary tropical forests (Ewel et al.
1983, Kendawang et al. 2007, Mori 2000, Whitmore
1998).
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Table 2. Sampled tree species, number of individuals, range of tree height, range of diameter at the ground surface, and wood density. Values in
parentheses are from the below-ground survey. The asterisk (*) means average of generic values from Suzuki (1999) and Burgess (1966).

No. of Range in tree height Wood density
Species (Family) individuals (m) Range in Dy (cm) (gem™3)
Alstonia sp. (Apocynaceae) 1(0) 3.9 3.5 0.38*
Dillenia suffruticosa (Dilleniaceae) 3(3) 1.3-4.8 (1.3-4.8) 1.1-3.8 (1.1-3.8) 0.45
Endospermum diadenum (Euphorbiaceae) 9(10) 0.7-7.3(0.7-18.6) 0.3-5.7 (0.3-27.6) 0.34
Glochidion sp. (Euphorbiaceae) 10(0) 2.3-11.6 1.9-15.9 0.45*
Homalanthus populneus (Euphorbiaceae) 2(2) 0.1-0.2 (0.1-0.2) 0.2(0.2) 0.36*
Macaranga bancana (Euphorbiaceae) 32(29) 0.1-13.7(0.1-13.7) 0.2-15.4(0.2-15.4) 0.31
M. beccariana (Euphorbiaceae) 5(5) 1.7-13.9 (1.7-13.9) 1.4-12.4(1.4-12.4) 0.29
M. gigantea (Euphorbiaceae) 23(13) 0.6-22.0(0.6-17.0) 1.1-31.8 (1.1-24.5) 0.29
M. hosei (Euphorbiaceae) 12(0) 9.1-23.0 6.4-28.3 0.39*
M. hypoleuca (Euphorbiaceae) 4(0) 3.6-11.2 2.5-10.5 0.31
M. pseudopruinosa (Euphorbiaceae) 1(1) 3.3(3.3) 2.2(2.2) 0.29
M. trachyphylla (Euphorbiaceae) 2(2) 4.3-6.6 (4.3-6.6) 3.5-4.1 (3.5-4.1) 0.39*
M. winkleri (Euphorbiaceae) 3(1) 3.8-19.6 (6.3) 3.3-11.8(5.5) 0.39*
Mallotus sp. (Euphorbiaceae) 4(0) 1.5-3.9 0.7-2.7 0.53*
Fagraea racemosa (Loganiaceae) 1(1) 4.8 5.9 -
Melastoma malabathricum (Melastomataceae) 3(3) 0.2-1.3 (0.2-1.3) 0.2-0.6 (0.2-0.6) 0.44
Artocarpus elasticus (Moraceae) 1(0) 3.2 4.1 0.30
Artocarpus sp. (Moraceae) 3(3) 0.5-2.6 (0.5-2.6) 0.4-2.2(0.4-2.2) 0.43*
Ficus stolonifera (Moraceae) 11(1) 1.9-10.7 (7.3) 1.0-12.7 (5.5) 0.39*
Ficus sp.1 (Moraceae) 3(0) 3.2-4.7 2.3-4.5 0.39*
Ficus sp. 2 (Moraceae) 1(1) 5.7(5.7) 4.6 (4.6) 0.39*
Tarenna sp. (Rubiaceae) 1(1) 1.4(1.4) 1.3(1.3) -
Callicarpa havilandii (Verbenaceae) 2(1) 0.3-4.5(0.3) 0.3-3.8(0.3) -
Total 23 species (16 species) 136(77) 0.1-23.0(0.1-18.6) 0.2-31.8 (0.2-27.6) 0.29-0.53

Biomass measurements and allometric relationships

In total, 136 trees representing 23 species, 14 genera and
eight families were harvested and measured for above-
ground parts just before root excavation at the sites
(Table 2, Figure 1, Appendix 1). Nomenclature follows
Anderson (1980), Nagamasu & Momose (1997) and
Soepadmo & Saw (2000). Individuals with damaged
crowns or broken trunks were not considered. Harvested
trees ranged from 0.1 to 23.0m in height and from 0.2
to 31.8 cm in diameter at the ground surface (Table 2).
All selected species were typical secondary-forest trees in
the area. After harvesting, diameter at breast height (dbh,
1.3 m) and at ground surface (D), tree height (H), and
leaf and stem fresh weight of all trees were measured.
Root excavation was carried out for 77 of the harvested
trees, representing 16 species, 11 genera and seven
families (Table 2, Figure 1). Excavated trees ranged from
0.1 to 18.6m in height and from 0.2 to 27.6cm in
diameter at the ground surface (Table 2). Roots were
carefully excavated, using hand tools, from the stump to
less than 1-2 mm in diameter. Only live roots, noticeable
by their healthy bark, were harvested. Roots were then
washed by hand with water. We attempted to harvest
all roots, but noted that not all fine roots could be
harvested, especially ones less than 2 mm in diameter.
Roots were then divided into small (diameter <5 mm)
and coarse (diameter >5mm) roots. Total fresh weight
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of each tree part was measured in the field and then
representative samples were dried in the laboratory to
determine moisture content. These samples were oven-
dried at 60°C for >72h until they reached constant
mass.

Diameters at breast height (dbh) and ground surface
(D) were tested as independent variables. Preliminary
analysis of alternative equations indicated that the
allometric equation y = ax” (where y is biomass (kg),
x is dbh or Dy (cm), and a and b are coefficients estimated
by regression) fitted the data best. All regressions were
carried out using SPSSver. 11.5 for Windows (SPSS Japan
Inc., Tokyo, Japan). We also tested interspecific differences
in regression using several species, which included 10
of the above individuals for above-ground parts and five
individuals for fine and total root biomass. Differences
between species were tested by analysis of covariance
(ANCOVA; SPSS v.11.5), with species as the main factor
and dbh as a covariable (Sokal & Rohlf 1995).

RESULTS

Allometric relationships

All allometric regressions such as total root biomass as a
function of dbh or Dy showed high correlation (Table 3,
Figure 2, 3). A particularly high correlation (R? > 0.94)
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Figure 1. Number of excavated trees and trees for above-ground study with diameter class (diameter at ground surface).

was found with total root and stem biomass as a function
of dbh or Dy. More accurate estimates of both total and
small-root biomass were obtained by using D, instead
of dbh (Table 3, Figure 3). We also found relatively
high coefficients of allometric relationships between tree
height and plant-part biomass ranging from 0.83 to 0.94
(Table 3).

Analysis of covariance (ANCOVA) did not show any
significant effect (P > 0.05) of tree species as a predictor
variable for the stem, total and small-root biomass
estimates, although interspecific differences in stems were
found between Ficus stolonifera and Macaranga bancana
when Dy was used for the function (Figure 2, Appendix 2).
On the other hand, significant interspecific differences

Table 3. Results of regression analyses for predicting plant part biomass of subject trees from easily measured stem

characteristics (y = ax?) using data from all secondary-forest tree species.

Independent No. of Adjusted

Dependent variable (y) variable (x) individuals a (£ SE) b (£ SE) R?
Total root dry biomass (kg) dbh (cm) 52 0.0214 £ 0.0022 2.33+£0.08 0.94
Do (cm) 77 0.0105 £ 0.0007 2.46 £ 0.05 0.97
H (m) 73 0.0094 £ 0.0013 2.254+0.10 0.89
Small-root dry biomass (kg) dbh (cm) 51 0.0078 £0.0011 1.80£0.12 0.82
Do (cm) 76 0.0047 £ 0.0004 1.87 £ 0.07 0.92
H (m) 72 0.0043 £ 0.0006 1.70 £ 0.09 0.83
Leaf dry biomass (kg) dbh (cm) 107 0.0180 £ 0.0019 1.83 £0.07 0.88
Do (cm) 135 0.0094 £ 0.0006 2.01 £0.04 0.95
H (m) 131 0.0083 £ 0.0010 1.86 +0.07 0.85
Stem dry biomass (kg) dbh (cm) 107 0.0602 £0.0049  2.55£0.05 0.96
Do (cm) 135 0.0238 £0.0012 2.824+0.03 0.99
H(m) 131 0.0183 £ 0.0020 2.68 £0.06 0.94
Above-ground biomass (kg) dbh (cm) 107 0.0829 £ 0.0063 2.43 +£0.05 0.96
Do (cm) 135 0.0379 £0.0017 2.63+£0.03 0.99
H (m) 131 0.0300 £ 0.0033 2.49 +£0.06 0.93
Total biomass (kg) dbh (cm) 51 0.1044 £0.0103  2.36£0.08 0.94
Do (cm) 76 0.0493 £ 0.0023 2.524+0.04 0.99
H (m) 72 0.0444 £ 0.0057 2.27 £0.09 0.90
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Figure 2. Allometric relationships between above-ground parts biomass and Dy or dbh in tropical secondary forest trees. Stem biomass (a, b), leaf
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Appendix 2.
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Figure 3. Allometric relationships between below-ground biomass and Dy or dbh in tropical secondary forest trees. Total root biomass (a, b),

small-root biomass (c, d) in relation to Dy and dbh, respectively.

were found among M. gigantea and M. hosei, M. hosei
and other species groups, and M. bancana and Glochidion
sp. in the regressions of leaf biomass using both dbh
and Dy (Figure 2, Appendix 2, P < 0.05, ANCOVA).
However, interspecific differences were not significant
when these regressions were explained by total above-
ground biomass (sum of leaf and stem biomass) as a
function of dbh or Dy (Figure 2, P > 0.05, ANCOVA).

Effect of tree size on biomass partitioning ratios and
root system

Tree-size-dependent biomass allocation was found in the
leaf:total root ratio (leaf/root), leaf:stem ratio (leaf/stem)
and small-root ratio (small-root/total root). Leaf biomass
in both roots and stem biomass decreased significantly

https://doi.org/10.1017/50266467409006129 Published online by Cambridge University Press

with tree diameter (Figure 4a, b). Small-root to total
root biomass decreased significantly with diameter
(Figure 4c). On the other hand, there was no significant
relationship with tree diameter for either the above-
ground biomass:root ratio T/R (Figure 4d) or the small-
root:leaf ratio (data not shown).

Tree root depth increased with increased tree diameter,
although rooting depth of most individuals was less than
1 m (Figure 4e). Only several species such as Fagraea
racemosa and Endospermum diadenum showed relatively
deep root systems over 1.2 m, even in small individuals
(e.g. Dp=5.7cm). Maximum depth in the largest
individual of E. diadenum was 2.3 m (Dyg=27.6 cm). In
our observation, the majority of root systems existed
in the shallow soil layer (approximately <20cm), but
we did not have a quantitative data set. Lateral root
systems extended to relatively large areas and reached
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Table 4. Regression of above-ground biomass (Wt), species used for the regressions, mean annual precipitation (MAP) and temperature (MAT), and
wood density (g cm~?) for different tropical moist areas and forest type. Units are kg for Wt and cm for dbh. Forest types: MT = moist tropical,
PR = primary rain forest, SF = secondary forest, PF = plantation forest. References (Ref.): 1 = Brown 1997, 2 = Chave et al. 2005, 3 = Yamakura
etal. 1986, 4 = Rai & Proctor 1986, 5 = Chambers et al. 2001, 6 = Sierra et al. 2007, 7 = Nelson et al. 1999, 8 = Kiyono & Hastaniah 2005, 9 =
Ketterings et al. 2001, 10 = Hashimoto et al. 2004, 11 = Kawahara et al. 1981.

Forest MAT Wood
Site type Species MAP (mm) (°C) Regression density Ref.
World moist tropical MT Mixed species - - In(Wt) = 2.53 x In(dbh)-2.13 0.40-0.79* 1
World moist tropical MT Mixed species 1500-3500 - Wt = (wood density) x - 2
exp(-1.562 + 0.148 x In(dbh)
+0.207 x (In(dbh))2 - 0.0281
x (In(dbh))?)
Borneo PR Mixed species 1862 26 In(Wt) = 2.62 x In(dbh)-2.30 0.36-0.81 3
India Karnataka PR Mixed species 6500 22 In(Wt) = 2.12 x In(dbh) - 0.435 0.49-0.98 4
Central Amazon PR Mixed species 2200 27 In(Wt) = 2.55 x In(dbh) - 2.010 0.69 5
Colombia SF Mixed species 2078 23 In(Wt) = 2.422 x In(dbh) — 2.232 - 6
Central Amazon SF Mixed species - - In(Wt) = 2.413 x In(dbh) - 1.997 0.54 7
Kalimantan, Indonesia SF Mainly Schima 2789 27 Wt =0.1008 x dbh2-3264 0.67 8
wallichii
Sumatra Indonesia SF Mixed species 3000 27 In(Wt) = 2.59 x In(dbh)-2.75 0.35-0.91 9
Kalimantan, Indonesia SF Mixed species 1800 28 In(Wt) = 2.44 x In(dbh) - 2.51 0.29-0.47* 10
Philippine PF Paraserianthes 4500 27 In(Wt) = 2.56 x In(dbh)-2.95 0.32 11
falcataria
Philippine PF Gmelina 4500 27 Wt =0.0496 x dbh2-3694 0.34 11
arborea

5.5m from the stump in the largest individuals of M.
gigantea (Figure 4f, Dy = 24.5 cm). Root grafting between
secondary-forest trees was not frequent, although we did
not have quantitative data. We also found self-grafted
roots in some species such as F. stolonifera and Macaranga
species.

Biomass model comparison both above and below ground

Comparison of total above-ground biomass equations
for various tropical rain forests implies that there were
significant differences between study forests, especially
between secondary and primary forests (Table 4,
Figure 5). Most previous equations for primary forest
provided the highest estimate of biomass yield among
the equations. In contrast, equations for secondary
forest showed lower estimates of biomass. Especially,
the equation for this study deviated least compared
to almost all previous biomass equations, although
equations reported by Hashimoto et al. (2004 ) for young
secondary-forest trees in Kalimantan and by Kawahara
et al. (1981) for fast-growing tropical secondary-forest
trees of Paraserianthes falcataria and Gmelina arborea in
the Philippines were similar (Figure 5). The equation
by Brown (1997), which is widely used for biomass
estimation for tropical moist areas, estimated a much
higher biomass than our equation. Even a biomass
equation corrected by wood density (Model II.3 for
moist forest stands, Chave et al. 2005) overestimated the
biomass compared with our equation (wood density in
our study is calculated as 0.354 gcm™?). For example,
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the equation by Chave et al. (2005) overestimated by
approximately 20% in above-ground biomass in the case
of 20-cm dbh (Figure 5).

Comparison of the biomass equation for total below-
ground biomass for our study with other equations
developed for other tropical and temperate forest trees
also showed highly varied results (Table 5, Figure 6).
Compared with the root allometric equation obtained
from other tropical rain-forest trees (Sierra et al. 2007),
our equation provided a much lower estimate of
root biomass for the same tree diameter, which was
approximately 60% in the case of 20-cm dbh. Other
equations for subtropical and temperate broadleaved
forest trees also showed a higher estimation of root
biomass compared with our tropical secondary-forest
trees (Figure 6).

DISCUSSION

Allometric relationships and root characteristics of
secondary-forest trees

All allometric relationships in this study showed
a significantly high correlation coefficient with low
interspecific differences, except for leaf biomass. This low
interspecific variation in the allometric relationships of
stem and total root biomass with dbh or Dy may be
derived from similar wood density among secondary-
forest trees. In general, secondary-forest trees show
lower wood density with lower variation among species
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Table 5. Regression of below-ground biomass (Wr), species used for the regressions, mean annual precipitation (MAP) and temperature (MAT),
and wood density (g cm~?) for different forest type. Units are kg for Wr and cm for dbh. Forest types: PR = primary rain forest, SF =
secondary forest, PF = planted forest, TDF = tropical dry forest, SBF = subtropical broadleaved forest, EO = Eucalyptus open-woodland, CTF = cool
temperate forest, TF = temperate forest. References (Ref.): 1 = Sierra et al. 2007, 2 = Niiyama et al. 2005, 3 = Kraenzel et al. 2003, 4 = Lin et al.
2006, 5 = Zerihun et al. 2006, 6 = Kira & Ogawa 1968, 7 = Karizumi 1974, 8 = Wang 2006, 9 = Whittaker et al. 1974.

MAP Wood

Site Forest Type Species (mm) MAT (°C) Regression density Ref.

Colombia PR + SF Mixed species 2078 23 In(Wr) = 2.693 x In(dbh) - 1
-4.394

Pasoh, Malaysia PR Mixed species 1720 26 Wr = 0.02186 x dbh 2487 - 2

Panama PF (TDF) Tectona grandis 2650 27 In(Wr) = 2.399 x In(dbh) 0.60-0.70 3
-1.671

Taiwan SBF Mixed species 4450 18 In(Wr) = 2.609 x In(dbh) - 4
-4.233

Northeast Australia EO Eucalyptus populnea 735 21 In(Wr) = 2.531 x In(dbh) - 5
-4.108

Kyoto, Japan CTF Fagus crenata 2350 12 Wt =0.082 x dbh? 0.65 6

Gunma, Japan TF Zelkova serrata 1200 14 Wr=-25234128.57 x 0.69 7
((r x dbh2)/4)

Northeastern China CTF Mixed species 700 3 Log1oWr = (2.855 x - 8
log1o(dbh) + 0.703) /
1000

New Hampshire, USA CTF Acer saccharum 1250 -12-18 log1oWr = (2.201 x 0.62 9

log1o(dbh) + 1.737) /
1000

2000 - === Thisstudy {3

—a&— Brown 1997. Tropical moist forest
1800 - - =X- = Chave et al. 2005. Model corrected for wood density
(Secondary forest) A
1600 L —— Kawabhara et al. 1981 (G. arborea) a
—A— Kawabhara et al. 1981 (P. falcataria) e
= 1400 | —8— Ketterings et al. 2001 %
4 —<&— Kiyono & Hastaniah 2005
§ 1200 | —o— Hashimoto et al. 2004 I
g — @ Nelson et al. 1999 =
< 1000  —e— Siermaeral. 2007
% (Primary forest) 8
5 800F  ---A-- Chambers et al. 2001 x IZl
0; ---@--- Rai & Proctor 1986 e & (4
8 600F ---@-- Yamakuraetal 1986 - B ;
<
400
200
O 1 ]
0 5 10 15 20 25 30 35 40
dbh (cm)

Figure 5. Comparison with previously reported relationships between above-ground biomass and dbh of tropical moist forest trees. Model parameters
and site index appear in Table 4. The estimation line in this study overlaps the two lines of Kawahara et al. (1981) and Hashimoto et al. (2004).
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Figure 6. Comparison with previously reported relationships between below-ground biomass and dbh of broadleaved forest trees. Model parameters

and site index appear in Table 5.

from approximately 0.2-0.5gcm™> compared to late-

successional tropical rain-forest trees, which range from
0.2-0.8 gcm™3 in the tropical rain forests of South-East
Asia (Suzuki 1999, Whitmore 1998). In fact, the specific
gravity of our studied tree species varied within a small
range from 0.29 to 0.53 g cm™>. Hashimoto et al. (2004)
also reported that similar allometric relationships among
their tropical secondary-forest trees, including species,
were raised by Kawahara et al. (1981), which also had
similar wood density, in South-East Asia.

In contrast, allocation of leaf biomass with tree size
shows greater fluctuation among species than that of
root and stem biomass, because there are significant
interspecific differences in leaf allometric equations. The
allocation of leaf biomass in a plant body can vary greatly
with its ontogeny and environmental conditions such
as light, soil nutrients and water, even within the same
tree species (Lambers et al. 1998). This plasticity may
appear in the interspecific differences in the leaf allometric
relationships.

Tropical secondary-forest trees have relatively shallow
root systems, although the maximum rooting depth of
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trees in evergreen tropical forests is generally deeper than
most biomes except for tropical savanna (Canadell et al.
1996, de Kroon & Visser 2003). Maximum rooting depth
in this study was only 2.3 m and this value is less than a
third of the world average for tropical evergreen forests,
which is 7.3 £ 2.8 m (Canadell et al. 1996). In addition,
most trees in this study showed a depth ofless than 1 m for
the root system. Even young dipterocarp trees (c. 30-cm
dbh), which are the dominant trees in the primary rain
forests of South-East Asia, can have roots that reach down
to 3.2 m (Baillie & Mamit 1983). In contrast, horizontal
root length of secondary-forest trees shows a similar value
to the root systems of young dipterocarp trees, as they
can also reach 3-5m from the stump (Baillie & Mamit
1983). This wide but shallow root system of secondary-
forest trees implies a greater susceptibility to natural
disturbance such as drought and strong wind, although it
may also cause a high rate of nutrient uptake and above-
ground growth (Becker & Castillo 1990, Jaramillo et al.
2003, Nicoll et al. 2006, Shukla & Ramakrishnan 1984).
Several reports on tree mortality during severe drought
events in El Nino obviously showed that species with low
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wood density had high mortality (van Nieuwstadt & Sheil
2005), especially pioneer Macaranga species, where the
mortality rate reached 67% (Slik 2004). Cao (2000) also
reported that tropical trees with a shallow root system (less
than 20-cm depth), which include secondary-forest trees,
showed higher mortality and lower predawn leaf water
potential than primary forest trees with a deep root system
(reaching 2-m depth) during severe drought events in El
Nino in Borneo. On the other hand, trees with a shallow
root system recovered faster from drought stress after first
rains compared to deep tap-rooted species (Cao 2000).

Biomass model comparisons for above-ground biomass
among tropical moist forests

Comparison of above-ground biomass equations for
various tropical rain forests implies that our allometric
equation for tropical secondary-forest trees provided one
of the lowest estimation equations for the biomass. Even
the universal equation for tropical moist forest by Brown
(1997) overestimated by approximately twice the amount
for our secondary-forest trees. This lower estimation
may relate to their low wood density. The average
wood density in our species was only 0.354gcm™3
and this value was lower than the value in most other
studies of primary and secondary tropical rain forest.
However, biomass equations by Hashimoto et al. (2004)
and Kawahara et al. (1981), which also had low wood
density (0.32-0.49), showed almost similar biomass
equations compared to our study. This indicates that a
universal equation developed for above-ground biomass
requires correction by wood density. In fact, corrected
biomass equation for a tropical moist forest by wood
density (Chave et al. 2005) could improve the biomass
estimation for our secondary-forest trees, although it
still overestimated the biomass by approximately 20%
in the case of 20-cm dbh. This suggests that the model
may require improvement for application to tropical
secondary forests, especially for target trees with low
wood density. When improving the biomass equation, it is
also better to separate the secondary-forest trees from the
primary-forest trees, because model parameters between
forest types with similar diametric structure may vary
considerably in canopy height (Chave et al. 2005). Chave
et al. (2005) also noted that if the model included a forest
type, such as mangrove forest, as a predictive variable,
the developed equations showed a poor fit with the data
and poor estimation of above-ground biomass for over
50% of their study sites. In addition, more data sets may
be needed for tropical secondary-forest trees in order to
improve the corrected equation by wood density, because
secondary-forest trees account for only 13% of the total
tree data sets for their corrected models on tropical moist
forests (Chave et al. 2005).
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Biomass model comparisons for below-ground biomass
among broadleaved forests

The allometric equations for total below-ground biomass
for our tropical secondary-forest trees predicted the lowest
yield of root biomass among the world’sbroadleaved forest
trees, which include tropical, subtropical and temperate
forests. For example, the root allometric equations
obtained from tropical rain-forest trees (Sierra et al. 2007)
provided a much higher estimate of root biomass for
the same tree diameter, which was overestimated by
approximately 60% in the case of 20-cm dbh. Thus,
the allometric equations derived in this study may help
provide a more accurate estimation of below-ground
biomass in tropical secondary forests in South-East Asia.
This lower-estimation equation may also be related
to the lower wood density of studied trees similar to
the equations for above-ground biomass and/or lower
root depth compared with primary forest trees (Baillie
& Mamit 1983). In addition, soil nutrient richness
may also affect the root biomass differences between
tropical forests (Cairns et al. 1997, Sanford & Cuevas
1996). To develop a universal equation for tropical root
biomass, more data sets are needed from various tropical
forest trees including both primary and secondary forest
trees.

Conclusions

In this study, we accurately developed allometric
relationships between dbh, Dy and leaf, stem and total root
biomass in various tropical secondary-forest trees with
low interspecific differences. We also found relatively high
correlation of allometric relationships between tree height
and plant-part biomass. Comparison of above- and below-
ground biomass equations for various tropical rain forests
implies that our allometric equations differed largely from
the equations for primary forests. Therefore, the developed
allometric equations in this study may contribute to
the accurate estimation of above- and below-ground
biomass for the tropical secondary forests of South-East
Asia.
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in  Eucalyptus populnea woodland communities

Appendix 1. All data sets on dry weight (g) of plant parts biomass, diameter at the ground surface (D), diameter at the breast height (dbh) and tree

height (H).
Species Do (cm) dbh (cm) H (m) Leaf (g) Stem (g) Root (g) Small root (g)
Alstonia sp. 3.90 3.00 3.48 211.20 1343.81
Dillenia suffruticosa 3.79 3.04 4.80 234.58 1235.18 364.34 66.17
0.94 0.64 0.54 6.27 10.34 6.76 1.19
0.30 0.11 0.31 1.6 0.73 0.32 0.33
Endospermum diadenum 27.64 19.90 18.56 28124.80
5.70 4.65 7.30 267.16 2782.82 708.65 91.91
2.55 2.00 2.18 48.87 146.46 164.14 80.88
2.06 1.33 2.85 28.46 114.48 32.64 15.48
1.72 1.30 19.55 102.52 24.13 6.92
1.52 0.68 1.49 16.16 38.62 16.86 4.53
1.50 1.11 1.30 16.29 53.70 43.97 18.38
0.98 0.53 1.72 4.35 16.50 4.37 1.03
0.62 0.64 1.45 3.76 3.84 2.69
0.34 0.30 0.74 0.76 1.75 1.75
Glochidion sp. 15.92 13.06 11.60 3332.84 50617.10
10.51 9.55 9.00 1992.46 20690.20
6.37 5.73 8.60 550.64 7922.45
4.59 3.81 8.00 79.70 3499.39
3.80 3.18 4.80 10.87 1388.14
3.50 2.78 4.20 423.85 1298.42
3.22 2.42 5.40 119.55 1166.46
2.45 2.05 2.30 65.21 311.41
2.18 1.91 3.50 163.02 411.69
1.88 1.47 3.00 79.70 353.63
Homalanthus populneus 0.35 1.08 1.21 2.63 2.63
0.30 0.79 0.79 1.87 1.87
Macaranga bancana 15.41 12.82 13.70 2215.50 40834.17 16625.06 3271.82
6.21 5.08 7.20 977.43 3368.67 1844.87 261.01
4.30 3.47 5.20 97.74 1049.66 394.27 128.67
3.82 3.07 5.47 45.61 766.50 257.68 88.23
2.99 2.37 3.25 61.90 258.26 75.27 32.70
1.97 1.75 2.34 28.78 62.04 24.14 15.81
1.77 1.58 1.78 41.40 4997 45.03 12.73
1.76 1.58 1.94 33.54 41.41 24.27 12.65
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Appendix 1. Continued.

Species Do (cm) dbh (cm) H (m) Leaf (g) Stem (g) Root (g) Small root (g)
1.73 1.55 2.33 21.85 51.99 70.30 12.15
1.72 1.30 2.96 19.55 102.52 23.13 6.92
1.43 1.30 1.39 21.35 27.08 18.42 8.26
1.25 1.16 1.38 18.98 20.40 9.00 6.29
0.83 0.82 1.47 3.40 10.86 3.91 2.77
0.54 0.09 1.48 1.04 0.82 0.72
0.45 0.32 1.92 2.26 0.75 0.65
0.41 0.33 0.93 0.57 0.75 0.75
0.38 0.54 1.72 1.69 1.56 1.56
0.30 0.08 0.94 1.25 0.56 0.56
0.30 0.92 0.69 0.68 0.68
0.26 0.41 0.24 0.50 0.17 0.17
0.23 0.07 0.59 0.35 0.42 0.42
0.23 0.28 0.44 0.47 0.45 0.45
0.22 0.28 0.52 0.25 0.32 0.32
0.22 0.30 0.42 0.33 0.94 0.94
0.21 0.33 0.34 0.28 0.21 0.21
0.21 0.32 0.38 0.29
0.19 0.54 0.20 0.33 0.10 0.10
0.17 0.33 0.27 0.22 0.10 0.10
0.17 0.33 0.25 0.16
0.16 0.31 0.34 0.26 0.13 0.13
0.16 0.10 0.43 0.24 0.12 0.12

M. beccariana 12.42 10.30 13.85 1172.91 20285.27 4862.01 1551.43
7.20 5.91 8.50 651.62 4247.46 1138.75 128.67
5.48 4.46 7.50 358.39 1777.10 395.80 44.11
3.82 3.07 5.20 267.16 1708.75 436.25 238.95
1.37 1.00 1.70 22.81 41.50 48.23 30.44

M. gigantea 31.85 28.66 20.90 10252.10 304019.31

24.46 20.43 17.00 10865.74 107333.73 24429.24 2455.70
24.20 23.25 21.40 4709.44 178928.03
22.61 21.97 22.00 5071.71 170219.14
19.11 18.15 18.60 3332.84 93686.51
12.74 12.10 12.40 3405.29 34096.61
10.83 10.51 8.70 2064.91 17892.80
9.55 9.55 10.60 1123.02 15095.40
8.28 7.32 10.00 398.49 10028.41
7.26 5.96 7.70 778.68 7713.77 1472.40 264.69
7.23 5.93 8.00 781.94 6957.04 1718.56 176.46
6.37 6.37 6.80 398.49 4011.37
5.67 4.62 5.45 651.62 3124.57 746.48 88.23
5.29 4.30 4.40 332.33 1781.98 560.78 51.47
4.97 4.03 5.04 244.36 1659.93 369.71 40.44
4.78 3.50 4.30 253.59 1213.97
4.01 3.23 4.87 319.29 1391.41 219.77 33.09
2.48 1.94 2.35 68.42 239.22 119.01 20.95
2.29 1.78 2.20 48.87 239.22 132.53 45.22
2.17 1.67 1.57 153.13 205.05 139.66 51.47
1.72 1.30 2.40 42.36 131.82 61.85 33.09
1.21 0.87 1.82 35.84 73.23 17.96 7.35
1.15 0.82 1.64 32.58 24.41 14.70 5.51
M. hosei 28.34 23.25 23.00 6520.77 174177.73
2548 21.34 22.00 5433.97 160349.07
21.34 19.11 22.00 2644.53 110734.81
16.88 15.92 21.90 2789.44 85980.46
11.46 10.83 13.20 1267.93 24384.88
11.46 10.19 13.30 1159.25 21534.70
11.15 10.19 19.10 869.44 32302.05
8.60 7.96 11.80 253.59 11875.75
7.96 7.64 13.30 217.36 9289.48
6.37 6.05 9.10 108.68 4539.18
6.37 5.73 9.50 108.68 5858.71
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Species Do (cm) dbh (cm) H (m) Leaf (g) Stem (g) Root (g) Small root (g)
M. hypoleuca 10.51 9.55 11.20 1412.83 14937.06
8.92 7.96 10.40 1231.70 11981.32
7.32 7.01 11.00 652.08 8550.54
2.53 2.15 3.60 105.06 407.47
M. pseudopruinosa 2.20 1.70 3.26 27.69 202.61 156.39 84.55
M. trachyphylla 5.48 4.46 7.30 273.68 4784.49 373.24 44.11
4.14 3.34 6.57 39.10 1074.07 372.55 55.14
M. winkleri 11.78 19.55 316.20 5888.00
5.54 4.51 6.26 276.94 1532.99 604.22 198.51
3.30 2.45 3.83 209.14 1464.31
Mallotus sp. 2.70 2.20 2.62 67.02 441.25
2.30 1.80 3.85 44.92 321.44
1.45 1.10 2.43 25.72 106.09
0.70 0.35 1.52 1.27 16.89
Fagraea racemosa 5.89 4.81 4.80 684.20 3515.14 1032.62 22.06
Melastoma malabathricum 0.57 0.40 4.07 4.18 1.96 0.83
0.51 0.90 2.73 6.53 1.98 1.00
0.30 0.31 1.60 0.73 0.32 0.33
Artocarpus elasticus 4.10 3.70 3.20 272.79 1933.90
Artocarpus sp. 4.59 3.71 5.65 407.26 2948.81 1124.78 51.47
2.17 1.67 2.55 48.87 190.40 88.63 25.73
0.44 0.42 3.19 2.22 1.20 1.25
Ficus stolonifera 12.74 10.83 10.70 1847.55 44969.52
10.19 9.24 10.00 1934.49 28396.25
7.64 6.37 10.00 652.08 12245.22
5.48 4.46 7.30 273.68 4784.49 373.24 44.11
3.32 3.16 8.00 79.70 2591.55
3.11 2.46 5.40 40.21 897.28
2.69 2.18 5.60 51.08 955.34
2.64 2.17 3.60 63.40 527.81
1.98 1.73 3.50 16.30 314.05
1.55 1.28 2.80 27.17 137.23
0.98 0.92 1.90 2.17 39.06
Ficus sp. 1 4.50 2.70 4.65 107.23 1581.32
2.40 1.80 3.66 106.14 450.75
2.30 1.70 3.20 76.80 411.17
Ficus sp. 2 4.59 3.71 5.65 407.26 2948.81 1124.78 51.47
Tarenna sp. 1.27 0.92 1.40 26.06 68.35 18.46 5.51
Callicarpa havilandii 3.82 3.50 4.50 132.59 883.03
0.30 0.31 1.60 0.73 0.32 0.33

Appendix 2. Results of interspecific regression analyses for predicting plant part biomass of subject trees from easily measured stem characteristics

(y = axh).

Dependent variable (y) Independent variable (x) Species a (% SE) b (£ SE) Adjusted R2

Stem dry biomass (kg) Do (cm) M. gigantea 0.029 £+ 0.007 2.71+£0.10 0.98
Dp (cm) Ficus stolonifera 0.047 £0.008 2.76 £0.11 0.99

Leaf dry biomass (kg) Do (cm) Glochidion sp. 0.014 £0.013 1.86 £0.58 0.50
Do (cm) Macaranga bancana 0.008 £0.001 1.98 £0.06 0.97
Do (cm) M. gigantea 0.019 £0.03 1.81+0.19 0.95
Do (cm) M. hosei 0.001 £ 0.001 2.73+£0.02 0.94
Do (cm) Other species 0.012 +£0.001 1.95+0.08 0.94
dbh (cm) Glochidion sp. 0.021 £0.017 1.80 £0.56 0.50
dbh (cm) Macaranga bancana 0.010 £ 0.002 2.224+0.21 0.91
dbh (cm) M. gigantea 0.034 £ 0.006 1.66 £ 0.08 0.95
dbh (cm) M. hosei 0.001 £ 0.000 2.93+0.22 0.95
dbh (cm) Other species 0.024 £ 0.003 1.75£0.10 0.90
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