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Carbon stored in woody debris is a key carbon pool in forest ecosystems. The most widely-used method
to convert woody debris volume to carbon is by first multiplying field-measured volume with wood den-
sity to obtain necromass, and then assuming that a fixed proportion (often 50%) of the necromass is car-
bon. However, this crucial assumption is rarely tested directly, especially in the tropics. The aim of this
study is to verify the field carbon concentration values of living trees and woody debris in two distinct
tropical forests in Taiwan. Wood from living trees and woody debris across five decay classes was sam-
pled to measure density and carbon concentrations. We found that both wood density and carbon con-
centration (carbon mass/total mass) declined significantly with the decay class of the wood. Mean (+SE)
Necromass carbon concentration values for living trees were 44.6 + 0.1%, while for decay classes one to five they
Specific gravity were respectively 41.1 + 1.4%, 41.4 + 1.0%, 37.7 £+ 1.3%, 30.5 + 2.0%, and 19.6 + 2.2%. Total necromass car-
Tropical forest bon stock was low, only 3.33+0.55MgCha™' in the windward forest (Lanjenchi) and
Woody debris 4,65 +1.63 Mg C ha™! in the lowland forest (Nanjenshan). Applying the conventional 50% necromass car-
bon fraction value would cause a substantial overestimate of the carbon stocks in woody debris of
between 17% and 36%, or about 1 Mg of carbon per hectare. The decline in carbon concentration and
the increase of variances in the heavily decayed class suggest that in high-diversity tropical forests there
are diverse decomposition trajectories and that assuming a fixed carbon fraction across woody pieces is
not justified. Our work reveals the need to consider site-specific and decay class-specific carbon concen-
trations in order to accurately estimate carbon stocks and fluxes in forest ecosystems. If the marked
decline in carbon content with necromass decay is typical of tropical forests, the dead wood carbon pool
in the biome needs revision and is likely to be overestimated.

© 2017 Elsevier B.V. All rights reserved.

Keywords:
Carbon content
Decomposition

1. Introduction

Natural forest ecosystems may help mitigate the increasing
atmospheric carbon concentration caused by human activities
(Malhi et al., 1999). Therefore, many studies have tried to estimate
the carbon stocks and fluxes in forest ecosystems to evaluate their
dynamics and carbon balance (e.g., Brienen et al., 2015; Rice et al.,
2004; Saner et al., 2012; Wilcke et al., 2005). The major carbon
pools in forest ecosystems include biomass (living trees), necro-
mass (woody debris), and soil organic matter (Saner et al., 2012).
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Although necromass accounts for a smaller proportion (6-25%) of
the vegetative mass pools than biomass, neglecting the carbon
store and fluxes associated with woody debris can lead to inaccu-
racies and greater uncertainty when attempting to estimate the
whole carbon balance in forest ecosystems (Chao et al., 2009;
Nascimento and Laurance, 2002; Rice et al., 2004).

Many woody debris studies inventoried volumes and mass of
woody debris, but not carbon concentration (Russell et al., 2015).
Carbon concentration (also known as carbon fraction or carbon
content; the proportion of carbon per unit dry mass) is in fact a
rarely studied variable both for living trees (Martin and Thomas,
2011; Thomas and Martin, 2012) and woody debris (Russell
et al.,, 2015). When no field data are available, the conventional
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approach is assuming that a fixed value, often 50%, of dry mass is
carbon for living trees (e.g., Brienen et al, 2015; Houghton,
2005), woody debris (e.g., Chao et al., 2009; Coomes et al., 2002),
or for both living and dead mass (e.g., Latte et al.,, 2013; Rice
et al., 2004).

Some field-based studies have shown that carbon concentra-
tions can vary significantly for living trees (Elias and Potvin,
2003). For example, a recent review showed that carbon concen-
trations of living trees can range from 41.9 to 51.6% in tropical spe-
cies, 45.7-60.7% in subtropical and Mediterranean, and 43.4-55.6%
in temperate and boreal species (Thomas and Martin, 2012). The
Intergovernmental Panel on Climate Change (IPCC) also recom-
mended that when forest-type-specific carbon concentrations are
not available, the value 47% as carbon should be used for tropical
rainforests, in order to estimate national carbon storage and carbon
emissions (IPCC, 2006). Therefore, the use of 50% as carbon concen-
tration may be inappropriate, and may introduce errors of more
than 10% into tropical forest biomass carbon estimates (Elias and
Potvin, 2003). Thus, precise and large-scale estimates of forest car-
bon content cannot be achieved without fine-scale and forest-
type-specific carbon concentration values (IPCC, 2006).

The carbon concentration of woody debris also needs to be
inventoried (Harmon et al., 2013; Russell et al., 2015; Weggler
et al., 2012). There is yet no consensus about the relationships
between carbon concentration and decay classes of woody debris
for at least two reasons. First, decay classes of woody debris vary
study-to-study. Classes are subjectively defined by researchers in
the field, generally based on morphological traits and hardness of
samples (Harmon et al., 1986; Russell et al., 2015). The commonly
used number of decay class is a five-class system, but it can range
from two to eight classes, depending on the researcher interest
(Harmon et al., 1986; Russell et al., 2015). The general rule is that
the less the structural integrity of woody debris, the higher the
decay classes of the samples. Second, based on the few studies
which have reported carbon concentrations among decay classes
in woody debris, their results are inconsistent, and have variable
sample size. For example, in temperate and boreal forest studies,
some found that the concentration barely changes with decay
classes (Makinen et al., 2006; Weggler et al.,, 2012). However,
one study did find that carbon concentration per unit dry mass
can be low for the highly decomposed samples (Carmona et al.,
2002). In contrast, another found a significant increase in carbon
concentration for gymnosperms with increasing decay class
(Harmon et al., 2013). Based on our review, only four studies have
attempted to examine the carbon concentration of woody debris in
tropical forests (Clark et al., 2002; Iwashita et al., 2013; Meriem
et al., 2016; Wilcke et al., 2005). These suggest either similar car-
bon concentrations among decay classes, ranging from 40.0-
47.9% (Iwashita et al., 2013; Meriem et al., 2016; Wilcke et al.,
2005), or slight declines with decay class (Clark et al., 2002). The
sample sizes of these tropical studies ranged from 16 (Wilcke
et al., 2005) to 261 (Meriem et al., 2016) per study. As necromass
is one of the important carbon pools in tropical forests (Chao
et al., 2009), and one which may potentially be increasing as mor-
tality rates increase with drought frequency (Brienen et al., 2015),
it is critical to quantify and understand variations in carbon con-
centration both for living trees and woody debris in tropical
forests.

Here, we investigate the wood density and carbon concentra-
tion values of woody debris among decay classes in tropical forests
in Taiwan, as a contribution to improve the accuracy of carbon
stocks and flux estimation in tropical forest ecosystems. Total
necromass of two distinct forest types was measured in order to
estimate the carbon stocks in these forests. We aimed to uncover
patterns of carbon concentration change along the woody decom-
position spectrum, by evaluating wood density and carbon concen-

tration among living trees and woody debris within the same
forests. We also aimed to sample at sufficient intensity to make
robust conclusions about the direction of relationship, if any,
between carbon fraction and woody decay. Other elements, e.g.,
nitrogen and hydrogen, were also measured in order to have an
overview of chemical components in our samples.

2. Methods
2.1. Study sites

The study sites are located in the Nanjenshan Reserve, Kenting
National Park, Taiwan. The mean temperature is 22.7 °C and mean
annual rainfall ranges from 3252 mm in the lowland forests to
3989 mm on windward mountain summit in the reserve (W.-C.
Chao et al., 2010). Soils are classified as Typic Paleudults, charac-
terised by highly weathering pedogenesis and relatively low cation
concentration in the slopes facing the northeast monsoon wind
(Chen et al., 1997). Several Forest Dynamics Plots have been estab-
lished since 1989 in order to monitor the ecology of the forest
ecosystems in this reserve (Chao et al., 2007; W.-C. Chao et al,,
2010). We collected samples of living trees and woody debris in
two forest types: one is a tropical lowland windswept evergreen
dwarf forest (Lanjenchi Plot; 5.88 ha), and the other is a tropical
lowland evergreen broad-leaved forests (Nanjenshan Plot I and
Nanjenshan Plot II; 2.1 ha and 0.64 ha, respectively) (W.-C. Chao
et al, 2010). The definition of forest types followed Taiwan
Forestry Bureau (2011). Lanjenchi Plot suffers from wind of north-
east monsoon in winters and its basal area dominant species are
Castanopsis cuspidate var. carlesii, Schefflera octophylla, and Illicium
arborescens (Chao et al., 2007). Its forest canopy height varied from
3 m at the windward summit to 15 m in valley (W.-C. Chao et al.,
2010). Both Nanjenshan Plots I and II are in a northeast
monsoon-sheltered valley about 3 km away from the Lanjenchi
Plot, and their basal area dominant species are Bischofia javanica,
Ficus benjamina, and Dysoxylum hongkongense (K.-]. Chao et al.,
2010). The forest canopy height is 15-20m (W.-C. Chao et al,,
2010). Samples collected from Nanjenshan Plots I and Il were not
treated separately as the plots were floristically and structurally
similar to each other (K.-]. Chao et al., 2010; W.-C. Chao et al.,
2010). Therefore, hereafter we denote the samples collected in
Nanjenshan Plots I and II simply as Nanjenshan Plots. Typhoons
in summer are the dominant disturbance type for both forests.
For detailed vegetation composition please refer to W.-C. Chao
et al.,, 2010.

2.2. Wood sample collection and property measurements

Wood cores of living trees were taken in January to February
2015 for wood density and carbon concentration measurements.
Ten out of the top 15 dominant tree species of the Lanjenchi Plot
(Chao et al., 2007) and of the Nanjenshan Plots (K.-J. Chao et al.,
2010) were selected (Appendix 1). The ranks of species dominance
were based on their basal area within each forest (as listed in K.-J.
Chao et al., 2010; Chao et al., 2007). For each selected species, one
to three living individuals were chosen for wood coring. For each
sampled individual, one core was taken by an increment borer
(number of sampled wood cores n=30 in the Lanjenchi Plot;
n =27 in the Nanjenshan Plots; Appendix 1). The individuals were
randomly selected from outside the study plots (within 500 m) in
order to prevent damage to the tagged living individuals within
the Forest Dynamics Plots. We only sampled individuals with
DBH (diameter at 1.3 m height) >7 cm, in order to reduce the risk
of mortality caused by wood core sampling. We assumed that
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these samples from dominant species represent plot-level averages
of living trees.

Woody debris is defined here as dead, woody material of trees
with diameter >1 cm. We walked along the four border lines of
each plot, and collected woody debris samples outside the plots
for wood density measurement. These samples were collected in
July 2012 outside the Lanjenchi Plot (woody debris, n=378) and
in July 2009 outside the Nanjenshan Plots I and Il (woody debris,
n = 357). Carbon concentration samples were collected in February
2013 within the plots (Lanjenchi Plot, n =95 and the Nanjenshan
Plots, n = 95), avoiding those woody debris crossed by the volume
transect lines. As it is very difficult to identify the species of woody
debris in species-rich tropical forests, we collected a plot-level rep-
resentative sample pool. This meant that samples were collected
throughout the plots to represent dominant species and microhab-
itats in our plots.

We used the five decay class system to classify the woody deb-
ris samples based on morphology and hardness observed in the
field (modified from Harmon et al., 1986) (Table 1). Living trees
were designated as having decay class 0 in our study. To evaluate
whether necromass decay class classification depended subjec-
tively on individual investigators, we performed a simple analysis
by comparing decay class classification between two main investi-
gators (YSC and CML) with 455 woody debris samples, each scored
independently. We found that 83.3% of the samples were classified
in the same decay class. For 6.8% of samples YSC scored 1 decay
class lower than CML, for 9.7% of samples YSC scored 1 decay class
higher than CML, and for 0.2% of the samples (one sample) YSC
scored 2 decay classes higher than CML. The findings suggested
that there is some small between-researcher variation in the sub-
jective classification (uncertainty), but that there was no system-
atic difference either low or high (paired two-tailed t-test,
p=0.092). The penetrometer method for determining the decay
class (Larjavaara and Muller-Landau, 2010) is not suitable for our
study sites since the majority of woody debris pieces in the field
are smaller than 20 cm in diameter.

The majority of samples (living trees and woody debris) were
taken back to the laboratory in the form of wood cores, wood disks
or chunks. For wood density (dry weight/volume) measurements,
fresh volumes were measured by the water displacement method
(Chave et al., 2006). Some samples in the decay class five (59 out of
73 samples) were too fragile to be measured by the water displace-
ment method. These samples were collected in the field by a fixed-
volume cup (volume = 33.07 ml). The fixed-volume cup can assist
wood density measurement and avoid seriously fresh volume com-
paction when taking those samples back to the laboratory. All sam-
ples for wood density measurement were oven dried (65 °C for
living woods and 70 °C for woody debris) until the weight of sam-
ples was relatively constant. Wood density (p; g cm~>) was calcu-
lated as the ratio of oven-dry weight (g) to fresh volume (cm?)

Table 1
Description of woody debris decay classes (modified from Harmon et al., 1986).

Decay Description Characteristics
class
0 Living tree Alive
1 Intact With intact bark or fingers cannot press into the
wood at all
2 Slightly With some signs of decay on the surface but still
decayed relatively hard
3 Intermediate  Without bark or nails can press into the woods;
hardness intermediate
4 Slightly Can become fragments when pressed hard
rotten
5 Rotten Easily become fragments when pressed lightly

(total n=792, including living trees (n=57) and woody debris
(n=1735)).

For woody debris carbon concentration measurements, samples
were collected in the field in the form of woody disks or chunks. As
there is no need to take fixed volume samples for carbon concen-
tration measurement, fragile samples were collected and placed
into envelopes. Although Harmon et al. (2013) have demonstrated
that bark could have higher carbon concentration than heartwood
and sapwood in temperate and boreal forests, we did not separate
our woody debris samples into tissue types. This is because bark
cannot be reliably distinguished from other tissues types in heavily
decayed samples in our sites. All collected samples were oven dried
at 65 °C for one week. Once the weight was constant, a cross sec-
tion of each sample was sawed to collect a set of well-mixed saw-
dust, representing its proportion of tissue types. Each set of
sawdust was ground into powder using a mortar and pestle. Wood
cores from living trees were similarly ground from bark to heart-
wood. The equipment (saw, mortar, and pestle) was cleaned with
a gas gun to prevent any between-sample contamination. For each
sample, the finely ground powders were collected and well mixed.
A fine subsample of these powders (1.3-3.9 mg) was put into a tin
capsule for weight measurement. For each piece of wood, two
powder samples were used to derive its average carbon concentra-
tion and nitrogen concentration values. Acetanilid (71.09% carbon
(C), 10.36% nitrogen (N), and 6.71% hydrogen (H)) was used as a
standard for analysing the C, N and H elements in the samples.
Total sample size of element concentration analyses (C, N and H)
was 247, including 57 living trees and 190 woody debris. The mea-
surements were conducted using Elemental analyzers in National
University of Tainan (2400 Series Il CHNS/O Analyzer, Perkin Elmer,
California, USA; n=43) and in National Chung Hsing University
(vario EL III CHNS/O Analyzer, Elementar Analysensysteme GmbH,
Hanau, Germany; n = 204).

Six samples at the decay class five (three samples from the Lan-
jenchi Plot and three from the Nanjenshan Plots) were subjectively
selected based on their carbon concentrations for further chemical
element analysis in oxygen (O), sulphur (S) and wood ash percent-
ages. The vario EL IIl CHNS/O Analyzer in National Chung Hsing
University (Elementar Analysensysteme GmbH, Hanau, Germany)
was used for the oxygen and sulphur analyses. The standard for
analysing the oxygen is Benzoic acid (26.20% oxygen), and for ana-
lysing the sulphur is Sulfanilic acid (18.50% sulphur). Wood ash
percentage was determined in an ashing furnace (Carbolite CWF
13/5 Laboratory Chamber Furnace, 5 L, Carbolite, UK) by heating
to 550-600 °C for 24 h. After the weights of samples have become
relatively constant, the remaining ash samples were weighted for
calculating ash percentages.

In the literature, the temperature required to dry the carbon
concentration samples ranges from freeze-drying conditions
(Martin and Thomas, 2011), 55°C (Harmon et al., 2013), 65 °C
(Weggler et al.,, 2012), 80°C (Clark et al., 2002), and 110°C
(Martin and Thomas, 2011). We chose to use 65 °C as a compro-
mise between the loss of water and of volatile carbon at high tem-
peratures. This is because wood dried at 105 °C can increase about
0.8-1% carbon content (due to additional dehydration) (Weggler
et al, 2012) but can also cause loss of volatile carbon (about
2.48%) (Martin and Thomas, 2011).

2.3. Necromass estimation

Necromass is estimated as the product of volume and wood
density. We measured the volumes of two types of above-ground
woody debris (fallen and standing) in the Lanjenchi and Nanjen-
shan plots annually since 2012. Necromass in the Lanjenchi Plot
has been inventoried four times (2012, 2013, 2014, and 2015),
and in the Nanjenshan Plots three times (2013, 2014, and 2015).
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We used the line-intersect method for quantifying fallen woody
debris (van Wagner, 1968) and the plot-based method for standing
woody debris, such that standing woody debris on either side (5 m)
of the line-intersect transects (i.e. 10 m width in total) were
recorded. Fallen woody debris was defined as those fragmented
woody branches or trunks either lying on the ground or stuck
above-ground level. All fallen woody debris with intersected diam-
eter >1cm was measured, and its diameter, void proportion,
decay class and locality were recorded. Diameter measuring taps
were used to measure diameters by wrapping around pieces larger
than 6 cm in diameter. For samples smaller than 6 cm or fragile,
only one horizontal measurement was taken by a caliper or a tap
which may slightly overestimate their volumes. Void proportion
is defined as the proportion of hollow space observable from the
cross section at the ends of woody debris pieces. Standing woody
debris was defined as those dead trunks still upright and rooted
to the soil. Dead re-sprouts were also considered as standing
woody debris. All standing woody debris with diameter >1cm
at base (close to ground) and >0.02 m in length within the sam-
pled quadrats was measured. The measurements made included
base diameter, void proportion, decay class, top diameter (where
>1 cm or equal to 1 cm), and height. The top diameters and height
of the main trunk of standing dead wood were all visually esti-
mated, using the hands-raised height of researchers (ca. 2-2.2 m)
as a scale. Any remaining fine branches on top of standing woody
debris were ignored, as the volume is small and visual estimates of
this fraction would lack accuracy; we focused on the main trunk of
standing woody debris. Therefore, it is likely we very slightly
underestimated standing woody debris volume.

Five transects were established in Lanjenchi, five in Nanjen-
shan Plot [, and three in Nanjenshan Plot II. These were oriented
a priori along two perpendicular directions, east to west and
north to south, in order to reduce the possibility of systematic
bias affecting the necromass estimates (Bell et al., 1996). In the
Lanjenchi Plot, three of the transects were oriented from east to
west, with total lengths of 198, 200, and 280 m, respectively,
and two oriented from north to south with total lengths of 194
and 198 m. In Nanjenshan Plot I, two transects were oriented east
to west with total lengths of 100 and 105 m, and three from north
to south with total lengths of 105, 105 and 111 m. In Nanjenshan
Plot II, one transect was oriented from east to west, with total
length of 60 m, and two from north to south with total lengths
of 60 and 64 m.

Volumes of fallen woody debris per unit area were estimated
using the method proposed by van Wagner (1968):

V= (> d")/sL (1)

where V is the volume at unit area (m>ha™!), d is the intersected
diameter (cm) for each fallen woody debris, and L is the total length
(m) of each transect. If void proportion was recorded in the field, the
d? of each sample was further multiplied by (100% — void propor-
tion (%)) to exclude void space. The averages of the plot-level vol-
umes of fallen woody debris were weighted by transect length.

Volumes of standing woody debris were estimated using the
Smalian’s formula (Phillip, 1994):

v=(n/8) x Ls x (d +d?), (2)

where v is the volume (m?) of the target standing woody debris, dj,
and d; (m) are the diameters at base and top, respectively, and Lg
(m) is the length of the target standing woody debris. If void propor-
tion was recorded in the field, » was further multiplied by (100%
— void proportion (%)). The averages of the plot-level volumes of
standing woody debris were weighted by transect length.

Plot-level variance (o2) values were also weighted by transect
length as suggested by Keller et al. (2004).

2 [Z Li(Vy - Vi)z]

TSI
where L; is the length of each transect; Vj; is the measured volume of
each transect j (m>ha~') at the decay class i; V; is the length-
weighted average of each plot at the decay class i; n is the number
of sampled transects. Standard error of the mean (SE) was calcu-
lated as o/v/n. Plot-level SE is the sum of each SE at each decay
class.

Necromass of each decay class is calculated by M;=p; x V;,
where M; is necromass at decay class i, p; is average wood density
at decay class i and V; is volume at decay class i. Carbon stock of
each decay class is calculated by CS; = ¢; x M;, where CS; is carbon
stock at decay class i, ¢; is carbon concentration at decay class i
and M; is necromass at decay class i.

The standard error of M; (SE;) is

SEvi = SEp,' x Vi + SEy; x Pis (4)

3)

where SE,,; and SEy; are the standard errors of density and volume at
decay class i, respectively (Keller et al., 2004). The same function
was applied for the standard error of carbon concentration.

2.4. Statistical analysis

Weighted and unweighted linear regressions were used to find
the relationships between dependent and independent variables
(James et al., 2013). We found that some dependent variables did
not have homogeneous 2 with decay class (Appendix 2), and in
these cases weighted regressions were used. The weights for each
independent variable value, x, were the inverse of an estimated

a2(x)

variance function (#) where 62(x) is the estimated variance

function (Appendix 3). Weighted and unweighted linear regres-
sions were performed with the Im() function in the program R, ver-
sion 3.3.0 (R Core Team, 2016). Other statistical analyses were
carried out by IBM SPSS Statistics v. 20 (IBM Corporation, New
York, USA).

3. Results
3.1. Wood density and carbon concentration of living trees

For living trees, carbon concentration (% carbon per unit dry
mass; Caive) had a significant relationship with the wood density
(g cm™3) of living trees (paive) (Fig. 1a), whereas nitrogen concen-
tration (%) did not (Fig. 1b). The results showed that for living trees,
species with high wood density are likely to have high carbon con-
centration (Fig. 1a).

3.2. Wood properties among decay classes

Wood density and carbon concentration of living trees and
woody debris decreased with decay class in the study plots
(Table 2), whereas nitrogen concentration has an increasing trend
(Table 3). There was a significant difference between plots in wood
density values and nitrogen concentration, such that wood in the
Lanjenchi Plot had higher wood density and lower nitrogen con-
centration than in the Nanjenshan Plots (Mann-Whitney U tests,
both p values < 0.001). However, there was no significant differ-
ence between plots in carbon concentration values (Mann-
Whitney U test, p = 0.627).

As preliminary tests found that neither dependent variable had
constant variance (Appendix 2), weighted regressions were used to
find the best-fitted mean functions and variance functions (Fig. 2).
Notably, the mean function of carbon concentration declined with
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Fig. 1. Relationships between wood density and other elements of living trees.

(a) Carbon concentration of living trees (Cuive%) has a significant relationship with wood density (paive g cm™>) of the same individual (unweighted regression; p = 0.007,
rgdj =0.108, n = 57). (b) The relationship between wood density and nitrogen concentration (Ng,.%) of living trees is not significant (unweighted regression; p = 0.242, n = 57).
L_: samples from the Lanjenchi Plot; N_: samples from the Nanjenshan Plots. Detailed species information please refer to Appendix 1.

Table 2

Wood density and carbon concentration of living trees and woody debris in Lanjenchi and Nanjenshan Forest Dynamics Plots, Taiwan (mean * SE (n); n = sample size).
Decay class® Wood density (g cm—3) Carbon concentration (%)

Lanjenchi Nanjenshan Overall Lanjenchi Nanjenshan Overall

0 0.69+0.03 (30) 0.49£0.03 (27) 0.59+0.02 (57) 44.9+0.2 (30) 44.3+0.1 (27) 446 +0.1 (57)
1 0.41+0.01 (91) 0.37 £ 0.01 (50) 0.40 +0.01 (141) 37.6+2.0 (17) 45.0+1.4 (16) 41.1+£1.4(33)
2 0.36 +0.01 (97) 0.32+0.01 (105) 0.34 +0.01 (202) 41.1£1.9 (19) 41.7£0.9 (20) 41.4+1.0 (39)
3 0.33£0.01 (65) 0.27 £0.01 (131) 0.29+0.01 (196) 36.6+2.2(19) 38.8+1.5(20) 37.7+1.3 (39)
4 0.31+0.02 (65) 0.22£0.02 (58) 0.27 £0.01 (123) 28.7+3.5(20) 32.2+2.1(20) 30.5+2.0 (40)
5 0.24 +0.02 (60) 0.20+0.04 (13) 0.23 £0.02 (73) 15.8+2.7 (20) 23.7+3.5(19) 19.6 £2.2 (39)

¢ Decay class 0 refers to living trees.

Table 3
Nitrogen concentration (%) and C:N ratio of living trees and woody debris in Lanjenchi and Nanjenshan Forest Dynamics Plots, Taiwan (mean + SE (n); n = sample size).
Decay Class® Nitrogen concentration (%) C:N ratio
Lanjenchi Nanjenshan Overall Lanjenchi Nanjenshan Overall
0 0.24 +0.01 (30) 0.30 +0.01 (27) 0.27 +0.01 (57) 204.4 +10.7 (30) 157.5+7.7 (27) 182.2+7.4 (57)
1 0.33£0.08 (17) 0.46 £0.09 (16) 0.39 £ 0.06 (33) 193.0+£32.3 (17) 171.1 £34.6 (16) 182.4 £23.3 (33)
2 0.31+0.06 (19) 0.62 + 0.06 (20) 0.47 +0.05 (39) 233.7£39.8 (19) 78.1+6.7 (20) 153.9 +23.1 (39)
3 0.39 +0.05 (19) 1.02 £0.12 (20) 0.71 +0.08 (39) 123.2+16.9 (19) 47.5+55 (20) 84.4 +10.6 (39)
4 0.47 +0.06 (20) 0.81 +0.09 (20) 0.64 + 0.06 (40) 65.2 +7.1 (20) 48.7 +5.8 (20) 56.9 + 4.7 (40)
5 0.40 + 0.05 (20) 0.72+0.10 (19) 0.56 +0.06 (39) 35.9+3.1 (20) 34.1+42 (19) 35.0+2.5 (39)
2 Decay class O refers to living trees.
decay classes. Moreover, the conventional value 50% was signifi- debris samples (one sample t-test, p < 0.001; Fig. 2b). The variances

cantly higher than carbon concentration of both living and woody of wood density, carbon concentration, and nitrogen concentration
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Fig. 2. (a) Wood density, (b) carbon concentration, and (c) nitrogen concentration among decay classes in the Lanjenchi and Nanjenshan Forest Dynamics Plots, Taiwan.

Solid lines are weighted regressions (mean functions) for all the samples and dash-dotted lines were the mean functions + standard deviation (« /02 (x)) functions. The dotted
line in (b) is the reference line for C=50. The mean function * standard deviation function at each figures are (a) p =0.51 — 0.11x + 0.01x? + 0.07x*> (weighted regression;
p<0.001, r4;= 0.25, n = 792; p is wood density (g cm~>) and x is the decay class). (b) C=44.55 — 0.94x* + 6.08x>> (weighted regression; p < 0.001, r3g; = 0.46, n = 247; C is

carbon concentration (%)). (c) N =0.26 + 0.17x — 0.02x* £ 0.25x%° (weighted regression; p < 0.001, r2; = 0.24, n = 247; N is nitrogen concentration (%)). Decay class 0 refers to
samples from living trees. The dataset is available in Chao et al. (submitted for publication).

all increased with decay classes, indicating that the higher the
decay classes, the higher the variability (Fig. 2).

Nitrogen concentration (%) in both plots increased slightly with
decay classes (Table 3; Fig. 2c). In contrast, the patterns of C:N ratio
decreased significantly from living trees to heavily decayed woody
debris (decay class 5) (two-way ANOVA, In transformed C:N ratio,
decay class Fso47 = 14.264, p = 0.006; plot F; 547 = 9.345, p = 0.028;
Table 3). There is no significant relationship between carbon con-
centration and nitrogen concentration (Fig. 3a), but the relation-
ship between carbon concentration and hydrogen concentration

is significantly positive for all the living trees and woody debris
samples (Fig. 3b).

To better understand the chemical properties of decayed wood,
we further examined the proportion of oxygen, hydrogen, sulphur,
and ash of six pieces in the decay class five (Fig. 4). The six pieces
were subsampled from the decay class five pool (three samples
from the Lanjenchi Plot and three samples from Nanjenshan Plots).
The samples were subjectively selected in order to represent a
wide range of carbon concentration (ranging from 5.63-44.33%).
Examining the six samples, we found a significant negative
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Fig. 3. Relationships between carbon concentration and other elements.

Both living trees and woody debris were included in the figures. (a) The relationship
between carbon concentration (C%) and nitrogen concentration (N%) was not
significant (unweighted regression, p=0.105, n=247). (b) The relationship
between carbon concentration and hydrogen concentration (H%) was significant
(unweighted regression, H=0.023 +0.138 C, p<0.001, rgdj =091, n=204). The
dataset is available in Chao et al. (submitted for publication).
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Fig. 4. Relationships between carbon (C) and other chemical elements of woody
debris at decay class five. Oxygen (O), hydrogen (H), sulphur (S) and ash
concentrations were plotted against carbon concentration (n=6). The lower the
carbon concentration the higher the ash concentration (unweighted regression,
ash =98.8-2.0 C, p < 0.001, rﬁdj =0.96, n = 6), suggesting that inorganic components
accumulate as woody debris becomes de-carbonised. Other elements (H and O)
were positively related to the carbon concentration in the decay class five
(unweighted regression, p < 0.001 and p = 0.028), but sulphur did not (p = 0.414).

relationship between ash (%) and carbon (%), suggesting an accu-
mulation of inorganic elements with the decay of carbon. Ash con-
centration can reach values as high as 87%. Other elements had
positive or no relationships with carbon (%) (Fig. 4).

3.3. Necromass and carbon stocks

The total above-ground necromass was 8.99 +1.24 Mg ha™!
(mean # SE) in Lanjenchi and 10.81 + 3.58 Mg ha~! in Nanjenshan
(Table 4). The Lanjenchi plot in general had more fine necromass
(32.3% of total necromass) then the Nanjenshan plots (20.6% of
total necromass) (Table 4). Average ratios of standing to fallen
woody debris varied between 0.26 and 0.68 (Table 4). Applying
our measured carbon concentration (%) to necromass at each decay
class, we estimated a woody debris carbon stock of
3.33+0.55 Mg ha! in Lanjenchi and 4.65 + 1.63 Mg ha™! in Nan-
jenshan plots (Table 5). If we had simply assumed that carbon is
50% of the necromass, then the carbon stocks in the forests would
have been overestimated by from 16.8% to 35.6% (Table 5).

4. Discussion

There has been surprisingly little attention paid to determining
the carbon concentration of tropical forest woody debris, with no
tropical study having simultaneously compared carbon concentra-
tion among living trees and woody debris within the same plots
(Table 6). Our study showed that the carbon concentration of
necromass can decrease significantly with the decay of wood
(Fig. 2). Moreover, regardless of level of decay, carbon concentra-
tion is substantially below the value (50% of dry mass; one sample
t-test, p < 0.001) that has been applied as an approximation of car-
bon concentration for carbon stored in biomass (Houghton et al.,
2001; Rice et al., 2004) and woody debris (Chao et al., 2009; Ngo
et al., 2013). Although the total necromass stocks in our study for-
ests are relatively low (c.f. Chao et al., 2009), our study demon-
strates that a finer scale and forest-type-specific carbon
concentration values are needed for accurate estimate of carbon
stocks.

4.1. Wood density and carbon concentration of living trees

Carbon concentration of living trees in tropical forests ranges
from 41.9-51.6% (Thomas and Martin, 2012). Thus, in our studied
forests, the carbon concentrations of living trees are relatively
low for tropical forests (Appendix 1). Nonetheless, our results do
support the suggestion in Elias and Potvin (2003) that the propor-
tion of carbon of living trees is related to the wood density (Fig. 1a).
For those forests lacking any measurement of carbon concentra-
tion, it is therefore possible to apply species wood density to esti-
mate the carbon concentration of living trees. This will be an
attractive practical choice for many researchers because the mea-
surement of wood density is a much easier and cheaper undertak-
ing than the measurement of carbon concentration (Elias and
Potvin, 2003). Moreover, applying the available global wood den-
sity databases (e.g., Zanne et al., 2009) can help to better estimate
carbon concentration of tropical trees.

Our recommendations for carbon concentration estimation of
living trees are as follows. At a lowest-level of certainty (e.g., IPCC
Tier 1), researchers can apply a fixed value of carbon concentration
from a similar ecosystem (e.g., Table 4.3 in IPCC, 2006). At an
intermediate-level of certainty, researchers can apply equations
developed from a similar ecosystem to convert wood density to
carbon concentration (such as Fig. 1a for Southeast Asian tropical
forests). At a more specific level, researchers should apply
species-specific carbon concentration values based on in situ field
measurements of living trees.
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Table 4
Necromass (mean + SE), fine necromass proportion (diameter smaller than 10 cm), and standing to fallen woody debris mass ratio (S/F) in Lanjenchi and Nanjenshan Forest
Dynamics Plots, Taiwan.

Census year Necromass total (Mg ha™!) Fine necromass proportion (%)? S/F

Lanjenchi Nanjenshan Lanjenchi Nanjenshan Lanjenchi Nanjenshan
February 2012 7.71£1.98 . 28.6 o 0.57 e
February 2013 8.37+1.01 8.29+1.93 30.6 222 0.58 0.56
February 2014 930+ 1.41 14.90 +3.37 345 16.4 0.31 0.29
February 2015 10.56 +2.09 9.23+1.99 355 233 0.26 0.68
Mean 8.99+1.24 10.81 £3.58 323 20.6 0.43 0.51

2 Proportion of mass.

Table 5
Carbon stock (mean * SE) in Lanjenchi and Nanjenshan Forest Dynamics Plots, Taiwan.
Census year Carbon stock (CS)* Carbon stock if assume 50% as (CS-CS50)/CSs0 (%)
(Mg ha~! of carbon) carbon (CSsg)
(Mg ha™! of carbon)
Lanjenchi Nanjenshan Lanjenchi Nanjenshan Lanjenchi Nanjenshan
Feb 2012 2.69+0.88 . 3.85 . 43.5 .
Feb 2013 3.13+0.53 3.44+091 4.19 4.15 33.7 20.5
Feb 2014 3.51+0.72 6.50 £ 1.67 4.65 7.45 325 14.6
Feb 2015 3.99 +0.99 4,00+ 0.99 5.28 4.61 325 15.2
Mean 3.33+0.55 4.65+1.63 4.49 5.40 35.6 16.8

¢ Apply measured carbon concentration (%) at each decay class in Table 2 to convert necromass to carbon stock.

Table 6
Carbon concentration (%) of woody debris in forestry literature.
Forest type Country Decay Decay Decay Decay Decay Decay Sample Criteria  Sample description Reference
class 0 class 1 class 2 class 3 class4  class 5 size
(%) (%) (%) (%) (%) (%)
Tropical lowland Taiwan 44.9 37.6 411 36.6 28.7 15.8 125 >1cm Five decay classes and This
windswept forest 10 living species study
Tropical lowland Taiwan 443 45.0 41.7 38.8 32.2 237 122 >1cm  Five decay classes and This
rainforest 10 living species study
Tropical lowland Indonesia .. 43.0 o 41.5 .. 40.0 261 >10cm Three decay classes Meriem
rainforest et al.
(2016)
Tropical montane wet Hawaii S 46.3 46.8 S 47.6 47.9 48 >2cm  Four decay classes Iwashita
forest et al.
(2013)
Tropical wet forest Costa Rica 48.3 . 47.2 . 46.4 21 >10cm Three decay classes Clark
et al.
(2002)
Tropical lower montane Ecuador 46.8 . . 47.2 16 >10cm Two decay classes Wilcke
forest et al.
(2005)
Temperate broad-leaved  Chiloé 49.5 49.1 49.2 45.1 44.7 49 >5cm  Five decay classes Carmona
forests Island, et al.
Chilie (2002)
Temperate and boreal USA, 48.1 48.7 48.7 49.1 50.2 52.1 216 N/A Five decay classes and Harmon
coniferous forests Mexico, 14 living species et al.
and Russia (2013)
Temperate coniferous Switzerland ... 479 48.1 48.7 48.9 96 >12cm 1 angiosperm sp., but Weggler
and broad-leaved no sample for decay et al.
mixed forests class 5 (2012)
Temperate coniferous Switzerland ... 47.0 46.8 46.5 46.9 76 >12cm 1 gymnosperm sp., but ~ Weggler
and broad-leaved no sample for decay et al.
mixed forests class 5 (2012)
Boreal plantation Finland 50.0 50.5 51.2 53.1 54.6 129 >5cm 2 gymnosperm spp. Madkinen
et al.
(2006)
Boreal plantation Finland 49.4 49.4 49.6 50.6 50.4 84 >5cm 1 angiosperm sp. Madkinen
et al.
(2006)

N/A: not available.
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4.2. Wood density and carbon concentration among decay classes

Converting volume to carbon requires knowing both wood den-
sity and carbon concentration (IPCC, 2006; Latte et al., 2013;
Weggler et al., 2012). Our study found that both wood density
and carbon concentration decline significantly with the class of
decay (Fig. 2). The decline of wood density with decay classes is
a common finding among studies and ecosystems (e.g., Chao
et al., 2008; Clark et al., 2002; Mackensen and Bauhus, 2003). It
underlines the importance of measuring the density of woody deb-
ris to help achieve greater accuracy in estimates of necromass.
Simply assuming woody debris has the same wood density as liv-
ing trees would result in overestimating the necromass (Weggler
et al,, 2012).

As for the carbon concentration, many studies have for conve-
nience used a fixed value (e.g., 50%) of mass as carbon in both bio-
mass and necromass (Brienen et al., 2015; Chao et al., 2009;
Coomes et al., 2002; Latte et al., 2013). We found that carbon con-
centration decreased markedly with decay classes (Table 2; Fig. 2).
Our findings contradict with previous studies which found that
carbon concentration seems relatively constant among decay
classes in tropical forests (Iwashita et al., 2013; Meriem et al.,
2016; Wilcke et al., 2005) (Table 6). Only a single study from Costa
Rica (Clark et al., 2002) suggested that the carbon concentration by
mass might slightly decrease with advancing decay class. By con-
trast, a direct measurement of woody debris decomposition (which
is not based on decay classes) in tropical China found that there
was a significant decrease of carbon concentration after 9 years
of observation (Yang et al, 2010). The apparent divergence
between these studies merits further investigation, especially
because it suggests that the underlying mechanisms involved
may differ.

Besides the patterns of mean values, our study also found that
the variances of carbon increased with decay class (Fig. 2b). This
is a common pattern among tropical, temperate, and boreal studies
(Carmona et al., 2002; Harmon et al., 2013; Meriem et al., 2016).
This suggests that element concentration can vary greatly for heav-
ily decayed pieces which can be due to the complicated decompo-
sition trajectories. Thus, it is important to acquire adequate sample
sizes to achieve reliable conclusions. As decomposition trajectory
involves the interactions between woody substrates, decomposer
organisms, and climatic characteristics (Berbeco et al.,, 2012;
Harmon et al., 1986; Weedon et al., 2009; Yang et al., 2010), we
propose a hypothesis that a fixed carbon fraction (i.e. steady car-
bon release) across woody pieces may not be typical for high-
biodiversity tropical forests.

Several mechanisms may contribute to the high variation of
carbon content of woody pieces between and within decay classes.
For substrate characteristics, we suspect that the chemical proper-
ties of wood and tissue type proportions are crucial factors.
Decomposition can be simplified into two major processes: frag-
mentation (physical and biological fragmentation) and mineralisa-
tion (leaching and respiration) (Harmon et al., 1986). The decrease
of carbon concentration for any piece of wood is likely due to
leaching of soluble carbohydrates and respiration of labile carbon
compounds (Fujisaki et al., 2015). For example, soluble carbohy-
drates would decrease with the increase of lignin concentration
during decomposition, as lignin is relatively recalcitrant
(Ganjegunte et al., 2004). Therefore, the original proportion of
these carbohydrate compounds of wood pieces may influence the
carbon concentration in woody debris with decay classes, and
result in the high variability in carbon concentration among heav-
ily decayed pieces (Fig. 2b).

Differences in tissue type proportions between wood samples
may also contribute to observed variation. For example, working
in temperate and boreal forests, Harmon et al. (2013) found that

bark samples can have slightly greater (about 1.0%) carbon concen-
trations than the interior woody parts. Although we did not sepa-
rate the tissue types, field observation showed that majority of the
woody debris at decay class four and five were lacking bark, or
their bark barely distinguishable from other tissue types. This
can be due to in tropical rainforests where fire or temperature sea-
sonality is not an issue for plant survival, trees usually have thinner
outer barks (Rosell, 2016). In contrast, some woody pieces at decay
class four and five in our study plots only have outer bark and hol-
low interiors. Thus, the high variances in carbon concentration in
heavily decayed wood are likely due to divergent decomposition
trajectories, including potentially differing susceptibility of bark.
The overall decline in carbon concentration with decay class in
our forests may also be, to some extent, associated with the lack
of bark tissue in some heavily decayed woody debris pieces.
Other mechanisms related to decomposer organisms and cli-
matic characteristics also are worth further investigation. For
example, Schilling et al. (2015) have demonstrated that the decom-
poser community (e.g., fungi) has significant influence on the
declining patterns of woody debris properties, especially on lignin
and wood density. Microsite moisture and temperature also can
significantly influence wood decomposition (e.g., Berbeco et al.,
2012; Jomura et al., 2015), although the effects on carbon concen-
tration are not clear yet. Thus, further studies should focus on com-
paring the variation in substrate quality (chemical properties and
tissue types), decomposer communities, and climatic characteris-
tics across regions and forest types. These variations may be
responsible for the large variance and the potential declining or
increasing patterns of carbon concentration in decayed woods.

4.3. Woody debris characters between forests

Species composition has been suggested to be an issue in affect-
ing elemental concentrations of necromass, at least in some tem-
perate and boreal forests (Harmon et al, 2013). Ideally, if
species-specific measurements on woody debris are available, it
can help to disentangle the varied patterns between studies. How-
ever, in species-rich tropical forests identifying woody debris at the
species level is always difficult, and often impossible. For this rea-
son we used a plot-level carbon concentration for woody debris.
For living trees, species identification is relatively easy. Thus, we
selected dominant species in the plots and assumed that these rep-
resent the plot-level values in living woods. Overall, the challenges
with producing taxa-based woody debris carbon concentrations
estimates for tropical forests limit exploration of the potential role
of community floristic composition in explaining between-site dif-
ferences in tropical necromass decay.

Forest structure could be another factor affecting carbon con-
centration values between forests, especially the diameter size of
fragments. Chambers et al. (2000) showed that diameter of trees
is negatively related to decomposition rate. Heilmann-Clausen
and Christensen (2004) argue that diameter size (i.e. surface area
per volume) can influence decomposer community which in turn
results in the divergence of decayed wood property (Schilling
et al,, 2015). We also observed that small pieces of wood had more
similar outer and inner decomposition status than those of large
woods. In our study forests, trees are generally small in diameter
due to the influences of northeast monsoon wind (W.-C. Chao
et al., 2010). Thus, our small forests may have faster decomposition
rate, differed decomposer community, and more consistent outer
and inner decayed woody material, comparing with other forests
dominated by large diameter trees. On the contrary, for forests
dominated by large woody pieces, a rotten woody debris piece
may include some less decayed (and high carbon concentration)
interior. Thus, forest structure may influence the carbon concentra-
tion patterns in decayed woods.
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A further concern is the subjective classification of decay class,
and the underlying assumption that the appearance and/or hard-
ness of woody debris represents the decomposition processes
and chemical properties. We suspect that the application of the
subjective classification may differ among forest types, especially
for large and heavily decayed pieces, which could potentially com-
plicate the determination of carbon concentration. Thus, there is a
need to verify the actual physical (e.g., wood density) and chemical
(e.g., carbon concentration) indications of the decay class classifi-
cation scheme between forests.

4.4. Concentration of other elements among decay classes

What remains behind the marked decline of carbon concentra-
tion in decayed woods? In general, dry mass of living wood is com-
posed of 50% carbon, 6% hydrogen, 44% oxygen, and other trace
amounts of inorganics (Rowell, 2012). A minor proportion, 0.2-
3.4%, is ash (Fengel and Wegener, 1989). Examining the six sub-
samples from decay class five, we found a significant increase of
ash (%) with the decrease of carbon (%), but other elements, in gen-
eral, increased with carbon (%) (Fig. 4). Fengel and Wegener (1989)
suggest that the main components of ash are inorganic compo-
nents, such as potassium, calcium, magnesium, and silicon. There-
fore, our finding of increasing ash contents in heavily decayed
wood demonstrates that inorganic components tend to accumulate
as carbon declines over time. This is likely due to cumulative
impact of leaching and heterotrophic respiration of organics during
wood decay (Foudyl-Bey et al., 2016; Morris et al., 2015).

The average nitrogen concentration values in wood of living
trees in our study plots (0.24-0.30%; Table 3) are similar to those
from other tropical trees (average 0.24%; Martin et al., 2014).
Therefore, any differences in mineralisation rates appear unlikely
due to the differences in the nitrogen concentration in our study
plots. We also found that nitrogen concentration increased with
decay classes, supporting the accumulation of nitrogen during
decomposition of woods found in other temperate (Harmon
et al.,, 1986), subtropical (Ricker et al., 2016), and tropical (Clark
et al., 2002; Wilcke et al., 2005) studies. The consistency between
studies further emphasises the N retention role of wood debris
among sites. This accumulation of nitrogen is due to nitrogen fixa-
tion and inhabitation of wood by other heterotrophs which can
translocate nitrogen to the decaying wood (Foudyl-Bey et al.,
2016; Harmon et al., 1986).

The increase of nitrogen and decrease of carbon with the decay
classes of wood resulted in declining patterns of C:N ratio in our
study sites (Table 3). The declining pattern is also consistent with
other tropical and subtropical studies (Clark et al., 2002; Meriem
et al.,, 2016; Wilcke et al., 2005; Yang et al., 2010). However, ratios
were relatively low in our sites (47.5-204.4), compared with other
studies (32.4-365) (Clark et al., 2002; Fujisaki et al., 2015; Meriem
et al.,, 2016; Wilcke et al., 2005; Yang et al., 2010). The low C:N
ratio of wood indicates potential for high respiration rate and fast
decay (Mackensen and Bauhus, 2003).

Oxygen and hydrogen percentages are highly correlated with
carbon concentration (Figs. 3 and 4), suggesting that they are parts
of the carbohydrate components. Thus, their decomposition pat-
terns should be correlated with that of carbons and decrease with
decay classes. Other compounds and elements which were not
measured in our study, such as P and Mg (Wilcke et al., 2005),
may accumulate with decomposition. These suggest that woody
debris can accumulate nutrients in the process of decomposition
while losing mass and carbon. In our forests, at least, although
the overall quantity of necromass is generally low in the fully
decayed class, such heavily decayed woody debris is rich in inor-
ganic nutrients.

4.5. Conclusions

Carbon fraction of dry matter (carbon concentration) has been
suggested by the IPCC (2006) as a required parameter to be able
to estimate forest carbon stocks and emissions. As the classification
of decay class is subjective and simply based on the appearance of
wood pieces (e.g., Table 1), there is a need to verify the actual phys-
ical (e.g., wood density) and chemical (e.g., carbon concentration)
indications of the decay class classification scheme. Our study
reveals a pattern of decreasing carbon concentration with decay
status of wood within tropical forests in Taiwan and also a pattern
of increasing variance in the heavily decayed class. We hypothesise
that a fixed carbon fraction (i.e. steady carbon release) across
woody pieces is unlikely to be typical for high-biodiversity tropical
forests due to diverse decomposition trajectories involving variable
woody substrate quality, decomposer organism activities, and cli-
matic conditions. Applying the conventional 50% carbon concen-
tration would substantially overestimate the carbon stores in
woody debris, potentially by more than a third. We therefore
strongly recommend a clear need to move beyond applying blan-
ket assumptions about carbon concentration in necromass, and
instead to evaluate it at the individual site-level, especially for
tropical forests. Further, although our study plots are rather small,
if the marked decline in carbon fraction with necromass decay
turns out to be a widespread phenomenon across tropical forests,
then the size of the dead wood carbon pool in the biome is likely
to be somewhat less than simple mass-based calculations would
suggest.

Acknowledgements

We sincerely appreciate the important assistance in fieldwork
from Yen-Chen Chao, Chia-Min Lin, Hui-Ru Lin, Chia-Wen Chen,
Chien-Hui Liao and numerous volunteers. We also thank Dr. Peter
Chesson for the critical statistical help and Dr. Sheng-Yang Wang
for supports on the chemical analyses. We are grateful to Dr. Peter
Chesson, Dr. Sheng-Yang Wang, and the two anonymous reviewers
for valuable comments on this manuscript. This study was funded
by grants to Kuo-Jung Chao from the Ministry of Science and Tech-
nology, Taiwan (NSC101-2313-B-005-024-MY3 and MOST104-
2313-B-005-032-MY3). Oliver L. Phillips is supported by an ERC
Advanced Grant (T-Forces) and is a Royal Society-Wolfson
Research Merit Award holder.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.foreco.2017.01.
020.

References

Bell, G., Kerr, A., McNickle, D., Woollons, R., 1996. Accuracy of the line intersect
method of post-logging sampling under orientation bias. For. Ecol. Manage. 84,
23-28.

Berbeco, M.R., Melillo, J.M., Orians, C.M., 2012. Soil warming accelerates
decomposition of fine woody debris. Plant Soil. 356, 405-417.

Brienen, R.J.W., Phillips, O.L., Feldpausch, T.R., Gloor, E., Baker, T.R,, Lloyd, J., Lopez-
Gonzalez, G., Monteagudo-Mendoza, A., Malhi, Y., Lewis, S.L., V&aacute;squez
Martinez, R., Alexiades, M., Alvarez Davila, E., Alvarez-Loayza, P., Andrade, A.,
Aragdo, L.E.O.C,, Araujo-Murakami, A., Arets, EJ.M.M., Arroyo, L., C., G.AA.,
Banki, O.S., Baraloto, C., Barroso, ]., Bonal, D., Boot, R.G.A.,, Camargo, J.L.C.,
Castilho, C.V., Chama, V., Chao, K J., Chave, ]., Comiskey, J.A., Cornejo Valverde, F.,
da Costa, L., de Oliveira, E.A., Di Fiore, A., Erwin, T.L., Fauset, S., Forsthofer, M.,
Galbraith, D.R., Grahame, E.S., Groot, N., Hérault, B., Higuchi, N., Honorio
Coronado, E.N., Keeling, H., Killeen, T.J., Laurance, W.F., Laurance, S., Licona, J.,
Magnussen, W.E., Marimon, B.S., Marimon-Junior, B.H., Mendoza, C., Neill, D.A,,
Nogueira, E.M., Ndifiez, P., Pallqui Camacho, N.C., Parada, A., Pardo-Molina, G.,
Peacock, ]., Pena-Claros, M., Pickavance, G.C., Pitman, N.C.A.,, Poorter, L., Prieto,
A., Quesada, C.A., Ramirez, F., Ramirez-Angulo, H., Restrepo, Z., Roopsind, A.,


http://dx.doi.org/10.1016/j.foreco.2017.01.020
http://dx.doi.org/10.1016/j.foreco.2017.01.020
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0010
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0010
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0010
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0015
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0015

K.-J. Chao et al./Forest Ecology and Management 391 (2017) 75-85 85

Rudas, A., Salomdo, R.P., Schwarz, M,, Silva, N., Silva-Espejo, J.E., Silveira, M.,
Stropp, J., Talbot, J., ter Steege, H., Teran-Aguilar, ., Terborgh, J., Thomas-Caesar,
R., Toledo, M., Torello-Raventos, M., Umetsu, RK., van der Heijden, G.M.F., van
der Hout, P., Guimardes Vieira, I.C., Vieira, S.A., Vilanova, E., Vos, V.A,, Zagt, R}J.,
2015. Long-term decline of the Amazon carbon sink. Nature. 519, 344-348.

Carmona, M.R., Armesto, J.J., Aravena, J.C., Pérez, C.A., 2002. Coarse woody debris
biomass in successional and primary temperate forests in Chiloé Island. Chile.
For. Ecol. Manage. 164, 265-275.

Chambers, J.Q., Higuchi, N., Schimel, ].P., Ferreira, L.\V., Melack, J.M., 2000.
Decomposition and carbon cycling of dead trees in tropical forests of the
central Amazon. Oecologia 122, 380-388.

Chao, K.-J., Chao, W.-C., Chen, K.-M., Hsieh, C.-F., 2010. Vegetation dynamics of a
lowland rainforest at the northern border of the Paleotropics at Nanjenshan,
southern Taiwan. Taiwan ]. For. Sci. 25, 29-40.

Chao, K.-J., Chen, Y.-S., Song, G.-Z.M., Chang, Y.-M., Sheue, C.-R., Phillips, O.L., Hsieh,
C.-F., submitted for publication. Dataset of woody debris wood density and
carbon concentration across decay classes in tropical Taiwan. Data in Brief.

Chao, K.-J., Phillips, O.L., Baker, T.R., 2008. Wood density and stocks of coarse woody
debris in a northwestern Amazonian landscape. Can. ]. For. Res. 38, 795-825.

Chao, K.-J., Phillips, O.L., Baker, T.R., Peacock, ]J., Lopez-Gonzalez, G., Martinez, R.V.,
Monteagudo, A., Torres-Lezama, A., 2009. After trees die: quantities and
determinants of necromass across Amazonia. Biogeosciences 6, 1615-1626.

Chao, W.-C., Chao, K.-]., Song, G.-Z.M., Hsieh, C.-F., 2007. Species composition and
structure of the lowland subtropical rainforest at Lanjenchi, southern Taiwan.
Taiwania 52, 253-269.

Chao, W.-C,, Song, G.-Z., Chao, K.-],, Liao, C.-C., Fan, S.-W., Wu, S.-H., Hsieh, T.-H.,
Sun, L.-F., Kuo, Y.-L., Hsieh, C.-F., 2010. Lowland rainforests in southern Taiwan
and Lanyu, at the northern border of paleotropics and under the influence of
monsoon wind. Plant Ecol. 210, 1-17.

Chave, J., Muller-Landau, H.C., Baker, T.R., Easdale, T.A., ter Steege, H., Webb, C.0.,
2006. Regional and phylogenetic variation of wood density across 2456
neotropical tree species. Ecol. Appl. 16, 2356-2367.

Chen, Z.-S., Hsieh, C.-F,, Jiang, F.-Y., Hsieh, T.-H., Sun, L.-F., 1997. Relations of soil
properties to topography and vegetation in a subtropical rain forest in southern
Taiwan. Plant Ecol. 132, 229-241.

Clark, D.B., Clark, D.A., Brown, S., Oberbauer, S.F., Veldkamp, E., 2002. Stocks and
flows of coarse woody debris across a tropical rain forest nutrient and
topography gradient. For. Ecol. Manage. 164, 237-248.

Coomes, D.A., Allen, R.B., Scott, N.A., Goulding, C., Beets, P., 2002. Designing systems
to monitor carbon stocks in forests and shrublands. For. Ecol. Manage. 164, 89—
108.

Elias, M., Potvin, C., 2003. Assessing inter- and intra-specific variation in trunk
carbon concentration for 32 neotropical tree species. Can. J. For. Res. 33, 1039-
1045.

Fengel, D., Wegener, G., 1989. Wood-Chemistry, Ultrastructure, Reactions. Walter
de Gruyter, Berlin.

Foudyl-Bey, S., Brais, S., Drouin, P., 2016. Litter heterogeneity modulates fungal
activity, C mineralization and N retention in the boreal forest floor. Soil Biol.
Biochem. 100, 264-275.

Fujisaki, K., Perrin, A.S., Boussafir, M., Gogo, S., Sarrazin, M., Brossard, M., 2015.
Decomposition kinetics and organic geochemistry of woody debris in a ferralsol
in a humid tropical climate. Eur. J. Soil Sci. 66, 876-885.

Ganjegunte, G.K., Condron, L.M., Clinton, P.W., Davis, M.R., Mahieu, N., 2004.
Decomposition and nutrient release from radiata pine (Pinus radiata) coarse
woody debris. For. Ecol. Manage. 187, 197-211.

Harmon, M.E., Fasth, B., Woodall, C.W., Sexton, J., 2013. Carbon concentration of
standing and downed woody detritus: effects of tree taxa, decay class, position,
and tissue type. For. Ecol. Manage. 291, 259-267.

Harmon, M.E., Franklin, ].F., Swanson, FJ., Sollins, P., Gregory, S.V., Lattin, J.D.,
Anderson, N.H. Cline, S.P., Aumen, N.G., Sedell, J.R.,, Lienkaemper, G.W.,
Cromack, KJ., Cummins, KW., 1986. Ecology of coarse woody debris in
temperate ecosystems. Adv. Ecol. Res. 15, 133-302.

Heilmann-Clausen, J., Christensen, M., 2004. Does size matter? On the importance
of various dead wood fractions for fungal diversity in Danish beech forests. For.
Ecol. Manage. 201, 105-117.

Houghton, R.A., 2005. Aboveground forest biomass and the global carbon balance.
Glob. Change Biol. 11, 945-958.

Houghton, R.A., Lawrence, K.T., Hackler, ].L., Brown, S., 2001. The spatial distribution
of forest biomass in the Brazilian Amazon: a comparison of estimates. Glob.
Change Biol. 7, 731-746.

IPCC, 2006. Forest lands, in, 2006 Intergovernmental Panel on Climate Change
Guidelines for National Greenhouse Gas Inventories. Vol 4: Agriculture,
Forestry, and Other Land Use. Institute for Global Environmental Stategies
(IGES), Hayama, Japan on behalf of the IPCC, p. 83.

Iwashita, D.K,, Litton, C.M., Giardina, C.P., 2013. Coarse woody debris carbon storage
across a mean annual temperature gradient in tropical montane wet forest. For.
Ecol. Manage. 291, 336-343.

James, G., Witten, D., Hastie, T., Tibshirani, R., 2013. An Introduction to Statistical
Learning: With Applications in R. Springer.

Jomura, M., Akashi, Y., Itoh, H., Yuki, R., Sakai, Y., Maruyama, Y., 2015. Biotic and
abiotic factors controlling respiration rates of above- and belowground woody
debris of Fagus crenata and Quercus crispula in Japan. Plos One. 10.

Keller, M., Palace, M., Asner, G.P., Pereira, R,, Silva, ].N.M., 2004. Coarse woody debris
in undisturbed and logged forests in the eastern Brazilian Amazon. Glob.
Change Biol. 10, 784-795.

Larjavaara, M., Muller-Landau, H.C., 2010. Comparison of decay classification, knife
test, and two penetrometers for estimating wood density of coarse woody
debris. Can. ]. For. Res. 40, 2313-2321.

Latte, N., Colinet, G., Fayolle, A., Lejeune, P., Hébert, ]J., Claessens, H., Bauwens, S.,
2013. Description of a new procedure to estimate the carbon stocks of all forest
pools and impact assessment of methodological choices on the estimates. Eur. ].
For. Res. 132, 565-577.

Madkinen, H., Hynynen, ]. Siitonen, ]., Sievdnen, R., 2006. Predicting the
decomposition of Scots pine, Norway spruce, and Birch stems in Finland. Ecol.
Appl. 16, 1865-1879.

Mackensen, ]., Bauhus, J., 2003. Density loss and respiration rates in coarse woody
debris of Pinus radiata, Eucalyptus regnans and Eucalyptus maculata. Soil Biol.
Biochem. 2003, 177-186.

Malhi, Y., Baldocchi, D.D., Jarvis, P.G., 1999. The carbon balance of tropical,
temperate and boreal forests. Plant, Cell Environ. 22, 715-740.

Martin, A.R., Erickson, D.L, Kress, W.., Thomas, S.C., 2014. Wood nitrogen
concentrations in tropical trees: phylogenetic patterns and ecological
correlates. New Phytol. 204, 484-495.

Martin, A.R., Thomas, S.C., 2011. A reassessment of carbon content in tropical trees.
PLoS ONE 6, e23533.

Meriem, S., Tjitrosoedirjo, S., Kotowska, M.M., Hertel, D., Triadiati, T., 2016. Carbon
and nitrogen stocks in dead wood of tropical lowland forests as dependent on
wood decay stages and land-use intensity. Ann. For. Res. 59, Online First: July
28, 2016.

Morris, D.M., Wiebe, S.A., Luckai, N.J., Reid, D.E.B., 2015. Nutrient retention and
leaching potential of coarse wood bolts collected from logged and burned
upland boreal sites: a greenhouse misting experiment. Boreal Environ. Res. 20,
45-61.

Nascimento, H.E.M., Laurance, W.F., 2002. Total aboveground biomass in central
Amazonian rainforests: a landscape-scale study. For. Ecol. Manage. 168, 311-
321.

Ngo, K.M., Turner, B.L., Muller-Landau, H.C., Davies, S.J., Larjavaara, M., Hassan, N.F.
b.N., Lumd, S., 2013. Carbon stocks in primary and secondary tropical forests in
Singapore. For. Ecol. Manage. 296, 81-89.

Phillip, M.S., 1994. Measuring Trees and Forests. CAB International, Wallingford, U.
K.

R. Core Team, 2016. R: A language and Environment for Statistical Computing
<https://www.R-project.org/>. Accessed on 6th July, 2016.

Rice, A.H., Hammond Pyle, E., Saleska, S.R., Hutyra, L., de Camargo, P.B., Portilho, K.,
Marques, D.F., Wofsy, S.C., 2004. Carbon balance and vegetation dynamics in an
old-growth Amazonian forest. Ecol. Appl. 14 (4) suppl., S55-S71.

Ricker, M.C., Lockaby, B.G., Blosser, G.D., Conner, W.H., 2016. Rapid wood decay and
nutrient mineralization in an old-growth bottomland hardwood forest.
Biogeochemistry 127, 323-338.

Rosell, J., 2016. Bark thickness across the angiosperms: more than just fire. New
Phytol. 211, 90-102.

Rowell, R.M., 2012. Handbook of Wood Chemistry and Wood Composites. CRC Press.

Russell, M.B., Fraver, S., Aakala, T., Gove, J.H., Woodall, CW., D’Amato, A.W., Ducey,
MJ., 2015. Quantifying carbon stores and decomposition in dead wood: a
review. For. Ecol. Manage. 350, 107-128.

Saner, P., Loh, Y.Y., Ong, R.C., Hector, A., 2012. Carbon Stocks and Fluxes in Tropical
Lowland Dipterocarp Rainforests in Sabah, Malaysian Borneo. PLoS ONE. 7.
Schilling, J.S., Kaffenberger, ].T., Liew, FJ. Song, Z., 2015. Signature wood
modifications reveal decomposer community history. PLoS ONE 10, e0120679.

doi: 0120610.0121371/journal.pone.0120679.

Taiwan Forestry Bureau, 2011. Actual Vegetation Maps for the National Forest Lands
of Taiwan, in. Taiwan Forestry Bureau, Council of Agriculture, Executive Yuan,
Taipei, Taiwan.

Thomas, S.C., Martin, A.R., 2012. Carbon content of tree tissues: a synthesis. Forests
3, 332-352.

van Wagner, C.E., 1968. The line intersect method in forest fuel sampling. For. Sci.
24, 469-483.

Weedon, ].T., Cornwell, W.K., Cornelissen, J.H.C., Zanne, A.E., Wirth, C., Coomes, D.A.,
2009. Global neta-analysis of wood decomposition rates: a role for trait
variation among tree species? Ecol. Lett. 12, 45-56.

Weggler, K., Dobbertin, M., Jiingling, E., Kaufmann, E., Thiirig, E., 2012. Dead wood
volume to dead wood carbon: the issue of conversion factors. Eur. J. For. Res.
131, 1423-1438.

Wilcke, W., Hess, T., Bengel, C., Homeier, ]., Valarezo, C., Zech, W., 2005. Coarse
woody debris in a montane forest in Ecuador: mass, C and nutrient stock, and
turnover. For. Ecol. Manage. 205, 139-147.

Yang, F.-F., Li, Y.-L., Zhou, G.-Y., Wenigmann, K.O., Zhang, D.-Q., Wenigmann, M., Liu,
S.-Z., Zhang, Q.-M., 2010. Dynamics of coarse woody debris and decomposition
rates in an old-growth forest in lower tropcal China. For. Ecol. Manage. 259,
1666-1672.

Zanne, A.E., Lopez-Gonzalez, G., Coomes, D.A,, llic, ., Jansen, S., Lewis, S.L., Miller, R.
B., Swenson, N.G., Wiemann, M.C., Chave, J.,, 2009. Data from: Towards a
worldwide wood economics spectrum. Dryad Digital Repository.


http://refhub.elsevier.com/S0378-1127(16)30556-4/h0025
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0025
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0025
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0030
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0030
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0030
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0035
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0035
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0035
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0045
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0045
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0050
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0050
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0050
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0055
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0055
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0055
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0060
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0060
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0060
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0060
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0065
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0065
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0065
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0070
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0070
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0070
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0075
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0075
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0075
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0080
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0080
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0080
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0085
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0085
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0085
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0095
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0095
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0100
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0100
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0100
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0105
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0105
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0105
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0110
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0110
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0110
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0115
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0115
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0115
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0120
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0120
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0120
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0120
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0125
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0125
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0125
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0130
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0130
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0135
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0135
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0135
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0145
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0145
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0145
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0150
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0150
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0160
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0160
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0160
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0170
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0170
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0170
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0175
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0175
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0175
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0175
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0190
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0190
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0190
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0195
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0195
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0195
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0200
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0200
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0205
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0205
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0205
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0210
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0210
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0220
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0220
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0220
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0220
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0225
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0225
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0225
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0230
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0230
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0230
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0235
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0235
https://www.R-project.org/
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0250
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0250
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0250
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0255
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0255
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0260
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0265
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0265
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0265
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0275
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0275
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0275
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0290
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0290
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0295
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0295
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0300
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0300
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0300
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0305
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0305
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0305
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0310
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0310
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0310
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0315
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0315
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0315
http://refhub.elsevier.com/S0378-1127(16)30556-4/h0315

	Carbon concentration declines with decay class in tropical forest woody debris
	1 Introduction
	2 Methods
	2.1 Study sites
	2.2 Wood sample collection and property measurements
	2.3 Necromass estimation
	2.4 Statistical analysis

	3 Results
	3.1 Wood density and carbon concentration of living trees
	3.2 Wood properties among decay classes
	3.3 Necromass and carbon stocks

	4 Discussion
	4.1 Wood density and carbon concentration of living trees
	4.2 Wood density and carbon concentration among decay classes
	4.3 Woody debris characters between forests
	4.4 Concentration of other elements among decay classes
	4.5 Conclusions

	Acknowledgements
	Appendix A Supplementary material
	References


