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Research paper

Estimates of Biomass and Carbon Storage in Two Taiwania
Plantations of the Liukuei Experimental Forest
Kuo-ChuanLin®  Chiao-PingWang,? Chu-Mei Huang,?
FuWenHorng® Chih-Ming Chiu®

Summary

In Taiwania plantations of the Liukuei BExperimental Forest managed by the T aiwan Forestry
Research Institute, 2 stands aged 20 and 27yr were selected to estimate the biomass and carbon
storage in the ecosystem. According to the allometric equation established by data of 38 har-
vested trees, the biomass of each component and the total biomass of the trees were highly
significantly relatedto dbh.In addition, the biomass of these2 stands can beestimated with a set
of common equations. The estimated Taiwaniabiomass was 155 and 169ton ha' forthe 20- and
27-yr-old stands, respectively, and the mgjor biomass was in the boles. Biomass of the under-
story vegetation was only 3.2-4.8 ton ha?, and primarily accumulated in the ground coverage.
Biomass inthelitter layer was 6.1-10.2ton ha?. Inthe whole stand, 55-62% of carbon storage was
in the soil and 36-41% in trees. In soils, 44-50% of the carbonwas stored at 0-15-cmdepth and in
the trees 80% was inthe boles. Compared with tropical plantations, thecarbon storage of Taiwania
trees is slightly lower, but the storage in soils is similar.

Key words: Taiwania, carbon storage, biomass, regression method, understory vegetation, litter
layer.
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INTRODUCTION

In recent y ears, the sustainable manage-
ment of forest ecosystens isassuming greater
and greater importance. Estimation of bio-
mass in stands provides the basic data for
forest ecosystem management. Research on
biomass not only focuses on trees, but also
extends to other strata such as understory
vegetation, the litter layer, and soils, which
can affect nutrient cycling (Longand Turner
1975). M eanwhile, the carbon sequestration
function of forests is of great concern due to
the global warming phenomenon, where
forest plantations will, particularly, play a
leading roleinthe future. Taiwania (Taiwania
cryptomeri oidesHayata) is one of the impor-
tant economic species in Taiwan. In the
Liukuei Experimental Forest of the Taiwan
Forestry Research Institute, Taiwania has
been intensively planted since 1972. The total
areaof pureTaiwaniaplantationsover 20-yr-
old in the experimental forest is currently
around 435 ha (Chen et al. 1997). Basic data
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on this species need to be established for the
sustainable management of this ecosystem
Howev er, most research in the past focused
only on the analyses and estimation of tim-
ber volume (Hung 1974, Liu et a. 1984, Chen
et a. 1997). Thereare few publications about
the biomass and carbon storage in Taiwania
stands until now. Thus, 2 stands over 20 yr
old in the Taiwania plantations of Liukuei
Bperimental Forest wereselected to estimate
the biomass and carbon storage of the whole
stands (trees, understory vegetation, litter
layer, and soil). These data may provide a
good reference for understanding the nutri-
ent cycles as well as for ecosystem manage-
ment practices in the future.

MATERIALS AND METHODS

Site
The Taiwania plantations are in
Fengkangshan District, managed by the
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Liukuei Research Center of the Taiwan For-
estry Research Institute, located in Liukuei
Township, Kaohsiung County, southern
Taiwan. The experimental forestsliein awarm
temperate climate zone with an annual pre-
cipitation of up to 2,280 mm and at eleva-
tions of from 1,500 to 2,000 m. The rainy
season isfromMay to September, and the dry
season is from October to April (TFRI 1998).
Affected by theelevation, the highest tem-
peratureon averageisless than 25°C(in July),
and the lowest temperature on average isless
than 10°C (in January). Hevations of the
study areas are between 1,550 and 1,695 m.

Methods

1.Taiwania plots and sampling

Two stands 20- and 27-yr-old were se-
lected from among the Taiwania plantations
mentioned above, where thinning occurred
in 1993, and around 1,000 trees ha!were left.
Three 0.09-ha (30 x 30 m) plots were estab-
lished for each stand. The characteristics of
the studied Taiwania plots are givenin Table 1.

By a classification of dbh (diameter at
breast height) at aninterval of 5 cm, 7 classes
wereset fordbh from10to 40 cmand upward.
In each dbh class, 4to 7 sanple trees were
selected for biomass estimation. There were
38 sample trees harvested at the end of 1999,
10trees at 20-yr-old and 28 trees at 27-yr-old.

(1)Sample tree biomass
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After cutting down the trees, tree
heights, crown lengths, and crown diameters
were measured (Table 2). The sanple trees
werethen cutinto different sections. Thefirst
section was from the ground to 1.3 min
height, and then each 2 mfromthe 1.3-m
height was asection. Each section was further
separated into the following components:
boles, dead branches, leav es and twigs, and
branches (branches without leaves). The
fresh weight of each component was recorded
in the field. For measuring the biomass of
boles, 3discs were taken from the bole at 1.3
m height, at the height of the lowest branch
growth, and halfway between these 2heights,
respectively. Fresh weights of thediscs and
the sub-samples of dead branches, leaves and
twigs, and branches were all recorded inthe
field, then the samples were taken back to
the laboratory to measure the oven dry
weight (65°C). Thebiomass was estimated on

Table 1. Characteristics of 6 plots in 2
Ta waniaplantati ons

No. of trees
Age(yr) DBH (cm Ht (m
ge(yn) DBH(em)  HU(m) o
20 27.3+ 6.3V 153+ 1.7 800

246+ 55 148+ 1.8 1140
245+ 45 149+ 1.2 950

Mean 255 15.0 960+ 170
27 26.2+ 7.0 17.6%x 29 760
254+ 7.0 17.7+ 23 1040
26.0+ 6.0 16.7% 4.1 1140

Mean 259 17.3 980+ 197

Umean+ standard deviation.

Table 2. Characteristics of 38 sampled trees in Tawania plantations (mean + standard

deviation)

Item 20yr old 27 yr old

DBH (cm) 24.7+ 7.9(12.7-39.6)Y 26.3+ 9.1(12.6-42.5)
Tree height (m) 16.1+ 2.0(11.9-18.5) 17.5+ 3.5(9.7-21.9)
Crown diameter (m) 3.6+ 1.1(2.3-5.2) 3.9+ 1.3(2.0-6.9)
Crown length (m) 10.1+ 2.8 (5.7-14.1) 9.3+ 3.4(3.9-13.9)

D Numbers in parentheses are therange.



88 Lin KC et d.— Biomass and carbon storage in Taiwania plantations

the basisof ovendry and fresh weight ratios
of sub-samples and fresh weight of sample
trees.

(2)Stand biomass

Themost commonly used natural loga-
rithmic equation, In(Y) =a + b In(dbh), was
selected as theregressionmodel (Dudley and
Fownes 1992). In theequation, the dependent
variable Y stands for biomass (kg) of each
component, total biomass, and tree height,
while dbh (cm) stands for the independent
variable, and a and b are constants. Also, a
correction factor needs to be applied to the
constant a(cf=§ 72, whereS, | stands
for standard error of the estimate), and ais
equal to ¢ +cf, where c stands for the con-
stantin theeguation Y = c(dbh)®. The sample
treebiomass at the ages of 20-and 27-yr were
respectively estimated by different regression
equations. Then, the slope (b) and intercept
(a) fromthese 2 sets of regression equations
were tested by the general linear model (GLM)
to seeif they were identical, and this decides
whether the same set of equations is suitable
for use with sample trees fromboth stands.

The biomass of the different compo-
nents of each treeinthe study plot was esti-
mated using the regression equations ob-
tained from the sample trees. And then the
mean biomass of thereplicate plotswas con-
verted into biomass per unit area.

2.Bushes and ground vegetation

In the Taiwania plantations, three 5 x5m
subplots were randomly established for
each stand. The composition of bushes
(understory plants taller than 1.3 m) and
ground vegetation (plants shorter than 1.3
m) in the subplots were investigated, and
then all of the bushes and ground vegeta-
tion were harvested. The main species of
bushes or small trees were Ficusformosana

Maxim, Ardisia sieboldii Miq., Eurya spp.,
and Machilus japonica Sieb. & Zucc.inthe
20-yr-old stand and Ardisia sieboldii,
Las anthusspp., and Machilus thunbergii
Sieb. & Zucc. in the 27-yr-old stand.
Elatostema herbaceifoliumHayatawas the
main species of ground vegetation in both
stands, and its coverage exceeded 80% in
most plots.

The bush biomass was measured in the
same way as the biomass of Taiwania. Har-
vested bushes were mixed together instead
of analyzing single bushes and then catego-
rized into 3components (boles, branches, and
leaves). But the ground vegetation was con-
sidered 1 component. A fter thefresh weights
of the components of bushesand the ground
vegetation were recorded in the field, sub-
samples were weighed and brought back to
laboratory to measure the oven dry weight
and carbon contents.

3.Litter layer and forest soils

In the Taiwania plantations, 5 litter
samples (0.5 x 0.5m) and soils for each stand
were collected and brought back to the
laboratory. Litter samples were dried at 65
and weighed to determine oven dry weight,
then finely ground. Soils were divided into 3
compartments: 0-15, 15-30, and 30-45cm. Soil
bulk density was measured by the excava-
tion method (Lal and Kimble 2001).

4.Carbon storage

Forestimating the carbon storage of the
Taiwania stands, carbon concentrations of
different components were analyzed. For
Taiwania, 9trees (4 aged 20and 5 for aged 27
yr old) fromthe sample trees of different dbh
classes wereselected. Samples from different
components of the selected trees, bushes,
ground vegetation, and litter layers were
finely ground (< 0.5 mm). Following the dry
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combustion method (Sollins et al. 1999), 2-4
mg of ground sample was used for carbon
concentration analysis in aCN elemental ana-
lyzer (EA , Thermo Finnigan NA 1500). For soil
organic carbon determinations, soils at the
same depths fromeach plot were mixed and
milled to < 0.5 mm, then analyzed by the
Walkley-Black method (Nelson and Sommers
1996).

The Taiwania biomass of each compo-
nent obtained by the regression method was
multiplied by its own average carbon con-
centration to estimatethe total carbon stor-
age of trees per unit area. A nd the total car-
bon storageof the Taiwaniaplantations was
estimated by addingthetotal carbon storage
of trees, bushes, ground vegetation, litter
layer, and soils together.

RESULTS

1.Regression equation

Two groups of natural logarithmic re-
gression equations wereestablished with the
sample trees aged 20- and 27-yr-old,
respectively. Leaves and twigs, branches,
dead branches, boles, total biomass, and tree
height were all highly related to dbh (p<
0.01). By comparing theregression equations
of both stands with the GLM, all slopes and
intercepts of the 2 sets of equations were
determined to bestatistically non-significant
(p > 0.05). This means that the slopes and
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intercepts of the 2 sets of equations derived
from the stands aged 20- and 27-yr-old were
thesame. Thus, a set of common regression
eguations was suitablefor bothstands (Table3).

2.Stand biomass

The stand biomasswas 154.9ton hatin
the 20-yr-old Taiwania stand and increased
to 169.1 ton hatin the27-yr-old one (Table 4).
Themajor biomass was in boles, comprising
78-79% of thetotal biomass. The total biomass
of understory vegetation was much lower
than that of trees. It was only 2-3% of the
Taiwaniatree biomass, and was primarily in
the ground vegetation. The biomass of
bushes and ground vegetation in the 27-yr-
old stand was higher than that of the 20-yr-
old stand, however, the difference was not
statistically significant. The standard devia-
tion was extremely large among the plots,
especially for bushes.

3. Carbon storage

The highest concentration of carbon
was in the boles and the lowest in the leaves
andtwigsinboth stands (Table5). Differences
in carbon concentrations of Taiwania com
ponents at different ages did not reach sta-
tistical significance (p > 0.05), and differ-
ences for the components of bushes were
slight (0.05> p > 0.01).

The soil bulk density and the soil or-
ganic carbon concentrations at different

Table 3. Regression coeffici ents and stati sti cs of allometric equati ons (In(Y) a+bIn(doh))
estimati ng aboveground biomass and height of trees

Y a Adjusted R? SEEY
Leavesand twigs -5.5522 2.4901 0.896 0.292
Branches -5.9272 2.6988 0.861 0.375
Dead branches -7.2400 2.5671 0.624 0.684
Boles -2.32% 2.1992 0.967 0.141
Total biomass -2.3707 2.2847 0.968 0.144
Tree height 1.2633 0.4889 0.727 0.103

) Standard error of estimates.
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depths are listed in Table 6. The soil bulk the 20-yr-old stand, while in the 27-yr-old
density did not change much with depth in stand it increased with depth. Although the

Table 4. Estimate of aboveground biomass (ton hat') among strataandlitter layer for 2 Taiwania
pl antations

Stratum 20 yr old 27 yr old
Taiwania
Regression method

Leavesand twigs 1270+ 135V (8.2 1401+ 249 (83

Branches 1746+ 191 (1.3 1947+ 336 (115

Dead branches 303+ 0.33 (2.0 336+ 059 (20

Boles 12170+ 1281 (785 13226+ 24.24 (78.2)

Total 15489+ 16.30 (100) 169.10+ 30.72 (100)
Understory vegetation

Bushes 030+ 0.16 9.2 100+ 150 (209

Ground vegetation 294+ 0.77 (90.8) 379+ 127 (791

Total 324+ 0.77 (100) 479+ 150  (100)
Litter layer 610+ 1.63 10.24+ 2.38

D mean+ standard deviation.
2 Numbers in parentheses are the percentage of thetotal.

Table 5. Car bon concentration (% ) among components of the sampletrees, understory
vegetati on, andlitter layer (mean+ standard deviation)

Component 20yr old 27 yr old
Talwania
Leavesand twigs 4192+ 0.87 4352+ 0.92
Branches 431+ 4.34 4656+ 4.12
Dead branches 46.38+ 0.51 46.66+ 0.74
Boles 4751+ 0.44 4725+ 0.62
Understory vegetation
Bushes
Leaves 50.02+ 1.48 4914+ 175
Branches 4778+ 1.27 47.14+ 0.88
Boles 4757+ 0.88 46.85+ 0.59
Ground vegetation 4722+ 1.40 4777+ 201
Litter layer 4354+ 6.23 46.38+ 1.55

Table 6. Bulk density (g cm®) and organic car bon (%) among depths of sail (meant standard
deviation)

Depth . 20 yr old . 27 yr old
Bulk density C Bulk density C
0-15cm 0.37 11.33+ 6.27 0.31 10.04+ 6.49
15-30 cm 0.33 7.19+ 0.48 0.42 6.27+ 3.38

30-45 cm 0.37 477+ 147 0.44 3.16+ 1.86
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Table 7. Esti mates of carbon storage (ton hat') among components with respect tostratain 2

Tai waniaplantati ons

Component 20yr old 27 yr old
Taiwania

Leavesand twigs 532+ 057Y (7.4)2 6.10+ 1.08 (7.7)

Branches 774+ 0.85 (10.7) 907+ 156 (11.4)

Dead branches 141+ 015 (19 157+ 028 (2.0

Boles 57.82+ 6.09 (80.0) 62.49+ 11.46 (78.9)

Subtotal 7229+ 7.60 (100) 79.23+ 14.38 (100)

(36.0? (409
Understory vegetation
Bushes 014+ 0.08 048+ 0.71
Ground vegetation 140+ 0.37 180+ 0.61
Subtotal 154+ 0.37 228+ 071
Q.8 L2
Litter layer 264+ 0.78 477+ 1.28
€3 (29
Soil
0-15cm 62.90 (50.3) 46.72 (43.6)
15-30 cm 35.58 (28.5) 39.50 (36.9)
30-45 cm 26.47 (21.2) 20.89 (19.5)
Subtotal 124.95 (100) 107.11 (100)
(6L9 (85.9)
Total 201.42 (100) 193.39 (100)

) mean + standard deviation.

2 Numbers in parentheses are the percentage of the subtotal.
3 Underlined numbers in parentheses are the percentage of thetotal.

concentration of organic carbon decreased
with depth, the difference was not statisti-
cally significant (p > 0.05). Also, the carbon
concentrations did not significantly differ
(p > 0.05) between the 2 ages of stands.

As shownin Table 7, the major biomass
of Taiwaniaaccumulates in theboles, as does
the carbon storage. In soils, 44-50% of carbon
was stored inthe first 0-15-cm depth, and the
carbon storage decreases with soil depth. The
carbon storage of Taiwania, understory
vegetation, and thelitter layer in stands all
increased with stand age. But carbon con-
centrations and its contents in soils both
decreased with stand age (Tables 6,7). The
carbon storagein understory vegetationand
the litter layer was extremely low, with each

portion being less than 3%.A nd soil was the
main place where carbon was stored in
Taiwaniaplantations.

DISCUSSION

Generally, the total biomass of trees
increases with age (Turner and Long 1975,
Ponette et al. 2001). In this study, biomass
increased withtheage duetotheincrease in
bole size, since boles comprise themagjor part
of atree’'s hiomass (Table 4). However, not
only thetotal biomass but also all of thetree's
components increase with stand age. This
result is similar to that for aloblolly pine
(Pinustaeda L.)stand before 20-yr-old (Switzer
and Nelson 1972) and some Douglas-fir
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(Pseudotsuga menzieii (Mirb.) Franco.)
stands before 73-yr-old (Long and Turner
1975).

In order to avoid harvesting too many
sampletrees, the regression method is most
commonly used to estimate biomass these
days. In this research, tree biomass was
significantly correlated with the dbh param-
eter (Table 3). As to these 2 Taiwania stands,
the age and sitecharacteristics did not affect
the slope or intercept of the regression
model; however, in France, Douglas-fir of 5
different ages needed 5 sets of regression
equations (Ponette et al. 2001). On the
contrary, Ray achhetry et al. (2001) found that
there was no effect of habitat on the regres-
sion model, and Bartelink (1996) found that
therelationship between dbh and stem bio-
massin aDouglas-fir stand was independent
of stand characteristics. Theresultinthisre-
search seems to show that aset of common
equations may be suitable for estimating the
biomass of these 2 stands.

Since most publicationsabout Taiwania
have estimated timber volume only (Hung
1974, Liu et al. 1984, Chen et al. 1997), we can
only compare our biomass data with those
of some other conifers, such as Cry ptomeria
(Cryptomeria japonica (L.F.) D. Don) and
Chinafir (Cunninghami alanceol ate (Lamb)
Hook). Cryptomeriabiomass varied strongly
among sites, ranging from 125 to 268ton ha*
at ages 18 or 21 yr old (Wang 1978, Chang
1986) and ranged from 151 to 255 ton hat at
ages 30to 32 yr old (Hsu 1981, Chang 1986).
These great differences among sites may
have mainly been due to site characteristics
and tree density. The biomass of Chinafir
approached its approximate maximum, 161
tonha?l, at 20 yrold (Horng et al. 1985). The
biomass of Taiwania at age 20 yr in our re-
search (Table 4) was similar to that of China
fir (Horng et al. 1985), but slightly lower than

that of Cry ptomeria(Wang 1978, Chang 1986).
However, the biomass of the Cryptomeria
stand (151 ton ha?) inthe Chitou areawith a
similar density (980trees ha?, Yu1981) tothat
of our study site was similar to our
estimations. The Taiwaniabiomass at age 27
yr (Table 4) was higherthan that of Cryptom-
eriain Chitou, and even much higher than
that of Chinafir at 30 yr old (140 ton ha?)
(Horng et al. 1985).

The carbon concentration in soil gener-
ally decreases with soil depth. For exanmple,
the carbon concentration decreased from 46
to 17mg g'in the soil from0-9to 38-49cmin
aredspruce (PicearubensSarg.)stand in the
Great Smoky Mountains, USA (Johnson et
al. 1991). Similarly, carbon concentrations of
soilin apure Norway spruce stand of Austria
decreased dramatically with depth as well
(Berger et a. 2002). Thesoil organic carbon
content of the Taiwania stands also decreased
with soil depth. However, thedifference was
not statistically significant.

Since the biomass of each component
of trees of the 27-yr-old stand was greater
thanthat of the 20-yr-old stand (Table 7), the
total carbonstoragein al components of the
27-yr-old Taiwaniastand was higher than that
of the 20-yr-old one. It is well known that
most of the organic carbon in aforest ecosys-
temusually accumulates in the soil. The soil
organic carbon of Taiwania stands comprises
55-62% ofthe total carbon inthe ecosystem
(Table 7), which is higher than the 45% re-
ported for some tropical forests (M ahiet al.
1999).

The average aboveground biomass of
trees in tropical plantations is 65-224 ton ha*
at the ages of 16-20yr and 108-303ton ha'at
theages of 21-30 yr (Brown et al. 1986). The
biomass of Taiwaniastandsin this study fell
within this range (Table 4). As to carbon
storage, the vegetation and soils contained
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137-200 and 104 ton ha?, respectively, in a
tropical rain forest in Brazl (Schroeder and
Winjum1995). Malhi et al. (1999) found that
the aboveground carbon storage was 180
ton hal, and in the soil was 162 ton hatin a
highly dense tropical rainforest in A mazonia,
Brazl. In comparison to thoseestimations in
tropical forests, the aboveground carbon
storagein the Taiwaniastand of Liukuei was
much smaller, but the soil carbon storage fell
within theranges(Table 7).

In the Taiwania stands, the average
carbon sequestration rateof the trees, which
was 3.6 and 29 ton halyr! at theages of 20
and 27 yr, respectively, decreased beyond
20 yr of age. Hung (1974) concluded that the
mean annual basal area increment of Taiwania
in Liukuei also decreased significantly from
ages 20to 28 yr. However, for the entire
ecosystem, the data on carbon sequestration
in this study do not include the amount in
roots, snags, and fallen trees, which may have
agreat or little influence on the carbon se-
questration ina Taiwania ecosystem.

Lee et al. (2000) used timber volume
equations and volume and carbon conversion
coefficients to estimate the carbon storage
for Taiwania stands at Liukuei. The carbon
storages of trees in the standsat ages 19 and
23 yr were 77 and 133 ton hat, respectively,
both higher than the result in our research
(Table 7). After the analysis, the coefficient
of timber volume conversion frombole to
whole treeselected in their research was
1.65, the mean of all species. The coefficients
of biomass conversion from bole to whole
tree estimated forthe2 stands in thisresearch
were 1.27and 1.28, respectively, much lower
than that of all species. In addition, all carbon
concentrations of all Taiwaniacomponents
in our research were lower than 50% as hy-
pothesized by that research. This may bethe
reason that data in our research are lower.
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