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Abstract

Carbon pool can be found in all four spheres of earth and the flux of carbon
from one pool to another would result in climate change. An increased
awareness to offset release of carbon in the atmosphere is emphasized in the
United Nations Framework Convention on Climate Change through Kyoto
Protocol. The establishment of rubber forest for the purpose of reducing at-
mospheric carbon is one of the options to sequester carbon in addition to
benefitting from timber harvests at the end of crop rotation. The study ana-
lysed carbon concentration and carbon content in all plant parts of
eleven-years-old rubber clones; RRIM 2020 and RRIM 2025 planted in four
planting densities; 500, 1000, 1500 and 2000 plants/ha. Carbon concentration
was found the highest in leaf of RRIM 2020 at 500 plants/ha density (53.3% +
0.2%). This could be explained by the presence of photosynthetic activity and
the resulted high amount of lignin. Carbon content is found the highest in
large branch of RRIM 2020 at 500 plants/ha density (93.04 + 11.22 kg), be-
cause of the high biomass weight of large branch and the abundant amount of
lignocellulosic material. Trend analysis of total carbon sequestered in plant
parts with planting density was found to be in negative pattern; quadratic and
cubic regression for RRIM 2020 and RRIM 2025, respectively. However when
total carbon content per hectare was calculated it was found that carbon con-
tent was the highest at 1500 plants/ha density (140.355 + 9888 kg, clone
RRIM 2025). Even though high density planting gave higher carbon seques-
tration per hectare, planting at 500 plants/ha is still recommended as this
gives more biomass weight to rubber plant parts and thus subsequently bene-
fits the timber industry.
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1. Introduction

Carbon is the basic building block of all elements necessary for life. Carbon is
able to easily bind with other atoms to form different chemical compounds and
thus constitute major forms of earth structure. The earth consists of four spheres
which pertain to the earth’s major reservoirs of matter and energy. These are the
lithosphere, the biosphere, the atmosphere and the hydrosphere. Each of the
earth’s spheres contain carbon; Ze. carbon is found in the atmosphere mostly as
carbon dioxide; carbon is found in the lithosphere stored in carbonate rocks; it is
also found in fossil fuels such as oil, coal and natural gas, carbon is found in the
biosphere stored in plants and trees and finally carbon is found in the hydro-
sphere dissolved in ocean water and lakes. These entire sources of carbon are
termed carbon pool [1].

The flux of carbon from one pool to another is the basis for the carbon cycle.
As carbon moves between the spheres, it affects or is affected by climate change
[1]. Extra carbon in the atmosphere is leading to global warming over and above
natural levels. Carbon dioxide (CO,) is the most common gaseous form of car-
bon. Together with methane (CH,) they are principle greenhouse gases. Meth-
ane produces a large greenhouse effect per volume as compared to carbon diox-
ide, but it exists in much lower concentrations and is more short-lived than car-
bon dioxide, making carbon dioxide the more important greenhouse gas of the
two [2]. The increasing atmospheric CO, is caused by anthropogenic emissions
of CO,, where three-quarters of emissions are due to fossil fuel burning. Fossil
fuel burning plus a small contribution from cement production released on av-
erage 5.4 + 0.3 PgC/yr during 1980 to 1989 and 6.3 + 0.4 PgC/yr during 1990 to
1999 [3]. Carbon is also significantly emitted through the change in land use [3].

Greenhouse gasses act by warming the atmosphere by permitting the sunlight
to reach the surface of the earth, but preventing some heat from escaping the
earth’s atmosphere. The nature of CO, which absorbs and emits infrared radia-
tion at 4.26 um and 14.99 um wavelengths renders the atmosphere warmer [4].
Carbon dioxide in a small quantity is indeed important for the survival of earth
inhabitants, however if the level gets higher it could lead to unnecessary temper-
ature rising and increase the frequency of extreme weather events. Possible ef-
fects of this include impacts on agriculture and food production, damage to nat-
ural ecosystem, rise of sea level due to melting of polar ice caps, food and fresh-
water supplies, and altered disease pattern [5].

Reduction of atmospheric carbon can be achieved through carbon sequestra-

tion. Carbon sequestration can be defined as the capture and secure storage of
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carbon that would otherwise be emitted to, or remain, in the atmosphere [6].
Natural carbon sequestration is a long term storage of carbon that take place in
oceans, soils, vegetation (especially forests), and geologic formations. Techno-
logical strategies to reduce carbon emissions include developing energy efficient
fuels and efforts to develop and implement non-carbon energy sources. The es-
tablishment of forest for the purpose of reducing atmospheric carbon is one of
the options to sequester carbon. As forests grow, they store carbon in woody
tissues and soil organic matter [7]. Many studies of Amazonian forests suggested
that tropical forests could be large terrestrial sinks for carbon [8]-[13]. Tropical
forests account for 40% of carbon stored globally in terrestrial biomass [14] and
contribute as much as 36% of the net exchange between atmosphere and terres-
trial vegetation [15]. A tropical climate country such as Malaysia could as well
adopt the strategy of forest establishment, in particular rubber forest plantation
with the main aim to sequester carbon while timber and latex harvestings as
secondary functions.

In present study, carbon content is calculated in rubber tree by using the bio-
metric technique. This technique refers to the observation of plot scale to the in-
dividual tree biomass in forested area that generally covered an area not exceed-
ing 60 hectares [16]. For this study total carbon was measured in different plant
parts of eleven-years-old rubber clone; RRIM 2020 and RRIM 2025, planted in
four densities; 500, 1000, 1500 and 2000 plants/hectare. The objectives were to
evaluate which planting densities could give rise to the highest total carbon (per
tree and per hectarage area), to identify which plant parts sequester the most
carbon, to observe any strong correlation between carbon in plant parts and
carbon per tree and finally to derive regression equation between density and
total carbon, and between total carbon per whole and carbon content in plant

parts.

2. Materials and Methods

Eleven year old rubber clones planted at RRIMNIS Tok Dor in Terengganu,
Malaysia which comprises of RRIM 2020 and RRIM 2025, planted in four densi-
ties; 500, 1000, 1500 and 2000 plants/hectare were uprooted with three replica-
tions for each density. Plant parts were separated and weighed to get total fresh
weight. A small portion of sample was dried at 60°C convection oven for a week
and dry weight was measured after that. Sample was then milled to 1 mm parti-
cle diameter size and three replicates per sample were submitted to the Quality
and Technical Services Division of Malaysian Rubber Board for carbon concen-
tration analysis. The amount of carbon was expressed in units of percent carbon
by dry weight. The data were analysed using Proc Means, ANOVA, Duncan’s
multiple range test, and Pearson correlation coefficients of SAS software. Re-

gression plot and equation, and Student t-test were calculated using SPSS.

3. Results

Summary of total fresh weight (TFW), total dry weight (TDW) and moisture
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content (MC) for each plant parts of RRIM 2020 and RRIM 2025 are given in
Table 1(a) and Table 1(b). In 500 plants/ha planting density the highest TFW

Table 1. (a) Total fresh weight, total dry weight and moisture content of eleven-years-old
rubber clones planted at 500 and 1000 plants/ha densities; (b) Total fresh weight, total dry
weight and moisture content of eleven-years-old rubber clones planted at 1500 and 2000
plants/ha densities.

(a)
Planting Total Fresh Weight Total Dry Weight Moisture Content
Density Clone  Plant Parts (kg) (kg) (%)
(tree/hectare) Mean = s.e. Mean = s.e. Mean = s.e.
Leaf 412 + 1.56 2.21 +0.84 46.22 +0.43
Petiole 1.17 + 036 0.52 +0.17 55.06 + 3.21
Twig 18.56 +3.15 8.30 + 1.66 55.54 + 2.48
RRIM Small branch  60.55 + 20.74 33.86 + 11.75 44,34 +0.48
2020 pargebranch  334.01 + 86.67 194.84 + 55.08 42.74+2.20
Bole 170.22 +22.12 108.84 + 14.95 35.85 + 5.82
Bark 23.28 +3.27 11.65 +2.06 50.24 + 3.32
Root 104.01 + 19.55 52.22 +10.62 50.19 + 1.05
>00 Leaf 1028 +4.28 443+ 1.82 56.5 + 0.65
Petiole 1.29 + 0.47 0.51+0.18 59.28 + 1.94
Twig 26.21 + 5.56 10.46 + 1.86 59.28 +2.21
Rrpy  Smallbranch 8529 +27.51 43.65 + 13.54 48.74 +3.57
2025 Largebranch 27523 + 63.25 162.43 + 40.4 41.01 +3.42
Bole 183.4 + 47.67 120.59 + 37.29 35.88 £3.17
Bark 26.01 + 8.98 11.73 +4.59 56.19 + 1.89
Root 162.3 +31.29 87.00 + 13.15 45.26 + 6.05
Leaf 0.49 + 0.24 0.27 +0.14 45.79 + 1.03
Petiole 0.17 + 0.05 0.09 + 0.02 4578 + 4.16
Twig 12.43 +0.77 5.94 + 0.09 51.93 +2.39
RRIM Small branch 40.89 £ 9.60 24.46 + 6.10 40.56 £ 0.87
2020 pargebranch  74.63 +23.57 43.04 +13.46 42.04+0.78
Bole 150.91 + 19.12 93.05 + 10.03 38.07 + 1.12
Bark 24.4 +2.96 12.28 + 1.56 49.72 +0.70
1000 Root 89.05 + 12.99 44.26 +4.97 49.73 + 1.96
Leaf 4.94+1.10 1.91 +0.32 59.86 + 3.70
Petiole 3.25+2.15 134+ 0.99 64.13 + 4.07
Twig 11.67 +0.90 4344032 61.94 + 5.56
RRIM Smallbranch 2527 +0.73 13.28 + 1.30 47.62 + 4.02
2025  Largebranch  150.79 + 39.08 82.02 +23.31 46.45 +2.26
Bole 147.89 + 26.11 89.51 + 15.88 39.55 + 2.65
Bark 16.53 +3.25 7.10 + 1.58 57.47 + 4.76
Root 84.55 + 3.94 43.34 + 4,00 48.93 +2.65
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(b)
Planting Tot.al Fresh Total Dry Weight (kg) Moisture Content (%)
Density ~ Clone Plant Parts Weight (kg)

(tree/hectare) Mean = s.e. Mean = s.e. Mean = s.e.
Leaf 7.51 +2.81 2724096 62.91 + 1.62

Petiole 1.34+0.51 0.43 +0.17 67.82 +0.46

Twig 8.64 + 1.98 2.91+0.53 65.4 +2.03

Rrip Smallbranch  16.5+8.28 8.89 + 4.46 45.83 + 1.87

2020 1argebranch 44.67 +3.98 22.62 +2.87 49.64 £2.03

Bole 117.75 + 30.1 66.19 + 16.07 43.42 +0.96

Bark 15.45 + 2.80 7.45 +0.95 50.38 £ 6.10

Root 53.11 +6.72 29.01 £2.82 45.00 + 1.69

1200 Leaf 8.45 +2.06 2.93 £0.83 66.23 +2.51
Petiole 1.79 +0.37 0.59 +0.13 67.22 £ 1.72

Twig 16.61 +5.18 5.15 + 1.55 68.95 + 1.20

RRIM Small branch 1642 + 5.64 8.67 +2.93 4733 £1.29

2025 Largebranch  56.5 +12.93 32.06 +7.53 43.40 £ 0.32

Bole 164.10 = 29.58 96.23 +16.38 41.19 £ 1.30

Bark 2132 +5.77 8.64 185 58.03 + 3.59

Root 72.09 + 12.26 38.75 £ 6.39 46.15 +0.33

Leaf 3.97 £ 112 1.23+0.34 68.91 +0.70

Petiole 0.67 £0.16 0.20 +0.06 69.69 + 1.11

Twig 9.29 +2.46 3.89 +0.97 57.72 £ 1.15

RriM Small branch  7.31+2.35 3.69 + 1.14 49.07 + 0.64

2020 yargebranch  7.31+2.70 351 +1.23 5151 +1.38
Bole 107.00 + 16.73 64.59 +3.07 36.62 + 10.49

Bark 13.68 +1.97 5.52 £ 0.68 59.38 +0.98

Root 33.6 + 4.64 16.78 + 2.64 50.43 + 1.54

2000

Leaf 4.97 £0.70 1.98 +0.29 60.00 + 1.54

Petiole 0.91+0.28 0.26 +0.05 69.23 +3.27

Twig 6.21 +1.62 230 + 0.66 6334 £0.93

RRIM Small branch 12,95 +2.14 6.88 +1.38 4737 £2.13

2025 Targebranch  15.59 +7.22 8.95 +4.26 44.11+1.90

Bole 123.23 + 14.89 7522 + 8.28 38.80 + 0.69

Bark 18.01 +2.01 6.99 +0.92 61.37 +1.91

Root 52.15 + 3.45 28.97 £3.22 4479 +2.85

and TDW for both clones were observed in large branch, while the lowest values

were observed in petiole. The highest MC was in twig and the lowest was in bole.
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In 1000 plants/ha planting density, for clone RRIM 2020 the highest TFW and
TDW were seen in bole and the lowest were in petiole. The highest MC for this
clone was in twig while the lowest was in bole. On the other hand for clone
RRIM 2025 the highest TFW was in large branch while the highest TDW was in
bole. The lowest values for TFW and TDW were both found in petiole. The
highest MC for this clone was in petiole and the lowest was in bole.

In 1500 plants/ha planting density for clone RRIM 2020, the highest TFW and
TDW were found in bole and the lowest were in petiole. The opposite happened
for MC values where the highest MC was in petiole and the lowest was in bole.
For clone RRIM 2025 the same pattern for TFW and TDW were observed; only
slight different for MC values where the highest was seen in twig and the lowest
was in bole. Finally for 2000 plants/ha planting density, both clones showed the
same pattern of the highest TFW and TDW in bole and the lowest in petiole.
The opposite pattern was observed for MC where the highest value was in peti-
ole and the lowest value was in bole.

Carbon concentration in plant parts of RRIM 2020 and RRIM 2025 planted in
four planting densities; 500, 1000, 1500 and 2000 plants/hectare is given in Table

2. The highest percentage of carbon is observed mostly in leaf while the lowest is

Table 2. Carbon concentration in plant parts of RRIM 2020 and RRIM 2025 in the dif-
ferent planting densities.

Planting Plant parts
density Clone
(plants/ha) Leaf (%) Petiole (%) Twig (%) Small branch (%)
500 RRIM 2020 53.26 £0.15 50.29 £0.12 49.11 £0.30 47.60 £0.10

RRIM 2025  52.45+0.12 51.66 +0.08 50.68 +0.18 4942 +0.12

1000 RRIM 2020  53.18 £ 0.27 51.93 £0.20 50.50 £ 0.19 48.23 +0.12
RRIM 2025  52.01 £0.25 51.62 £0.10 50.06 £ 0.11 48.56 + 0.15
1500 RRIM 2020  52.41+0.14 50.80 +0.30 50.12 £0.20 48.58 +0.11

RRIM 2025  52.68 £0.21 51.36 £0.23 50.50 £ 0.10 48.79 £ 0.12
2000 RRIM 2020  52.49 +0.26 52.83 £0.10 51.08 £0.17 48.97 £ 0.07

RRIM 2025  52.58 £0.12 51.62 £0.16 50.48 £ 0.13 48.95+0.13

Planting Plant parts
density Clone Large branch
(plants/ha) & 0 Bole (%) Bark (%) Root (%)
500 RRIM 2020  47.76 +0.09 48.00 £0.11 4791 £0.37 46.92 £ 0.19

RRIM 2025  48.75+0.19 48.51 +0.23 48.37 +£0.25 48.04 +0.21

1000 RRIM 2020  48.37 £0.18 48.05+0.13 49.13 +0.16 47.62 +0.12

RRIM 2025 48.53 £0.13 48.51 +0.14 48.52+0.13 48.02 £0.11

1500 RRIM 2020 48.52 +£0.10 48.44 +0.12 48.62 +0.24 46.67 £0.19

RRIM 2025 48.25+0.15 48.56 £ 0.12 48.60 £ 0.16 47.79 £0.18

2000 RRIM 2020  48.98 +0.09 48.49+0.13 47.99 +0.37 47.95+0.21

RRIM 2025  48.68 £ 0.05 48.51 +0.08 48.37 +£0.37 46.83 +0.35
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seen in root. ANOVA and Duncan’s multiple range test for carbon concentra-
tion in plant parts of RRIM 2020 and RRI 2025 are given in Supplementary Ta-
ble S1. The results showed significant different among carbon concentration in
plant parts for both clones in all planting density. The highest carbon concentra-
tion was shown in leaf and the lowest in root, for both clones in all four densi-
ties.

Total content of carbon in plant parts is shown in Supplementary Table S2.
The value is calculated by multiplying carbon concentration with the total dry
weight of each plant parts. For 500 plants/ha density the highest carbon content
is observed in large branch, while for the rest of planting densities the highest
carbon is calculated in clear bole. ANOVA and Duncan’s multiple range test for
total content of carbon in plant parts of RRIM 2020 and RRI 2025 are given in
Supplementary Table S3. The results showed significant different among total
content of carbon in plant parts for both clones in all planting density. The
highest content of carbon was shown in large branch for 500 plants/ha density
and in bole for 1000, 1500 and 2000 plants/ha densities, for both clones. The
lowest carbon content was evidenced in leaf, petiole and twig for both clones
planted in all four densities. ANOV A and Duncan’s multiple range test for total
content of carbon in RRIM 2020 and RRIM 2025, comparing different densities
are given in Supplementary Table S4. In general, the highest carbon content for
all plant parts and whole tree was mainly found at 500 plants/ha density while
the lowest was recorded at 2000 plants/ha density.

Pearson correlation coefficients of carbon content in plant parts and per
whole tree are calculated and given in Supplementary Tables S5(a)-(d). The
reason for analysis is to determine existence of correlation and subsequently de-
rive regression equation for the strongly correlated variables. The equation is
useful for future estimation of total carbon content by getting the exact carbon
content value for only one part of tree, e.g. leaf collected during wintering phase
of rubber tree could be used to estimate total carbon per whole tree. For
RRIM 2020, the strongest correlations between plant part and total carbon
per whole tree were found with large branch (in 500 plant/ha), small branch
(in 1000 plant/ha) and leaf (in 1500 and 2000 plants/ha). For RRIM 2025, the
strongest correlations were observed with small branch (in 500 and 1000 plants/ha),
bole (1500 plants/ha) and root (2000 plants/ha). Regression plot and equation for
the relationship between carbon content in plant parts and whole tree are derived
from curve estimation function in SPSS and shown in Supplementary Figure
S1-S8. The most fitted curve equation could be suggested as follows;

For RRIM 2020 at 500 plants/ha

W =1.286Lb+77.381

For RRIM 2020 at 1000 plants/ha
W =0.5528h" —12.2318h +165.225

For RRIM 2020 at 1500 plants/ha
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W =23.645L+33.903

For RRIM 2020 at 2000 plants/ha
W =24.756L +32.350

For RRIM 2025 at 500 plants/ha
W =-0.120Sb> +9.4275b +77.794

For RRIM 2025 at 1000 plants/ha
W =3.8795h> —31.2185h +154.983

For RRIM 2025 at 1500 plants/ha
W =-0.007B* +2.614B—12.169

For RRIM 2025 at 2000 plants/ha
W =0.304R> —5.875R +85.96

where;

W = Total carbon per whole tree;

Lb = Carbon content in large branch;

Sb = Carbon content in small branch;

L = Carbon content in leaf;

B = Carbon content in bole;

R = Carbon content in root.

Trend analysis for carbon content (in plant parts and per whole tree) of
RRIM 2020 in the proportionate increment of density (500, 1000, 1500 and
2000 plants/ha) is given in Supplementary Table S6. Linear, quadratic and cu-
bic trends were observed for total carbon per tree. The regression plot and equa-
tion are shown in Supplementary Figure S9. From the regression plot the rela-
tionship between carbon content per tree and density is in negative pattern
whereby an increase in density will result in decrease carbon content per tree.
The most fitted regression equation derived from the relationship could be sug-

gested as follows;

W =0.00007002D° —0.272D +314.286

where;

W = Total carbon per tree;

D = Planting density.

For RRIM 2025 the trend analysis is given in Supplementary Table S7, while
the regression plot and equation are given in Supplementary Figure S10. Lin-
ear, quadratic and cubic trends were also observed for total carbon per tree. The
relationship between carbon content per tree and density is negatively related
whereby an increase in density will result in decrease carbon content per tree.
The most fitted regression equation derived from the relationship could be sug-

gested as follows;
W =-0.0000001047D° —0.699D + 462.459

Total content of carbon per hectare was calculated by multiplying carbon
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content per tree with number of tree stands and the results are shown in Sup-
plementary Table S8 under the column “Whole tree”. The value was calculated
by assuming zero number of tree deaths in all plant densities. ANOVA and
Duncan’s multiple range test for total content of carbon per hectare in RRIM
2020 and RRIM 2025, comparing different densities are given in Supplemen-
tary Table S9. The highest carbon content per hectare was evidenced in RRIM
2025 planted in 1500 plants/ha density (140,355 + 9888 kg), while the lowest in
RRIM 2020 planted in 2000 plants/ha density (96,542 + 3718 kg). Student
t-test results in Supplementary Table S10 comparing total carbon per hectare
between the two clones showed no significant difference at low density of 500
and 1000 plants/ha, however the difference was significant at high density of
1500 and 2000 plants/ha. RRIM 2025 had consistently shown to have higher total
carbon per hectare compared to RRIM 2020.

4. Discussion

Carbon sequestration through establishments of rubber forest plantation (RFP)
is a good option where rubber growers can earn income from latex and timber
harvestings while at the same time carbon in the atmosphere could be seques-
tered in the plant parts of rubber tree. RFP concept that maintains natural cover
cropping using weed species also contributes to the carbon storage. To date a
total of 50 weed species belonging to 22 families were identified in various rub-
ber forest plantations throughout Malaysia since 2007 [17]. In addition, an area
conserving element of flora and fauna, called special management zone is cre-
ated in RFP to further employ the concept of forest as a carbon sink.

There is a question on whether the carbon sequestered through forest planta-
tion will be forever locked in or will eventually move to other carbon pool. For
example when trees are chopped down the carbon will be released back to the
atmosphere through burning of woody tissue. In the case of wood being con-
verted to furniture, the carbon storage might be as long as the lifetime of the
furniture, however it might ultimately be released back to the air when furniture
is disposed. The only way to ensure continuous sequestration of carbon is
through systematic replenishment of rubber forest plant materials. For example
the forest itself need to be planted in various phases to ensure that trees are not
uniformly the same age so that harvestings will not happen all at once.

Summary on total fresh weight (TFW), total dry weight (TDW) and total car-
bon (TC) gives a general overview on biomass information and pattern of car-
bon disposition. At 500 plants/ha density, mostly both clones have the highest
TFW, TDW and TC in large branches. As density goes higher, the pattern
shifted towards clear bole. This gives indication that the tree crown grew bigger
in less dense planting in order to maximize the photosynthesis activity, while in
denser planting the competition among trees increases and forces them to grow
taller in order to reach for more light source and hence the clear bole mass be-

comes greater.
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In general carbon is evidently sequestered the most in woody parts of tree,
which in this case are large branch and trunk. This is explained by the abundant
amount of lignocellulosic materials that give the hard and strength properties for
these woody plant parts. In addition, large branch and clear bole have the high-
est biomass weight compared to other plant parts; therefore carbon would be
sequestered the most here. When compared with carbon concentration data in
each plant parts, a different pattern is observed where leaf was found to have the
highest carbon concentration. This could be explained by the highest concentra-
tion of lignin found in leaf [18]. Another possible explanation for this is the
presence of photosynthetic activity in leaf whereby carbon dioxide is captured
from the air and converted to carbohydrate molecules.

Total content of carbon was found highest in large branch at 500 plants/ha
and in bole at 1000, 1500 and 2000 plant/ha. This could be explained by the high
biomass weight measured for large branch at 500 plants/ha and bole at the rest
of plant densities. When comparing densities, it was found that carbon content
was highest and statistically significant at 500 plants/ha, for majority of plant
parts and whole tree. This showed that by increasing plant density it will defi-
nitely results in significant reduction of biomass and carbon content. In simpler
term, rubber tree became smaller in size. Contrary to the amount of total carbon
sequestered per hectare, increased density will give higher sequestration of car-
bon due to increase number of tree stands; the highest carbon sequestered per
hectare was found in RRIM 2025 at 1500 plants/ha.

When recommending the most suitable plant density to rubber growers, two
main things shall be taken into account; the latex and wood volume. If trees are
to be planted in denser plant density, the girth of tree trunk will be smaller and
thus tree maturity is delayed—the readiness for open tapping. Therefore there is
a high probability that trees are delayed tapping or cannot even be tapped due to
a very small girthing. On the aspect of wood volume, planting in denser density
will results in taller, but thinner trunk. Even though biomass weight can still be
maintained in denser density, the diameter of sawn timber will be reduced and
thus affect the overall number of recovery for 4” x 4” and 1” x 1”7 sized sawn
timber. Therefore planting at 500 plants/ha is still recommended as this gives
higher sawn timber recovery and thus benefits the timber industry.

The best fitted regression equations for carbon content in plant parts and total
carbon per whole tree is useful for future work involving estimation of carbon
sequestration in rubber tree for these two clones; RRIM 2020 and RRIM 2025.
The equations are specifically targeted for untapped rubber trees of RRIM 2020
and RRIM 2025, since diameter of the trunk will increase proportionately with
the rest of tree parts. Compared with tapped rubber tree, the girth increment will
reduce after tree is opened for tapping, about 1 to 3 cm increment per year,
while girth increment for untapped tree is around 8 to 10 cm per year [19].
Therefore the equations are only applied to untapped rubber tree for carbon
content estimation. The advantage of using these equations is that tree will not

have to be cut in order to carry out biomass estimation, rather only one part of
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tree is taken for biomass weight measurement. For instance only the small
branches are pruned, or only leaves are collected (during tree wintering) to as-
certain the exact amount of carbon content.

Using 500 plants/ha density and RRIM 2025 as planting material the total
carbon sequestered from rubber trees of eleven-year old age can reach up to
107,282 kg/ha. Malaysia in the context of carbon market project is listed as de-
veloping country, termed as non-Annex 1 country. International emissions
trading allows developed countries to trade their commitments under the Kyoto
Protocol, whereby they can trade emissions quotas among themselves, and can
also receive credit for financing emissions reductions in developing countries.
Developing countries in general do not have binding targets under the Kyoto
Protocol, but are still committed under the treaty to reduce their emissions. Un-
der the Protocol, emissions of developing countries are allowed to grow in ac-
cordance with their development needs [20]. In accordance to that, establish-
ment of rubber forest plantation is seen as a perfect platform to venture into
Clean Development Mechanism (CDM) project since it is considered lower in
cost when compared to any reduction of carbon output projects in developed
countries. If Malaysia captures two percent of the CDM market this could equal
to US$120 to 400 million in revenue [21]. The CDM project which any company
would venture into must support the sustainable development policies of Malay-
sia, following the national CDM criteria approved by the National Committee
on CDM (NCCDM) [22].

5. Conclusion

Rubber forest plantation is a good carbon sink where source of carbon seques-
tration comes from rubber trees, soil, cover crops and special management zone.
Planting density with 500 plant/ha shall be employed in the forest establishment
so that carbon can be sequestered in the highest amount in rubber plant parts as
to support the timber industry. Carbon trading is a potential income generating
activity which Malaysia could consider participating, specifically for establish-

ment of rubber forest plantation projects.
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Supplementary Files

Table S1. ANOVA and Duncan’s grouping for carbon concentration in plant parts.

ANOVA Duncan’s grouping

Small Large
branch branch

Density
(plants/hectare) 4f Mg VR Leaf Petiole Twig

Clone
Bole Bark Root

500 7 50778 10214+ A B C D D D D E
RRIM 1000 7 49662 129537 A B C E E EF D F
2020 1500 7 37411 89.723* A B C D D D D E
2000 7 47603 101.243* A A B C C e D D
500 7 33119 84178 A B C D E EF EF F
RRIM 1000 7 29233 114476 A A B C C cC ¢ D
2025 1500 7 36338 11210846 A B C D EF DE DE F
2000 7 43412 84628 A B C D D D D E

Note: df: Degree of freedom; MS: Mean square; VR: Variance ratio; *: significant at p < 0.05. Plant parts
with the same alphabet are in the same homogenous subset for mean carbon concentration.

Table S2. Total content of carbon in plant parts of RRIM 2020 and RRIM 2025 in the
different planting densities.

Planting Plant parts
density Clone
(plants/ha) Leaf (kg) Petiole (kg) Twig (kg)  Small branch (kg)
500 RRIM 2020 1.18 £ 0.19 0.26 = 0.04 4.06 +0.33 16.14 +2.40
RRIM 2025 2.32+041 0.26 = 0.04 5.30 £ 0.40 21.60 +2.88
1000 RRIM 2020 0.14 +£0.03 0.05 = 0.00 3.00 £ 0.03 11.82 +1.28
RRIM 2025 0.99 £ 0.07 0.69 £ 0.22 2.17 £ 0.07 6.44 £ 0.26
1500 RRIM 2020 143 +£0.21 0.22 £ 0.04 1.46 £0.12 4.31+£0.92
RRIM 2025 1.55+£0.19 0.30 £ 0.03 2.60 + 0.33 4.22£0.61
2000 RRIM 2020 0.64 = 0.08 0.11 £0.01 1.99 +0.22 1.81 £0.24
RRIM 2025 1.04 = 0.06 0.14 £ 0.01 1.16 £ 0.14 3.36 £0.28
Planting Plant parts
]density Clone
(plants/ha) Large branch (kg)  Bole (kg) Bark (kg) Root (kg)
500 RRIM 2020 93.04 +£11.22 52.20 £2.99 5.58 £ 0.42 24.58 £2.19

RRIM 2025 79.21 £8.43 58.47 £7.69 5.72 £ 0.98 41.67 +£2.54

1000 RRIM 2020 20.84 +£2.78 44.71 £2.05 6.04 + 0.34 21.10 £ 1.05

RRIM 2025 39.71 £ 4.77 43.50 +3.37 3.45+0.33 20.81 +0.81

1500 RRIM 2020 10.98 + 0.60 32.02 £3.27 3.63 £0.21 13.55 +0.59
RRIM 2025 15.43 +1.50 46.73 + 3.38 4.21 £0.39 18.53 +1.31
2000 RRIM 2020 1.72 £ 0.26 31.33 £0.68 2.65 £ 0.14 8.02 +0.51
RRIM 2025 4.35+0.88 36.48 £ 1.69 3.37 £0.18 13.54 £ 0.61

Note: Values calculated by multiplying carbon concentration with total dry weight of plant parts.
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Table S3. ANOVA and Duncan’s grouping for total content of carbon in plant parts.

. ANOVA Duncan’s grouping
Clone Density
(plants/hecta) 4¢ g VR Leaf Petiole Twig Small - Large Bole Bark Root
branch branch

500 7 12757.656 58.398* E E DE CD A B DE C
RRIM 1000 7 2766.845 124.977* E E DE C B A D B
2020 1500 7 1362007 73415 CD D CD C B A CD B

2000 7 1324.065 960.474* D D C C C A C B

500 7 10642.384 48.504* E E E D A B E C
RRIM 1000 7 3819642 72806 C C C C A A C B
2025 4500 7 294084 122017 C C C C B A C B

2000 7 1808.354 291.475* D D D C C A C B

Note: ANOVA, df: Degree of freedom; MS: Mean square; VR: Variance ratio; *: significant at p < 0.05. Plant
parts with the same alphabet are in the same homogenous subset for mean total content of carbon.

Table S4. ANOVA and Duncan’s grouping for total content of carbon per tree in the dif-
ferent planting density.

ANOVA Duncan’s grouping
Clone Plant parts
df MS VR 500 t/ha 1000 t/ha 1500 t/ha 2000 t/ha
Leaf 3 3.946 14.727* A C A B
Petiole 3 0.118 14.275* A B A B
Twig 3 15.861 30.699* A B C C
Small branch 3 526.900  21.214* A B C C
RRIM 2020 Largebranch 3 20836.641 51.853* A B BC C
Bole 3 1238.869 16.975* A B C C
Bark 3 30.872 29.457* A A B C
Root 3 666.535 34.085* A A B C
Whole tree 3 52387.150 70.847* A B C C
Leaf 3 4.590 7.268* A B B B
Petiole 3 0.692 4.613* B A B B
Twig 3 37508 42.380* A B B C
Small branch 3  879.649  33.378* A B B B
RRIM 2025 Largebranch 3 13195.661 45398* A B c c
Bole 3 1010.374 3.974* A B A B
Bark 314253 3787% A B AB B
Root 3 1845.242  66.727* A B B C
Whole tree 3 51293.364 82.361* A B C D

Note: ANOVA, df: Degree of freedom; MS: Mean square; VR: Variance ratio; ns: Non-significant; *: signif-
icant at p < 0.05. Planting density with the same alphabet are in the same homogenous subset for mean total
content of carbon per hectare.
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Table S5. (a) Pearson correlation coefficients among carbon content in plant parts of
RRIM 2020 at 500 and 1000 plants/ha densities; (b) Pearson correlation coefficients
among carbon content in plant parts of RRIM 2020 at 1500 and 2000 plants/ha densities;
(c) Pearson correlation coefficients among carbon content in plant parts of RRIM 2025 at
500 and 1000 plants/ha densities; (d) Pearson correlation coefficients among carbon con-
tent in plant parts of RRIM 2025 at 1500 and 2000 plants/ha densities.

(a)
500 plants/ha

Variable =~ Leaf Petiole Twig Small branch Large branch Bole = Bark  Root Whole

Leaf 1.0000 0.9997 -0.8278  0.5948 -0.3516  —0.8439 —0.8076 0.0874 -0.3628
<0.0001 0.0009 0.0413 0.2623 0.0006 0.0015 0.7870 0.2465

Petiole 1.0000 -0.8148  0.6132 -0.3300 -0.8561 —0.7940 0.1104 -0.3413
0.0012 0.0340 0.2948 0.0004 0.0020 0.7328 0.2777

Twig 1.0000  —0.0422 0.8158 0.4000 0.9965 0.4859 0.8228
0.8964 0.0012 0.1976 <0.0001 0.1092 0.0010

Small branch 1.0000 0.5432 —0.9321 -0.0120 0.8527 0.5330

0.0680  <0.0001 0.9705 0.0004 0.0743

Large branch 1.0000 —0.2035 0.8301 0.9018 0.9999
0.5258 0.0008 <0.0001 <0.0001
Bole 1.0000 0.3719 -0.6062 —0.1914

0.2338 0.0367 0.5513
Bark 1.0000 0.5105 0.8372
0.0899 0.0007

Root 1.0000 0.8965

<0.0001

Whole 1.0000
1000 plants/ha

Variable = Leaf Petiole Twig Small branch Large branch Bole  Bark  Root Whole

Leaf 1.0000 0.8868 0.5668  —0.6210 —-0.9985 0.9357 0.6588 0.2109 -0.3752

0.0001 0.0547 0.0312 <0.0001  <0.0001 0.0198 0.5106 0.2295

Petiole 1.0000 0.8727  -0.1892 -0.9097 0.9927 0.9314 0.6376 0.0952

0.0002 0.5559 <0.0001  <0.0001 <0.0001 0.0257 0.7685

Twig 1.0000 0.2780 —-0.6080 0.8127 0.9787 0.9050 0.5326

0.3816 0.0360 0.0013 <0.0001 <0.0001 0.0747

Small branch 1.0000 0.5787  —0.3051 0.1805 0.6350 0.9593

0.0487 0.3350 0.5746 0.0265 <0.0001

Large branch 1.0000 —-0.9528 -0.6975 —-0.2622 0.3259
<0.0001 0.0117 0.4103 0.3013

Bole 1.0000 0.8815 0.5414 -0.0243
0.0002 0.0691 0.9403

Bark 1.0000 0.8740 0.4501

0.0002 0.1420

Root 1.0000 0.8266

0.0009

Whole 1.0000
Note: n = 12.
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(®)

1500 plants/ha

Variable Leaf Petiole Twig Small branch Large branch Bole  Bark Root Whole

Leaf 1.0000 0.9996 0.8347  0.9908 -0.3389  0.9993 0.8141 0.9106 0.9999
<0.0001 0.0007  <0.0001 0.2812 <0.0001 0.0013 <0.0001 <0.0001

Petiole 1.0000 0.8381  0.9895 -0.3322  0.9986 0.8090 0.9067 0.9995
0.0007  <0.0001 0.2915 <0.0001 0.0014 <0.0001 <0.0001

Twig 1.0000  0.7524 0.2347 0.8143 0.3625 0.5364 0.8380
0.0048 0.4627 0.0013 0.2469  0.0722 0.0007

Small branch 1.0000 -0.4633  0.9949 0.8845 0.9574 0.9899

0.1293 <0.0001 0.0001 <0.0001 <0.0001

Large branch 1.0000 -0.3729 -0.8176 -0.6920 —0.3336
0.2325 0.0012 0.0126 0.2893

Bole 1.0000 0.8346 0.9246 0.9991
0.0007 <0.0001 <0.0001

Bark 1.0000 0.9735 0.8108

<0.0001  0.0014

Root 1.0000 0.9086

<0.0001

Whole 1.0000
2000 plants/ha

Variable =~ Leaf Petiole Twig Small branch Large branch Bole = Bark Root Whole

Leaf 1.0000 0.9985 0.9645 0.9880 0.9965 0.8144 0.9574 0.7488 0.9995
<0.0001 0.0?)01 <0.0001 <0.0001 0.0013 <0.0001 0.0051 <0.0001

Petiole 1.0000 0.9494 0.9948 0.9995 0.8433 0.9410 0.7133 0.9987
0.0301 <0.0001 <0.0001 0.0006 <0.0001 0.0092  <0.0001

Twig 1.0000 0.9126 0.9393 0.6333 0.9993 0.8970 0.9615
<0.0001 <0.0001 0.0271 <0.0001 <0.0001 <0.0001

Small branch 1.0000 0.9975 0.8933 0.9018 0.6382 0.9892
<0.0001 <0.0001 <0.0001 0.0255 <0.0001

Large branch 1.0000 0.8597 0.9300 0.6912 0.9970
0.0003 <0.0001 0.0128 <0.0001

Bole 1.0000 0.6130 0.2290 0.8214
0.0341 0.4741 0.0011

Bark 1.0000 0.9070 0.9538
<0.0001 <0.0001

Root 1.0000 0.7426
0.0057

Whole 1.0000

Note: n = 12.
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(c)
500 plants/ha

Variable  Leaf Petiole Twig Small branch Large branch Bole  Bark  Root Whole
Leaf 1.0000 0.7905 0.6890  —0.0434 0.7748 —-0.9973 -0.9959 —0.4416 —0.2286
0.0022 0.0132 0.8935 0.0031 <0.0001 <0.0001 0.1507 0.4749
Petiole 1.0000 0.9884 0.5775 0.9991 —0.7455 -0.8419 0.2002 0.4149
<0.0001 0.0492 <0.0001 0.0054 0.0006 0.5326 0.1798
Twig 1.0000 0.6940 0.9915 —0.6360 —0.7506 0.3459 0.5477
0.0123 <0.0001 0.0262 0.0049 0.2708 0.0653

Small
branch 1.0000 0.5971 0.1133 —0.0458 0.9152 0.9817
0.0404 0.7259 0.8876 <0.0001 <0.0001

Large
branch 1.0000 —0.7279 -0.8280 0.2243 0.4382
0.0073 0.0009 0.4835 0.1542
Bole 1.0000 0.9871 0.5035 0.2970
<0.0001 0.0951 0.3485
Bark 1.0000 0.3600 0.1411
0.2504 0.6618
Root 1.0000 0.9738
<0.0001
Whole 1.0000

1000 plants/ha

Variable ~ Leaf Petiole Twig Small branch Large branch Bole  Bark  Root Whole
Leaf 1.0000 —0.8205 -0.9677  —0.9437 -0.2163  —0.6978 —0.8471 —0.9916 —0.9131
0.0011 <0.0001  <0.0001 0.4996 0.0116 0.0005 <0.0001 <0.0001
Petiole 1.0000 0.6572 0.9611 0.7354 0.1644 0.3927 0.7506 0.9811
0.0202  <0.0001 0.0064 0.6097 0.2067 0.0049 <0.0001
Twig 1.0000 0.8387 —-0.0252 0.8501 0.9501 0.9903 0.7895
0.0007 0.9379 0.0005 <0.0001 <0.0001 0.0023

Small
branch 1.0000 0.5224 0.4280 0.6291 0.9031 0.9963
0.0814 0.1651 0.0284 <0.0001 <0.0001

Large
branch 1.0000 —-0.5470 —0.3339 0.1060 0.5930
0.0657 0.2889 0.7430 0.0421
Bole 1.0000 0.9717 0.7740 0.3497
<0.0001 0.0031 0.2651
Bark 1.0000 0.9013 0.5609
<0.0001 0.0578
Root 1.0000 0.8633
0.0003
Whole 1.0000

Note: n = 12.
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(d)

1500 plants/ha

Variable = Leaf Petiole Twig Small branch Large branch Bole  Bark

Root  Whole

Leaf 1.0000 0.9795 0.9995 0.3149 0.8966 0.9802 0.7718
<0.0001<0.0001  0.3188 <0.0001  <0.0001 0.0033

Petiole 1.0000 0.9731 0.1179 0.7894 0.9206 0.6283
<0.0001  0.7151 0.0023 <0.0001 0.0287

Twig 1.0000 0.3424 0.9090 0.9854 0.7900
0.2760 <0.0001  <0.0001 0.0022

Small branch 1.0000 0.7025 0.4964 0.8462

0.0108 0.1007 0.0005
Large branch 1.0000 0.9664 0.9732

<0.0001 <0.0001

Bole 1.0000 0.8822
0.0001
Bark 1.0000
Root
Whole
2000 plants/ha

Variable = Leaf Petiole Twig Small branch Large branch Bole  Bark

Leaf 1.0000 0.9675 0.9986 0.9972 0.7409 —-0.6957 0.6883
<0.0001<0.0001  <0.0001 0.0058 0.0120 0.0133

Petiole 1.0000 0.9781 0.9476 0.5477 —-0.4928 0.8460
<0.0001  <0.0001 0.0653 0.1035 0.0005

Twig 1.0000 0.9933 0.7095 —-0.6629 0.7182
<0.0001 0.0098 0.0188 0.0085

Small branch 1.0000 0.7862 —-0.7450 0.6338

0.0024 0.0054 0.0269
Large branch 1.0000  —0.9974 0.0262
<0.0001 0.9357

Bole 1.0000 0.0391
0.9040
Bark 1.0000

0.6047 0.9855
0.0373 <0.0001
0.7523 0.9314
0.0048 <0.0001
0.5811 0.9899
0.0475 <0.0001
—0.5651 0.4712
0.0555 0.1220
0.1897 0.9586
0.5549 <0.0001
0.4354 0.9996
0.1572 <0.0001
—0.0392 0.8683
0.9036 0.0002
1.0000 0.4611
0.1313

1.0000

Root  Whole
0.4252  0.2620
0.1683 0.4108
0.6391 0.4958
0.0253 0.1011
0.4658 0.3046
0.1270 0.3357
0.3606 0.1926
0.2496 0.5488

—0.2917 -0.4534
0.3577 0.1387
0.3522 0.5107
0.2615 0.0898
0.9425 0.8761

<0.0001 0.0002

Root 1.0000 0.9834

<0.0001

Whole 1.0000
Note:n = 12.
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Whole tree
© Observed
—Linear
—- Quadratic
— -Cubic

240.00-

210.00

180.00

150.00

120.00 T T T T T

40.00 60.00 80.00 100.00 120.00 140.00

Large branch

Model Summary and Parameter Estimates

Dependent Variable: Whole tree

Model Summary Parameter Estimates
Equation
R Square F dfi df2 p-value Constant bl b2 b3
Linear 1.000 41745986 1 10 0.000 77.381 1.286

Quadratic 1.000 50137.262 2 9 0.000 81.617 1.164 0.001
Cubic 1.000 50408.544 2 9 0.000 80.108 1.225 0.000 2.557E-006

The independent variable is Large branch.

Figure S1. Regression of total carbon in whole tree and large branch of RRIM 2020
planted at 500 plants/ha density.

Whole tree
i O Observed
125.001 ; — Linear
—= Quadratic
— - Cubic
120,00
115.001
110.00 1
105.00 1
100.00 1
95.00 T T T T T
8.00 10.00 12.00 14.00 16.00 1800
Small branch
Model Summary and Parameter Estimates
Dependent Variable: Whole tree
Model Summary Parameter Estimates
Equation
R Square F dfi df2 p-value Constant bl b2 b3
Linear 0.920 115.406 1 10 0.000 80.127 2.333
Quadratic 0.997 1560.326 2 9 0.000 165.225  -12.231 0.552
Cubic 0.997 1540.912 2 9 0.000 143.639 -6.115 0.000 0.016

The independent variable is Small branch.

Figure S2. Regression of total carbon in whole tree and small branch of RRIM 2020
planted at 1000 plants/ha density.
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Whole tree

o Observed
100.004 ——Lincar

—- Quadratic
— *Cubic

90.00

80.00

70.00

60.00

T
.50 1.00 1.50 2.00 2.50
Leaf

Model Summary and Parameter Estimates

Dependent Variable: Whole tree

Model Summary Parameter Estimates
Equation
R Square F dft df2 p-value Constant bl b2 b3
Linear 1.000 75698.681 1 10 0.000 33.903 23.645

Quadratic 1.000 44550.952 2 9 0.000 32.881 25215 -0.481
Cubic 1.000 44729.815 2 9 0.000 33.105 24.620 0.000 -0.113

The independent variable is Leaf.

Figure S3. Regression of total carbon in whole tree and leaf of RRIM 2020 planted at 1500

plants/ha density.
‘Whole tree
o Observed
60.00 —Linear
—- Quadratic
— -Cubic
55.00
50.00
45.00
40.0( T T T
0.40 0.60 0.80 1.00
Leaf
Model Summary and Parameter Estimates
Dependent Variable: Whole tree
Model Summary Parameter Estimates
Equation
R Square F dfl df2 p-value Constant bl b2 b3
Linear 0.999 9957.097 1 10 0.000 32.350 24.756

Quadratic 0.999 5223.117 2 9 0.000 29.858 32,639 -5.421
Cubic 0.999 5306.813 2 9 0.000 30.403 29.570  0.000 -2.903

The independent variable is Leaf.

Figure S4. Regression of total carbon in whole tree and leaf of RRIM 2020 planted at 2000
plants/ha density.
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Whole tree

o Observed
—Linear
275.00 —- Quadratic

— -Cubic

250.00

225.00

200.00

175.00

T T T T T
10.00 15.00 20.00 25.00 30.00 35.00
Small branch

Model Summary and Parameter Estimates

Dependent Variable: Whole tree

Model Summary Parameter Estimates
Equation
R Square F dft df2 p-value Constant bl b2 b3
Linear 0.964 266.063 1 10 0.000 129.345  3.946

Quadratic 0.999 3430.679 2 9 0.000 77.794 9.427 -0.120
Cubic 0.999 3430.679 2 9 0.000 77.794 9.427 -0.120 0.000

The independent variable is Small branch.

Figure S5. Regression of total carbon in whole tree and small branch of RRIM 2025
planted at 500 plants/ha density.

Whole tree

O Observed
— Linear
—- Quadratic
— - Cubic

150.00

140.00+

130.00+

120.00+

110.004

100.004% . . : : ;
5.30 6.00 650 700 750 800

Small branch

Model Summary and Parameter Estimates

Dependent Variable: Whole tree

Model Summary Parameter Estimates
Equation
R Square F dft df2 p-value Constant bl b2 b3
Linear 0.993 1346.256 1 10 0.000 -13.676 20.404

Quadratic 1.000 21772.241 2 9 0.000 154983 -31.218 3.879
Cubic 1.000 22046.227 2 9 0.000 89.179 0.000 -1.017 0.254

The independent variable is Small branch.

Figure S6. Regression of total carbon in whole tree and small branch of RRIM 2025
planted at 1000 plants/ha density.

DOI: 10.4236/0alib.1104836

22 Open Access Library Journal


https://doi.org/10.4236/oalib.1104836

R. M. Razar, M. N. M. Aris

Whole tree

o Observed
— Linear
— Quadratic
— Cubic

120.009

100.00

80.00

60.00: T T T
30.00 40.00 50.00 60.00
Bole

Model Summary and Parameter Estimates

Dependent Variable: Whole tree

Model Summary Parameter Estimates
Equation
R Square F dfl df2 p-value Constant bl b2 b3
Linear 0.999 11607.089 1 10 0.000 2.458 1.950
Quadratic 1.000 188610.826 2 9 0.000 -12.169 2.614 -0.007
Cubic 1.000 193720.263 2 9 0.000 -7.442 2292 0.000 -5.076E-005

The independent variable is Bole.

Figure S7. Regression of total carbon in whole tree and bole of RRIM 2025 planted at

1500 plants/ha density.
Whole tree
o Observed
70.00 — Linear
— - Quadratic
— -Cubic

68.00

66.00

64.00

62.00

60.00

58001 _.

1000 1100 1200 1300 1400 1500 1600
Root
Model Summary and Parameter Estimates
Dependent Variable: Whole tree
Model Summary Parameter Estimates
Equation
R Square F dfl df2 p-value Constant bl b2 b3
Linear 0.967 294.540 1 10 0.000 34.252 2.156
Quadratic 0.997 1642.151 2 9 0.000 85.960 -5.875 0.304
Cubic 0.997 1693.289 2 9 0.000 60.114 0.000 -0.135 0.011

The independent variable is Root.

Figure S8. Regression of total carbon in whole tree and root of RRIM 2025 planted at
2000 plants/ha density.
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Table S6. Trend analysis for total carbon in plant parts of RRIM 2020 in different densi-
ties using orthogonal polynomials calculation.

Plant parts SOV df MS VR
Linear 1 0.06792819 0.25 ns
Quadratic 1 0.20225382 0.75 ns
Leaf
Cubic 1 11.56829321 43.17 et
Error 44 0.26795451
Linear 1 0.04856005 5.86 *
Quadratic 1 0.03279870 3.96 ns
Petiole
Cubic 1 0.27336418 33.00 et
Error 44 0.00828323
Linear 1 36.05492021 69.78 et
Quadratic 1 7.64302619 14.79 i
Twig
Cubic 1 3.88539181 7.52 >
Error 44 0.51666291
Linear 1 1530.592559 61.62 Hoex
Quadratic 1 9.870979 0.40 ns
Small branch
Cubic 1 40.236632 1.62 ns
Error 44 24.837586
Linear 1 48338.23342 120.29 et
Quadratic 1 11884.23656 29.57 et
Large branch
Cubic 1 2287.45436 5.69 *
Error 44 401.84414
Linear 1 3400.705430 46.60 i
Quadratic 1 138.375631 1.90 ns
Bole
Cubic 1 177.525188 2.43 ns
Error 44 72.980153
Linear 1 75.20658041 71.76 et
Quadratic 1 6.21084344 5.93 *
Bark
Cubic 1 11.19839205 10.69 >
Error 44 1.0480471
Linear 1 1964.953470 100.48 et
Quadratic 1 12.557578 0.64 ns
Root
Cubic 1 22.092952 1.13 ns
Error 44 37.26
Linear 1 141965.7831 191.99 ot
Quadratic 1 14708.7373 19.89 i
Whole
Cubic 1 486.9284 0.66 ns
Error 44 739.4398

SOV: Source of variation; df: Degree of freedom; MS: Mean square; VR: Variance ratio; ns: Non-significant;
oeex ek ek :significant at p < 0.0001, p < 0.001, p < 0.01, p < 0.05 respectively.
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Whole
O Observed
—Linear
—- Quadratic
250.007
200.004

150.001

100.001

50.001

T T 7
500.00 1000.00 1500.00 2000.00
Density

Model Summary and Parameter Estimates

Dependent Variable: Whole tree

Model Summary Parameter Estimates
Equation
R Square F dfl df2 p-value Constant bl b2
Linear 0.748 136.817 1 46 0.000 226.760 -0.097

Quadratic 0.826 106.751 2 45 0.000 314.286 -0.272  7.002E-005

The independent variable is Density.

Figure S9. Regression analysis of total carbon per tree in RRIM 2020 in different densities.

Whole

o Observed
300.00 — Linear
—- Quadratic
— -Cubic
p
250.00

200.00

150.00

100.00

50.00: T T T
500.00 1000.00 1500.00 2000.00
Density

Model Summary and Parameter Estimates

Dependent Variable: Whole Tree

Model Summary Parameter Estimates
Equation
R Square F dfl df2 p-value Constant bl b2 b3

Linear 0.755 141.681 1 46 0.000 241.732 -0.096
Quadratic  0.828  108.646 2 45 0.000 325.056 -0.262 6.666E-005
Cubic 0.849 82361 3 44 0.000 462.459 -0.699 0.000 —1.047E-007

The independent variable is Density.

Figure S10. Regression analysis of total carbon per tree in RRIM 2025 in different densi-
ties.
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Table S7. Trend analysis for total carbon in plant parts of RRIM 2025 in different densi-
ties using orthogonal polynomials calculation.

Plant parts SOV df MS VR
Linear 1 6.46997555 10.24 b
Quadratic 1 2.03568406 3.22 ns
Leaf
Cubic 1 5.26547524 8.34 >*
Error 44 0.63154782
Linear 1 0.35666325 2.38 ns
Quadratic 1 1.07083275 7.14 *
Petiole
Cubic 1 0.64733908 4.32 *
Error 44 0.14991591
Linear 1 86.35002942 97.57 il
Quadratic 1 8.55091996 9.66 il
Twig
Cubic 1 17.62328068 1991 ol
Error 44 0.8850322
Linear 1 1945.317758 73.81 et
Quadratic 1 613.330530 23.27 et
Small branch
Cubic 1 80.297793 3.05 ns
Error 44 26.354068
Linear 1 37159.31722 127.84 okl
Quadratic 1 2425.23551 8.34 >
Large branch
Cubic 1 2.42951 0.01 ns
Error 44 290.66298
Linear 1 2362.560289 9.29 >
Quadratic 1 66.603599 0.26 ns
Bole
Cubic 1 601.957945 2.37 ns
Error 44 254.26554
Linear 1 23.80914706 6.33 *
Quadratic 1 6.14977415 1.63 ns
Bark
Cubic 1 12.80103499 3.40 ns
Error 44 3.7639678
Linear 1 4507.975616 163.02 el
Quadratic 1 755.575531 27.32 ol
Root
Cubic 1 272.173618 9.84 i
Error 44 27.653724 3698.8363
Linear 1 136850.9230 219.74 et
Quadratic 1 13330.3329 21.40 il
Whole
Cubic 1 3698.8363 5.94 *
Error 44 622.7900

SOV: Source of variation; df: Degree of freedom; MS: Mean square; VR: Variance ratio; ns: Non-significant;
Ok Rk 0x *: significant at p < 0.0001, p < 0.001, p < 0.01, p < 0.05 respectively.
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Table S8. Total content of carbon per hectare for RRIM 2020 and RRIM 2025 in the dif-
ferent planting density.

Planting density a Plant parts
one
(plants/ha) Leaf (kg)  Petiole (kg)  Twig (kg) Small branch (kg)
RRIM
500 2020 592 £ 97 130 £ 18 2032 + 165 8070 = 1199
RRIM
1162 + 203 131+ 19 2650 + 200 1080 + 1438
2025
RRIM
1000 142 + 30 45+ 4 3000 + 29 11819 + 1276
2020
RRIM
992 + 69 692 + 218 2173 £ 69 6442 + 262
2025
RRIM
1500 2020 2138 319 329+ 54 2192 177 6468 + 1377
RRIM
2328 + 286 455+ 42 3899 + 499 6328 £ 909
2025
RRIM
2000 2020 1286 + 150 216 + 25 3987 + 438 3612 472
RRIM
2087 =127 271 £22 2320 +£278 6720 = 556
2025
Plant part
Planting density ant parts
(plants/ha) Clone Large branch
plants/ha (ke) Bole (kg) Bark (kg)  Root (kg)  Whole tree (kg)
g
RRIM
500 2020 46522 £ 5608 26099 + 1497 2789 +209 12291 + 1097 98524 + 7213
RRIM
2025 39606 + 4217 29235+ 3845 2861 +490 20836 + 1271 107282 + 5779
RRIM
1000 2020 20841 + 2782 44713 £2045 6042 + 337 21095 + 1047 107697 + 3102
RRIM
2025 39708 + 4766 43504 £ 3370 3453 +333 20810 £814 117774 + 5361
RRIM
1500 2020 16471 £902 48036 +4909 5439 +309 20328 £ 886 101401 + 7544
RRIM
2025 23138 + 2254 70096 £ 5069 6313 + 587 27798 + 1967 140355 + 9888
RRIM
2000 2020 3435+ 513 62663 + 1366 5302 +280 16040 + 1015 96542 + 3718
RRIM
2025 8706 + 1762 72954 +3379 6741 + 358 27078 + 1222 126877 + 2678

Note: Values calculated by multiplying number of trees per hectare with total content of carbon per tree.

Table S9. ANOVA and Duncan’s grouping for total content of carbon per hectare in the
different planting density.

Plant ANOVA Duncan’s grouping
Clone
parts  gf MS VR 500t/ha 1000 t/ha 1500 t/ha 2000 t/ha
Leaf 3 9095976 23* C C A B
Petiole 3 176247 15* B C A B
RRIM
2020 Twig 3 9629244 13* C B C A

Small 3 14066139

9% B A BC C
branch 8
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Continued
Large
3910973269 32% A B B C
branch
Bole 3 2711943370 28* C B B A
Bark 3 24850517 25* B A A A
Root 3 200710457 16* C A A B
V\ZhOIe 3 284037989 1ns A A A A
ree
Leaf 3 5286322 12* B B A A
Petiole 3 706444 5* B A AB B
Twig 3 7390361 7* B B A B
Small
3 55864760 6* A B B B
branch
RRIM Large
3 2669990314 18* A A B C
2025 branch
Bole 3 5367293214 28* C B A A
Bark 3 46491932 19% B B A A
Root 3 176051787 8* B B A A
Whole
¢ 3 2362302924 5* C BC A AB
ree

Note: ANOVA, df: Degree of freedom; MS: Mean square; VR: Variance ratio; ns: Non-significant; *: signif-
icant at p < 0.05. Planting density with the same alphabet are in the same homogenous subset for mean total
content of carbon per hectare.

Table S10. Mean comparison of total content of carbon per hectare between clones
(RRIM 2020 - RRIM 2025) using Student’s t-test.

(plal?tz?}itciare) Plant parts Mean difference (kg) t df
Leaf -570.775 —2.534 15.749 *
Petiole —0.943 —-0.036 22 ns
Twig -618.203 -2.381 22 *
Small branch —2730.03 —1.458 22 ns
500 Large branch 6915.274 0.986 22 ns
Bole -3136.212 -0.76 14.261 ns
Bark -72.161 -0.136 14.865 ns
Root —8545.689 -5.089 22 *
Whole tree —8758.739 —0.948 22 ns
Leaf —850.48 -11.317 15.006 *
Petiole —646.978 -2.967 11.008 *
1000 Twig 826.998 11.076 14.879 *
Small branch 5376.975 4.129 11.925 *
Large branch -18867.119 -3.419 17.715 *
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Continued

Bole 1209.3 0.307 18.134 ns

Bark 2589.177 5.468 22 *

Root 285.147 0.215 22 ns

Whole tree —-10076.979 -1.627 17.624 ns

Leaf -190.771 —-0.446 22 ns

Petiole -126.331 -1.833 22 ns

Twig -1706.756 -3.223 13.723 *

Small branch 139.51 0.085 19.053 ns

1500 Large branch —6667.375 -2.746 14.434 *
Bole —22060.175 -3.126 22 *
Bark —873.318 -1.317 16.652 ns

Root —7469.357 —3.463 15.282 *

Whole tree —38954.573 -3.132 22 *

Leaf —-800.42 —4.064 22 *
Petiole —54.605 -1.628 22 ns

Twig 1666.85 3.213 18.627 *

Small branch —-3108.816 —4.263 22 *

2000 Large branch —5270.834 -2.873 12.851 *
Bole -10290.639 -2.824 14.504 *

Bark —1438.632 -3.163 22 *

Root —11038.068 -6.949 22 *

Whole tree -30335.163 -6.621 19.996 *

Note: t: t-value; df: Degree of freedom; ns: Non-significant; *: significant at p < 0.05.
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