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Abstract: Total aboveground carbon (TAC) and total soil carbon stock in the agroforestry system
at the Balung River Plantation, Sabah, Malaysia were investigated to scientifically support the
sustaining of natural forest for mitigating global warming via reducing carbon in the atmosphere.
Agroforestry, monoculture, and natural tropical forests were investigated to calculate the carbon stock
and sequestration based on three different combinations of oil palm and agarwood in agroforestry
systems from 2014 to 2018. These combinations were oil palm (27 years) and agarwood (seven years),
oil palm (20 years) and agarwood (seven years), and oil palm (17 years) and agarwood (five years).
Monoculture oil palm (16 years), oil palm (six years), and natural tropical forest were set as the control.
Three randomly selected plots for agroforestry and monoculture plantation were 0.25 ha (50 x 50 m),
respectively, whereas for the natural tropical forest it was 0.09 ha (30 X 30 m). A nondestructive
sampling method followed by the allometric equation determined the standing biomass. Organic and
shrub layers collected in a square frame (1 X 1 m) were analyzed using the CHN628 series (LECO Corp.,
MI, USA) for carbon content. Soil bulk density of randomly selected points within the three different
layers, that is, 0 to 5, 5 to 10, and 10 to 30 cm were used to determine the total ecosystem carbon
(TEC) stock in each agroforestry system which was 79.13, 85.40, and 78.28 Mg C ha™!, respectively.
The TEC in the monoculture oil palm was 76.44 and 60.30 Mg C ha~!, whereas natural tropical forest
had the highest TEC of 287.29 Mg C ha~!. The forest stand had the highest TEC capacity as compared
with the agroforestry and monoculture systems. The impact of planting systems on the TEC showed
a statistically significant difference at a 95% confidence interval for the various carbon pools among
the agroforestry, monoculture, and natural tropical forests. Therefore, the forest must be sustained
because of its higher capacity to store carbon in mitigating global warming.

Keywords: agroforestry; monoculture; natural tropical forest; carbon stock; oil palm; sustainability

1. Introduction

Carbon is stored on the Earth in various forms and the major reservoirs are organic compounds
in living and dead organisms of the biosphere, carbon dioxide (CO,) and methane (CHy4) gases in
the atmosphere, in the organic matter of soil, in the lithosphere as fossil fuel and sedimentary rocks,
in the oceans as dissolved hydrocarbons, in the shells of marine creatures as calcium carbonate, etc.
The movement of carbon in many forms among the atmosphere, hydrosphere, biosphere, pedosphere,
and lithosphere is known as the global carbon cycle [1]. In the sub-cycle, carbon continuously moves
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among the atmosphere, plants, and soils through photosynthesis, plant respiration, harvesting, fire,
and decomposition [2]. The carbon cycle has an important role in the regulation of the Earth’s
climate through stabilizing the CO; concentration in the atmosphere. Natural forest ecosystems
offer a significant function of carbon storage as well as timber production for economic benefits [3,4].
An undisturbed tropical forest area stores a higher amount of carbon stocks in the living biomass and
in the soil as compared with other land uses [5]. The natural forest of Southeast Asia usually stores
a higher amount of carbon with the capability of accumulating up to 500 Mg C ha~! and is estimated
to absorb up to 3 Gt CO, yr‘l [6]. Therefore, the conversion of forest ecosystems into various land
uses and land cover changes (i.e., forest conversion into other land cover) is believed to be one of the
major sources of greenhouse gases (GHGs) emissions in the atmosphere [7]. Conversion of the natural
ecosystem into various land use purposes destroys the landscape and the deforested landscapes fail to
capture and store CO,, which is the main GHGs component.

High concentrations of CO; in the atmosphere are associated with global warming because CO,
is a heat-trapping gas that significantly increases the Earth’s temperature [8]. The Intergovernmental
Panel on Climate Change (IPCC), in 2013, reported that CO, has been contributing more than any
other driver to change the climate between 1750 and 2011, mainly because of anthropogenic activities
and land-use changes [9]. The IPCC also reported an increasing trend in the total annual emission of
GHGs from 27 Gt CO, yr~! in 1970 to 49 Gt CO, yr~! in 2010 [6]. Deforestation activities undermine
the carbon sink function of a forest and release back the potential stored carbon into the atmosphere,
although the forest attributes up to 50% of the carbon stock. The major driving force of deforestation
is led by the needs of a specific areas’ plantation and agricultural activities [10]. Approximately 90%
of deforestation has been driven by agriculture activities of which 60% have been attributed to the
extension of agro-industrial farming such as oil palm and rubber plantations, whereas the remaining
30% has been caused by small scale and subsistence farmers [11]. The conversion of forest areas into oil
palm plantation results in higher carbon loss into the atmosphere. From 1990 to 2005, about 50% to 60%
of oil palm plantation’s expansions were from the clearance of forest area [12]. According to the study
of FAO [13], in 2013, oil palm plantations cover an area of 16.4 million hectares worldwide, of which
85% of it is grown in Indonesia and Malaysia. The large areas of oil palm plantations is attributed to
the clearance of tropical forest areas. The massive clearance of tropical forest areas to make way for oil
palm plantation establishments has contributed to high emissions of GHGs because tropical forests
store a significant amount of carbon. Palm oil production in Malaysia and Indonesia has become
a focus of debate on GHGs emissions because the palm oil sector has been responsible for 16% of the
total emissions in Indonesia and 32% in Malaysia between 2006 and 2010 [14]. The Roundtable on
Sustainable Palm Oil (RSPO) [15] identified that emissions can be the result of such activities as the
following: (i) Land clearing for establishment of new plantations, (ii) use of fossil fuels for plantation
internal transport and machinery, (iii) use of fertilizers, (iv) use of fuels in palm oil milling, (v) palm oil
mill effluent, etc. According to the research by Hashim et al. [16], the estimation of GHGs emission
of oil palm planted on peat in Malaysia has been divided into three main components which are
GHG emissions from land use change, peat oxidation due to the establishment of oil palm plantations,
and operations during cultivation and milling processes. Notably, the carbon emissions from the oil
palm sector in Malaysia mainly resulted from oxidation of peat as most of the oil palm plantations
were established on peat soil and from land clearing for the establishment of new plantations [14].

Oil palm (Elaeis guineensis) is an important crop in Southeast Asia, and both Malaysia and
Indonesia collectively produce about 86% of the world’s palm oil [17,18]. Total palm oil production
until June 2015 was dominated by Indonesia with about 54% (35 million metric tonnes yr~!), Malaysia
32% (21 million metric tonnes yr‘l), Thailand 3% (two million metric tonnes yr‘l), Columbia and
Nigeria about 2% (one million metric tonnes yr~!). Malaysia has large oil palm plantation areas which
cover an area of 5.64 million hectares. The demand for palm oil continues to grow and this sector
continues to invest in expanded production through multiple strategies, which include increasing
yield and avoiding waste, and also expanding the area under cultivation. The maximum oil palm
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plantation areas practice monoculture (single species) planting. Although the plantation areas have
also carried out some carbon sink functions as the CO; is stored in the oil palm biomass, however, it
has been estimated that monoculture oil palm plantations are only capable of storing aboveground
carbon stock ranging between 30 and 40 Mg C ha~! which is less than a quarter percent of the carbon
stock stored in the tropical forests in Southeast Asia [14,19].

In order to mitigate the impact of climate change and global warming, it is crucial to carry
out efficient afforestation, reforestation, and avoidance of deforestation strategies. Increasing global
carbon (C) sequestration through enlargement of the proportion of forested land on the planet has
been suggested as an effective measure for mitigating elevated concentrations of atmospheric carbon
dioxide [20,21]. However, massive deforestation has been a major concern and remains a challenge
due to unsustainable agriculture activities that degrade natural ecosystems. Under the Kyoto protocol
and REDD+ (reducing emissions from deforestation and forest degradation) in developing countries
and the role of conservation, sustainable management of forests and enhancement of forest carbon
stocks, agroforestry systems have been increasingly recognized and approved to be a viable solution in
combating climate change [22].

Well-designed, multipurpose plantations such as the adoption of agroforestry systems can reduce
pressure on natural forests, restore some ecological services provided by natural forests, and mitigate
climate change through direct carbon sequestration [23]. Agroforestry practices are the cultivation
of long-term production perennial timber trees with short-term production annual crops or livestock
on the same land. These combinations increase the land capability in sequestering carbon above and
below ground [24]. Following first-class forest and long-term forest plantation systems, an agroforestry
system contributes greatly to carbon sequestration [25]. It has been shown that an agroforestry system
can have a positive impact on conventional agriculture and forest tree production through increases in
productivity and biodiversity with social, economic, and ecological benefits [26]. There are four factors
that can contribute to more efficient carbon sequestration which are the level of soil fertility, crop
management efficiency, diversification of crops on the same land unit, and the ability of plants to
absorb carbon [27]. Adopting an agroforestry system in a monoculture oil palm plantation can help
to also increase the potential carbon stock of the land use, increase the carbon sequestration in the
atmosphere, as well as provide other various environmental benefits.

In Malaysia, agroforestry systems that were practiced include the agrisilviculture, silvopasture,
and agrosilvopasture systems [28]. Agroforestry systems were commercialized in the early 1920s when
it also started the agrisilviculture system of rubber (Hevea brasiliensisis) trees with coffee (Coffea liberica)
trees [29]. However, agroforestry systems were not widely practiced and decreased as a result of lack
of exposure and awareness about their importance. Particularly in Sabah, oil palm agroforestry was
minimally practiced, as well as limited reports of the study on its carbon stock potential. The importance
in quantifying variations in the carbon stock of oil palm agroforestry and monoculture at different ages
of trees and different systems provides different plant growth, shade, and carbon storage. Agroforestry
practices on oil palm plantations in Sabah usually incorporate a species mixture of oil palm with
laran (Anthocephalus chinensis), teak (Tectona grandis), and agarwood (Aquilaria malaccensis). A study by
Rochmayanto [30], in 2011, on the aboveground carbon stock of the agroforestry system of oil palm and
agarwood mixture in Riau, Indonesia reported that the agroforestry system had a positive influence on
the total tree carbon stock. The same study also recorded an increase in carbon stock of 224.4% for the
oil palm agroforestry system at 25 years rotation as compared with monoculture oil palm plantation.

Natural forest, forest plantation, monoculture plantation, agroforestry, and other agricultural
activities act as a sink for carbon dioxide (CO,). Carbon dioxide is stored as biomass in aboveground
living trees through photosynthesis [31]. Biomass production in planted trees depends on many factors
such as soil type, environmental conditions, degradation, and the period length of planting. Soil
also acts as a carbon sink. Both aboveground living trees and soil help to absorb carbon dioxide in
the atmosphere and balance the global climate. Good management of aboveground and soil carbon
can help to increase carbon stock and C sequestration in the atmosphere. The general objective of
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this study was to estimate the amount of carbon stored in the agroforestry systems of oil palm and
agarwood mixtures at the Balung River Plantation, Tawau, Sabah. Specifically, this study was initiated
to determine the total aboveground carbon stock and soil carbon stock among the different land uses
(agroforestry system, monoculture plantation, and natural tropical forest), as well as the factors that
affect the carbon storage.

2. Materials and Methods

2.1. Study Area

The Balung River Plantation is in the northeastern part of Tawau City (40 km from the city) with
a total land area of approximately 1500 hectares and located between N 04° 26” 18.50” latitude and
E 118° 02" 55.90” longitude, as shown in the map (Figure 1). The plantation area has relatively plain
lands surrounded by hills with an elevation ranging from 300 to 470 m above sea level. The mean
annual temperature of the study area was high year round ranging from 24 to 33° C and the average
yearly rainfall ranging between 1800 to 2500 mm. Geologically, the study area has experienced active
volcanic activity involving lava flows and pyroclastic deposits in which the study area is widely
distributed with volcanic rock consisting of basalt and andesite [32]. According to the Soil Taxonomy
Classification System (USDA), the soil at the study site is classified as Typic Haplodult. The type of soil
texture is clay loam and clay along with 38% to 77% of clay content.
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Figure 1. The Balung River Plantation area in Tawau City, Sabah, Malaysia.

The Balung River Plantation is one of the plantation companies in Sabah that practices agroforestry
systems. In its early establishment, the main crops were cacao trees (Theobroma cacao) and oil palms
(Elaeis guineensis) which were planted in 1985 following monoculture plantation. Higher demand for
palm oil had caused most of the area planted with cacao to be converted into oil palm plantations.
Agroforestry systems were first practiced with the combination of oil palm and teak trees when the
teak trees were introduced into the plantation area in 1993. Since then, more agroforestry combined
with oil palms has been initiated in combination with other tree species such as the combination of oil
palms with agarwood trees.

In this study, the field data collection was conducted from 2014 to 2018. Three different land uses
were investigated, that is, agroforestry, monoculture, and natural tropical forest. The natural tropical
forest is located at Tawau Hill Park which is adjacent to the northwest boundary of the plantation
area. The park occupies an area of approximately 280 km? in which 60% of the vegetation is a virgin
lowland mixed dipterocarp forest, while the remaining areas, especially in the lower elevations of
the eastern and western areas, have been previously logged before the park was gazetted in the year
1979 [33]. The forest structure resembles a typical tropical forest structure with 4 layers (i.e., emergent,
canopy, understorey, and undergrowth layers). The maximum canopy height is about 55 m or higher
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based on the collected field data. Tawau Hill Park is known to be the home of giant tropical trees
where, previously, the Shorea faguetiana species from the Diptorecarpaceae family was found and
recorded as the world’s tallest tropical tree at an estimated height of 96.9 m, in 2018. The agroforestry
system and monoculture plantation are located within the Balung River Plantation. Both natural
tropical forest and monoculture plantation were treated as a control in this study. The combinations
of agroforestry systems with different ages of trees were oil palm (27 years) and agarwood (7 years),
oil palm (20 years) and agarwood (7 years), and oil palm (17 years) and agarwood (5 years). For the
monoculture plantation, oil palm (16 years) and oil palm (6 years) were investigated. The carbon stock
in four different types of carbon pools was estimated for each land use which included the living trees,
shrub layer, organic matter, and soil. Litterfall and roots carbon stock were not estimated.

2.2. Aboveground Carbon Stock Estimation (Living Tree)

To estimate the aboveground carbon stock of the tree components in the different land-use systems,
the nondestructive sampling method was used as it is more practical and convenient. An equal number
of plots was established (3 plots) and was randomly distributed within each land use type. In the
plantation area (agroforestry and monoculture oil palm), square plots of 0.25 ha (50 x 50 m) were
used, whereas for the natural tropical forest, square plots of 0.09 ha (30 x 30 m) were used. At every
sampling plot, the diameter at breast height (DBH) and tree height were measured and recorded by
using diameter tape and laser range finder, respectively. For the tropical forest plots, data was only
recorded for trees of >10 cm DBH and higher. In addition, the plots’ locations (center) were recorded
with a differential global positioning system (DGPS Triumph 1, brand Javad).

2.3. Allometric Equations

Allometric equations were used to convert field measured attributes (i.e., height and DBH) into
stand biomass, as shown in Table 1. The allometric equation used in this study was specifically
developed for oil palm by Khalid [34], that is, w = 725 + 197 h, where W refers to tree fresh biomass
(kg) and h refers to tree height (m). Allometric equations, also developed by Hairiah and Rahayu [35],
specifically for branched vegetation on agroforestry were used to calculate the tree biomass of agarwood
stand, that is, w = 0.1043 x DBH2® , where w is tree biomass (kg) and D is tree diameter at breast
height. The allometric equation developed by Basuki [36] for estimating aboveground biomass in
tropical lowland dipterocarp forests, that is, w = exp — 1.935 + (1.981 X In DBH + (0.541 X In h) was
used to calculate tree biomass in the forest stand, where W refers to tree biomass (kg), d refers to tree
diameter at breast height, and h is tree height (m). Total stand carbon was estimated to be 50 percent of
the total tree biomass [37].

Table 1. Allometric equations used for tree aboveground biomass estimation.

Tree Species Allometric Equation Source
Forest Stand w =exp (-1.935 + (1.981 x In DBH) + (0.541 X In h)) [36]
Oil Palm w = (725 + 197h) x 0.2 [34]
Agarwood w = 0.1043 x DBH?® [35]

Note: w, aboveground biomass (AGB); DBH, diameter at breast height; and h, tree height.

2.4. Organic and Shrub Layer Carbon Estimation

The organic layer on the surface such as leaves, fine wood debris (FWD), and other (bud, fruits,
and nut) was collected from 5 random points within each plot of all the different land uses (agroforestry,
monoculture, and natural tropical forest). The shrub layer on the ground surface was also collected
from the same 5 random points. After all the organic layers were collected, the residual was herbaceous
vegetation and grassland vegetation. Sampling was conducted at each point within a quadrat size of 1
X 1 m (1 m?). In total, the samples were collected from 15 sampling points for every land use. The
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organic and shrub layer samples were prepared in the Soil Science Lab of Forestry Complex, the Faculty
of Science and Natural Resources (FSSA), University of Malaysia Sabah (UMS) and analyzed in the
Soil Science Lab of Faculty of Sustainable Agriculture (FSA), UMS. The destructive sampling technique
was used for the collection of organic and shrub layer samples in which all samples were weighed and
dried at 70 °C for 72 h and, then, weighed again to obtain the dry weight (biomass). The percentage
of carbon in the organic and shrub layer was obtained from the carbon analysis using the CHN628
series elemental analyzer. The carbon stock of organic and shrub layer was calculated using the
following equation:

C-stock (Mg ha™!) = [Sample biomass (dry weight, g) x Carbon percentage (%)] /

2 1)
[100 x Quadrat area (m~)]

2.5. Soil Carbon Estimation

Soil samples were collected from 3 random points in each of the plots. In total, for each land
use, soil samples were collected from 9 sampling points. The soil samples were collected at three
different depths which were 0 to 5 cm, 5 to 10 cm, and 10 to 30 cm. Undisturbed soil samples were
also collected at each depth by using standard soil ring corers with 100 cm® volume for bulk density
analysis. The soil samples were prepared in the Soil Science Lab of Forestry Complex, FSSA, UMS and
were analyzed in the Soil Science Lab of FSA, UMS. A CHN628 series elemental analyzer was used to
measure the soil carbon. Soil carbon stock was calculated using the following equation:

C-stock (Mg ha™!) = [Bulk density (g/cmz) x Soil depth (cm) x Carbon percentage (%)] x 100  (2)

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was performed using Statistical Package for Social Science
(SPSS) software (IBM Corp., Armonk, NY, USA, Version 21.0) to compare the average carbon stock of the
four different pools (i.e., living tree, shrub layer, organic layer, and soil) among the three different land
uses (agroforestry systems, monoculture plantations, and natural tropical forest). Post-hoc analysis
was conducted if there were any significant differences in terms of carbon stock of various pools among
the studied different land uses. Means were compared using Tukey’s test at p < 0.05.

3. Results

3.1. Total Tree per Hectare

The number of trees per hectare in agroforestry, monoculture, and natural tropical forest are
shown in Figure 2. Among the different land uses, the natural tropical forest has the highest tree density
at 478 + 65 tree ha™!, whereas the tree density of oil palm and agarwood species in the plantation site is
50% less than the forest area. The oil palm density in the agroforestry system of oil palm (17 years) and
agarwood (5 years) was the highest at 147 + 3 tree ha~! as compared with the agroforestry systems (128
to 135 tree ha™!) and monoculture plantations (124 to 129 tree ha~!). However, the tree density of oil
palm between the agroforestry systems and monoculture plantations shows no significant difference
(p > 0.05) for five plantation combinations (F (4, 9) = 1.601, p = 0.256). The tree density of agarwood
trees ranged from 128 to 144 tree ha™! in the agroforestry systems. There was no clear pattern in the tree
density of agarwood trees between the agroforestry systems. The tree density of agarwood was also
relatively similar between the agroforestry systems (no significant difference at p < 0.05, F (2, 6) = 0.790,
p = 0.496).
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Figure 2. Tree density in different land use.
3.2. Total Aboveground Carbon Stock

The aboveground carbon stock of the living tree was derived as half of the aboveground biomass
(Table 2). The natural tropical forest, namely Tawau Hill Park, was estimated to store approximately
249.90 + 61.44 Mg C ha~! which is 85% more than the carbon stored by various systems in the
plantation site. One-way statistical analysis of ANOVA showed a significant difference among all the
land uses at p < 0.05, F (5, 12) = 11.242, p < 0.001. On the one hand, the post-hoc analysis revealed
that there are significant differences in terms of the carbon stock of living trees between the natural
forest (M = 249.90, SD = 106.43, SEM = 61.44) and the plantations (agroforestry and monoculture). No
significant differences were observed between all agroforestry systems and monoculture plantations.

Table 2. Aboveground carbon stock density across different pools (living tree, shrub layer, and organic
layer) in different land use.

Living Tree Carbon Stock (Mg C ha~1) Shrub Layer Organic Layer
Land Use ; Carbon Stock Carbon Stock
Oil Palm Agarwood Forest Stand Total (Mg C ha1) (Mg C ha™!)
Oil Palm Q7y1s); 3501 L 1900 284+132a - 37.88 £3.20a 0.05+0.01a 0.14+0.02a
Agarwood (7 yrs)
Oil Palm Q0yrs); 5543, 1792 0.08+003a - 3551+178a 0.04 = 0.005a 0.10£0.02a
Agarwood (7 yrs)
Oil Palm (17y18); 5904 4 9412 0.07+004a - 39.01+242a 0.03 + 0.002 a 0.12+0.04a
Agarwood (5 yrs)
Oil Palm (16 yrs) ~ 33.19 + 1.40a - - 3319 +140a 0.09 = 0.01 ab 0.07£0.01a
Oil Palm (6yrs)  14.35+1.38b - - 1435+ 138 a 0.14 +0.05b 0.34+0.05a
Nat“;frzi’plcal - 24990 + 6144  249.90 + 61.44b 0.07+0.0la 1.02+0.25b
p-value p=0.003 p=0.068 - p <0.001 p = 0.006 p < 0.001

Note: Data are mean + standard error (living tree, n = 3; shrub layer and organic layer, n = 15); different letters
between columns indicate significant difference across the groups according to Tukey’s test (p < 0.05).

On the other hand, all the agroforestry systems of o0il palm and agarwood mixture show the
second highest in living tree carbon stock density. The agroforestry systems of oil palm (27 years)
+ agarwood (seven years), oil palm (20 years) + agarwood (seven years) and oil palm (17 years) +
agarwood (five years) each stored 37.88 + 3.20 Mg C ha™!, 35.51 + 1.78 Mg C ha~! and 39.01 + 2.42 Mg
C ha™!, respectively. Aboveground carbon stock of living trees in the monoculture oil palm plantations
are the lowest with 33.19 + 1.40 Mg C ha™! in oil palm (16 years) and 14.35 + 1.38 Mg C ha™! in oil
palm (six years).

The shrub layer’s carbon stock ranging from 0.03 to 0.14 Mg C ha~! was found to be lowest within
all of the land uses. The monoculture plantation of oil palm (six years) had the highest shrub layer’s
carbon stock of 0.14 Mg C ha™! as compared with other land uses. One-way ANOVA analysis showed
that there are significant differences (p < 0.05) for the carbon stock of the shrub layer among the land
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uses (F (5, 84) = 6.109, p = 0.006). The post-hoc analysis revealed that there were significant differences
between monoculture oil palm six years (M = 0.14, SD = 0.07, SEM = 0.05) with the agroforestry system
and natural tropical forest. No significant difference was observed between oil palm (six years) and oil
palm (16 years) plantations. There were also no significant differences between oil palm 16 years with
all agroforestry systems and natural tropical forests, as well as between natural tropical forests and all
the agroforestry systems.

The organic layer’s carbon stock of the natural tropical forest with 1.02 + 0.25 Mg C ha~! was
the highest, followed by oil palm (six years) with 0.34 + 0.05 Mg C ha~!. The agroforestry systems
had an organic layer’s carbon stock that ranged between 0.10 and 0.12 Mg C ha~!. The lowest organic
layer’s carbon stock was found in the monoculture oil palm (16 years) with 0.07 Mg C ha~!. There
were significant differences (p < 0.05) among the land uses in terms of organic layer’s carbon stock
shown in the one-way ANOVA analysis (F (5, 84) = 10.854, p < 0.001). The post-hoc analysis showed
a significant difference between the natural tropical forest (M = 1.02, SD = 0.44, SEM = 0.25) with all
plantation systems. There were no significant differences among agroforestry systems and monoculture
plantations (p > 0.05).

3.3. Soil Carbon Stock

The soil carbon stock has been determined in different land use of agroforestry, monoculture
and natural tropical forest (Table 3). The total soil carbon stock was higher in the plantation site as
compared with the natural tropical forest. The agroforestry of oil palm (20 years) and agarwood (seven
years) had the highest soil carbon at 49.75 + 2.33 Mg C ha~!. In contrast, the lowest soil carbon at 36.30
+ 4.74 Mg C ha™! was found in the natural tropical forest. The total soil carbon stock for the whole soil
profile (0 to 30 cm) did not differ much between different land uses (F (5, 48) = 0.800, p = 0.562). There
were also no significant differences (p > 0.05) for soil carbon stock among all of the land uses regardless
of the soil depth (0 to 5 cm: F (5, 48) = 0.564, p = 0.727; 5 to 10 cm: F (5, 48) = 1.468, p = 0.244; and 10 to
30 cm: F (5, 48) = 2.313, p = 0.082).

Table 3. Soil carbon stock in different soil layers of different land use.

Soil Carbon Stock (Mg C ha™1)

Land Use
0-5 cm 510 em 10-30 cm Total Soil Carbon
(0-30 cm)
Oil Palm (27 yrs); 997 +1.08 a 7.41 +0.89 a 23.68 +1.36 a 41.06 +2.82a
Agarwood (7 yrs)
Oil Palm 0 yrs); 41 35 L 1204 1035+076a  28.08=1.03a 4975 +233a
Agarwood (7 yrs)
Oil Palm (17 yrs); 965+1.73a 7.43 + 097 a 2204 +1.87a 39.12 +3.99 a
Agarwood (5 yrs)
Oil Palm (16 yrs) 1028 + 1.63 a 1075+1.07a  22.06+1.8%a 43.09 +2.02 a
Oil Palm (6 yrs) 968 +0.76 a 1134 +341a  2444+699a 4546 + 9.64 a
Natu;frg‘t’pmal 12.60 +2.32 a 7.06 +1.28 a 16.64 + 1.75 a 36.30 + 4.74 a
p-value p=0.727 p=0244 p = 0.082 p = 0.562

Note: Data are mean + standard error (n = 9); different letters between columns indicate significant difference across
the groups according to Tukey’s test (p < 0.05).

3.4. Total Ecosystem Carbon Stock

The total ecosystem carbon (TEC) in this study was calculated based on the sum of carbon stock
densities from four different pools (living tree, shrub layer, an organic layer, and soil). The TEC
consists of the aboveground living tree, organic layer, shrub layer, and belowground soil carbon
(Table 4). The highest TEC was observed in the natural tropical forest which is about 287.29 +
61.21 Mg C ha~!. The TEC in oil palm (20 years) and agarwood (seven years) was the second highest
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at 85.40 + 1.79 Mg C ha™!. The lowest TEC was found in the monoculture plantation of oil palm
(six years), which was about 60.29 + 1.38 Mg C ha~!. The TEC stocks were significantly correlated to
land-use type (p < 0.05) (F (5,12) = 11.417, p < 0.001).

Table 4. Total ecosystem carbon stock in different land use.

Land U Carbon Stock (Mg C ha1) Total Ecosystem Carbon
and Use — - : Stock (Mg C ha™1)
Living Tree Shrub Layer Organic Layer Soil
Oil Palm (27 yrs); o o o o
Agarwood (7 yrd 37.88 (48%) 0.05 (<1%) 0.14 (<1%) 41.06 (52%) 79.13+3.18a
Oil Palm (20 yrs); o o o o
Agarwood (7 yre 35.51 (42%) 0.04 (<1%) 0.10 (<1%) 49.75 (58%) 8540+ 1.79a
Oil Palm (17 yrs); o o o o
Agarwood (5 yr0 39.01 (50%) 0.03 (<1%) 0.12 (<1%) 39.12 (50%) 7828 £2.39a
Oil Palm (16 yrs) 33.19 (43%) 0.09 (<1%) 0.07 (<1%) 43.09 (56%) 7644 + 440 a
Oil Palm (6 yrs) 14.35 (24%) 0.14 (<1%) 0.34 (1%) 45.46 (75%) 60.29 £ 1.38 a
Natu;frgfpmal 249.90 (87%) 0.07 (<1%) 1.02 (<1%) 36.30 (13%) 287.29 + 6121 b
p-value - - - - p <0.001

Note: Data are mean + standard error (n = 3); different letters between columns indicate significant difference
across the groups according to Tukey’s test (p < 0.05); shown in parentheses are the percentage compositions of the
different carbon pools.

The post-hoc analysis also shows that the TEC in natural tropical forest (M = 250.98, SD = 106.02,
SEM = 61.21) was significantly different than the TEC in the plantation site. There were no significant
differences observed between agroforestry systems and monoculture plantation in terms of TEC
(p > 0.05). Despite that, the agroforestry systems stored higher TEC, ranging between 78.29 and
85.40 Mg C ha=1 as compared with monoculture oil palm plantations that ranged between 60.29
and 76.44 Mg C ha=1. Soil carbon pool had contributed to the highest carbon stock portion in both
agroforestry systems and monoculture plantations TEC which is more than 50%. Shrubs and organic
layer had contributed less than 1% to the TEC of all land uses in this study.

4. Discussion

4.1. Tree per Hectare of the Different Land Use

Our result showed that the tree density varied among the different land uses. The natural tropical
forest has the highest tree density which reflects a randomly distributed pattern of trees growing in
the forest ecosystems. On the contrary, the tree density for the trees in the plantation system was
influenced by the planting distance applied on the site. Oil palms were planted at 9 X 9 m distance in
both agroforestry and monoculture. For agarwood trees, they were planted at 4 X 9 m distance. For
the tropical forest, measurement was taken only for the trees with DBH >10 cm and above. The tree
density in Figure 2 was based on tree/ha unit in order to make it comparable between the different
land use systems. Different plot sizes were used in this study, because using a smaller plot size (30 x
30 m) in the plantation area resulted in only a few oil palm trees measured (less than 10 trees per plot).
Thus, the plot size was expanded to 50 X 50 m in order to get an optimal number of oil palm trees for
above ground carbon stock measurement.

A comparison between the agroforestry and monoculture plantation showed that the agroforestry
system has slightly higher oil palm tree density. According to Darus et al. [38], G. boninense ganoderma
disease starts to infect oil palm after 12 to 24 months of planting. This could explain the lower tree
density in monoculture plantations as it could be attributed to the higher mortality rate due to the
Ganoderma attack in the early stage of the plantation. The oil palm density in the agroforestry system
that shows a decreasing pattern with increasing age could also be attributed to disease, pests, and weeds.
On the basis of the research of Turner [39], Ganoderma infections can increase up to 50% or more for
oil palm with an age of 20 to 25 years, suggesting that a higher mortality rate of oil palm also occurs
with increasing oil palm age. Nevertheless, the statistical analysis showed no significance difference
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between the density of oil palm trees in both land uses which indicated that the tree density of oil palm
was relatively the same. As mentioned earlier, the spacing distance applied in the plantation site for oil
palm is the same, and thus the tree density would not differ from the others. Similarly, the planting
distance applied in the plantations also resulted in the homogeneous tree density of agarwood between
the agroforestry systems.

4.2. Total Aboveground Carbon Stock

The accumulation of aboveground carbon stock of living trees was the highest in the natural
tropical forest as compared with all agroforestry systems and monoculture oil palm plantations. This
shows that the natural tropical forest contains the largest carbon pool, and thus is significant in
the global carbon cycle. The estimated aboveground carbon stock of living trees in Tawau Hill’s
natural tropical forest is comparable with the existing estimates for natural forests elsewhere in
Sabah. The aboveground carbon stock densities of undisturbed natural forests in Sabah ranged from
200 to 500 Mg C ha=1 [40]. According to the research of Zarin et al. [41], it was estimated that the
carbon emission rate from gross tropical deforestation was at 2.27 Gt CO; y~1 between 2001 and
2013. More recent findings reported by World Resources Institute (WRI), in 2018 [42], showed that
the annual gross carbon dioxide emissions attributed from deforestation in the tropical countries
averaged 4.8 Gt CO, y~1 between 2015 and 2017. The reported annual CO, emissions only mentioned
the emission rate due to forest tree cover loss, however, there is no available data about what happens
when it is converted into other land use, for example, oil palm plantation.

For the agroforestry systems, most of the carbon in the systems was contributed by the oil palm
while the associated agarwood species contributing very little carbon stocks to the planting systems.
The high carbon content of oil palm was attributed to the fact that it is much taller and larger (diameter
at breast height) than the agarwood trees. In the agroforestry system of oil palm and agarwood species,
the shading of oil palms at the upper canopy on the agarwood trees reduces the agarwood’s growth
rate, hence, reducing the amount of carbon storage in the understory trees. The difference in the
carbon content among the different land uses in the plantation site could be attributed to the ages of
the plantation that ranged from immature to mature. Another factor is the density of oil palm in which
the higher the tree density, the higher the carbon stock [43].

The agarwood trees contributed less than 1% to the total aboveground carbon stock of living trees
in the agroforestry systems. Despite the lower carbon stock, it could have a significant role in carbon
storage at the end of the oil palm plantation rotation. Oil palms production peaks at nine to 18 years
and usually is left on the field up to 25 to 30 years when the fruits become too tall to harvest [44]. At
the end of the rotation, oil palms are usually cut down for replanting purposes. Carbon is released to
the atmosphere when oil palms are felled and left decomposing at the site. The existing agarwood
trees in the agroforestry systems absorb some of the carbon as compared with the monoculture oil
palm plantation.

In addition, the significant variation of shrub layer carbon stock in monoculture plantation of
oil palm (six years) as compared to the other land uses could have been attributed to the height of
trees and crown density in the plantation area. Monoculture plantation of oil palm (six years) has the
youngest tree stand and relatively shorter in height as compared with other land uses. The crown
density was relatively lower (due to shorter fronds) than other land use, and thus higher intensity of
sunlight could penetrate the oil palm canopy and reach the understory vegetation. This enabled shrubs
to grow and higher carbon stock was accumulated as compared with mature oil palm plantations
and natural tropical forest. In addition, the shrub layer’s biomass of the natural tropical forest was
relatively low due to the competitive nature between overstory and multiple understory forest layers.
In primary or old-growth forests, aboveground biomass is mostly accumulated in a few large trees.
The shrub layer’s carbon stock in the mature oil palm plantation was also low due to selective spraying
(weeding) using herbicide (glyphosate) that is carried out by plantation owners to prevent nutrient
competitions and to ease the harvesting process.
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In terms of organic layer’s carbon stock, the natural tropical forest had a higher organic layer’s
carbon stock as compared with the agroforestry systems and monoculture plantations, due to the trees
in the forest gradually losing their leaves and producing a higher amount of litterfalls. Oil palms do
not shed their leaves like forest trees, and thus result in a lower amount of litterfall. According to
Lawrence [45], the reduced species diversity in agricultural systems can alter the amount of litterfall
production, quality, and decomposition rate, which in turn can affect the amount of organic layer and
soil carbon.

4.3. Soil Carbon Stock

The higher total soil carbon stock in the plantation site can be attributed to the intensive cropping
systems such as the agroforestry system that enhances nutrient and water intake efficiencies, reduces
nutrient leaching to groundwater, and improves soil’s physical and biological properties [46]. The use
of NPK fertilizer Nitrophoska Blue (EuroChem Agro GmbH, Mannheim, Germany) (12-12-17-2+85+TE)
in the oil palm plantation for agroforestry and monoculture is one of the factors that causes soil organic
carbon (SOC) to increase. Campbell et al. [47] found that SOC increased the most through annual
cropping with the application of adequate nitrogen and phosphorus fertilizers. Soil organic carbon and
total nitrogen, microbial biomass, light fraction organic carbon and nitrogen, mineralizable nitrogen,
and wet aggregate stability have positive responses to fertilization [47]. Continuous application of NPK
fertilizer, in addition to farmyard manure, leads to an increase in organic carbon and total nitrogen [48].
Lal et al. [27], in 1997, showed that four factors contributed to the increase of efficiency of carbon
sequestration, that is, soil fertility, good crop management, high crop diversity at the same unit of land,
and the ability of the crop to absorb carbon in the atmosphere.

Belowground carbon is difficult to estimate in multiple locations [49,50]. Lack of methodological
standardization in belowground carbon assessment and specific depth for bulk density measurement
is one of the inhibiting factors [50,51]. Other factors that can affect soil carbon in different times and
locations include climate, topography, soil types, microbe, nitrogen cycles process, soil management,
and land uses [52,53].

4.4. Total Ecosystem Carbon Stock

The main portion of TEC in the natural tropical forest is from living trees carbon pool, which
contributed to 87% of the TEC of the natural forest. This was attributed to the higher forest stand
density and considerable variations in terms of DBH and height. The soil carbon pool had contributed
13% to the TEC of the natural forest. The findings of this study on the soil carbon portion were almost
similar to the study conducted by Neto et al. [54] in the Ayer Hitam Forest in Peninsular Malaysia that
contained 17% of carbon portion at 30 cm depth.

The TEC in agroforestry systems can be considered as better than the TEC in the monoculture
plantations. Converting conventional agriculture and tree production (monoculture) into agroforestry
has a positive impact on productivity, biodiversity, with social, economic and ecological benefit [30].
In this study, oil palms had relatively low carbon stock, but they tended to have higher carbon
sequestration potential as compared with natural tropical forests. According to the research report
of the High Carbon Stock Science Study [55], in 2015, it was estimated that oil palm plantation has
a mean rate of annual C storage of 2.4 C ha~1 yr~1. C storage potential of an old growth forest was
estimated to range between 3.5 and 5.5 C ha~1 yr~1. Although natural tropical forest has higher
carbon sequestration potential as compared with oil palm plantation, introducing diverse species
under integrated agroforestry of the agrisilvicultural system in oil palm plantation could increase
the aboveground carbon (AGC) densities and carbon sequestration potential of the area which could
outnumber the AGC densities of monoculture oil palm plantation. The total carbon stock per year
was higher in young oil palm plantation. Oil palm (17 years) and oil palm (six years) had 2.29 and
2.39 Mg C ha=1 yr~1 but older oil palm (27 years) had only about 1.40 Mg C ha~1 yr~1. A higher rate
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of carbon sequestration was observed in young oil palm, whereas biomass and carbon accumulation
declined in the older plantation.

The monoculture of oil palm has lower carbon stock as compared with the agroforestry system.
Converting monoculture oil palm to the agroforestry system can help to increase carbon stock and C
sequestration. A study by Rochmayanto [30] showed that the agroforestry system of oil palm and
agarwood had a positive impact on carbon storage. For 25-year crop rotation, the carbon stock stored
in an agroforestry system is much higher than in monoculture oil palm, that is, about 224.4% from
16.43 to 36.87 Mg C ha~1. The aboveground carbon stock reported by Rochmayanto [30] was similar to
the findings of this study which ranged from 30 to 50 Mg C ha-1.

A study on carbon stock and sequestration potential of agroforestry systems in smallholder
agroecosystems of sub-Saharan Africa by Thangata and Hildebrand [56], in 2012, showed that the
agroforestry system can increase C sequestration in farmlands. The introduction of agroforestry
increases C sequestration about 57% in annual crops without a major change to their crop combinations.
Similarly, combining oil palm and agarwood in the same piece of land can help to increase carbon
stock and C sequestration in oil palm plantation. Forest area has much higher aboveground carbon
stock as compared with oil palm plantation. Since C sequestration is one of the main concerns in the
palm oil industry, a new oil palm plantation should be established in the non-forest area or those with
very low carbon stock.

Research findings on TEC were compared to a research conducted by Ziegler et al. [19] in
tropical countries in Southeast Asia. Logged-over forest TEC was about 101 to 474 Mg C ha-l,
followed by agroforestry TEC at about 77 to 316 Mg C ha~1, whereas monoculture oil palm TEC
was about 85 to 292 Mg Cha=1. In this study, TEC was lower as compared with the research
conducted by Ziegler et al. [19]. Hamdan [49] stated that average AGC in the Malaysian forest is about
193.22 Mg C ha~1 with trees density 408 tree ha=1. Saner et al. [50], in 2012, showed the TEC in Malua
Forest Reserve was lower as compared with Tawau Hill Park, which is about 167.9 Mg C ha~1. Further
comparison showed that the TEC in Tawau Hill Park is lower than the findings of Ziegler et al. [19]
but higher than findings reported by Hamdan [57] and Saner et al. [58]. Similarly, this study was
conducted in the tropical climate conditions and the TEC estimation followed the same method as
the studies compiled by Ziegler et al. [19]. Despite the lower TEC values, this study showed similar
pattern to the research conducted by Ziegler et al. [19] in which the forest contributed to higher TEC,
followed by agroforestry and monoculture plantation.

5. Conclusions

Total carbon stock in the three agroforestry systems (i.e., agroforestry, monoculture, and natural
forest) were 79.13, 85.40, and 78.28 Mg C ha~1, respectively. Monoculture oil palm (16 and six years) had
carbon stock of 76.44 and 60.29 Mg C ha~1, respectively, whereas Tawau Hill Park had a total carbon
stock of 287.29 Mg C ha~1. Total carbon stock in the natural tropical forest is the highest, followed by
the agroforestry system and monoculture. Therefore, forest area as the major carbon storage must
be sustained to reduce the effect of global warming caused by increased emission of carbon in the
atmosphere. The amount of carbon stock in a high-to-low order is the natural tropical forest, the oil
palm agroforestry systems, and the monoculture oil palm plantation. The total ecosystem carbon stock
in agroforestry systems is higher than the monoculture plantation. In terms of soil, the agroforestry and
monoculture systems have higher soil carbon as compared with the natural tropical forest, whereas the
natural tropical forest contains higher carbon stocks in its living tree biomass. Nonetheless, agroforestry
systems have the potential to sequester C in above- and belowground. Converting a monoculture
plantation into an agroforestry system can contribute to increasing carbon storage and C sequestration,
although the total carbon stock in different land uses depends on vegetation, tree ages, and soil
management. Therefore, this study suggests preserving the natural tropical forest, as well as promoting
agroforest systems instead of monoculture plantation, which is in line with the national forest policy
of Malaysia.
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