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Abstract: Tropical forests play an important role in carbon storage, accumulating large amounts
of carbon in their aboveground and belowground components. However, anthropogenic land-use
activities have increasingly threatened tropical forests, resulting in accelerated global greenhouse
gas emissions. This research aimed to estimate the carbon stocks in soil, organic layer, and litterfall
in tropical montane forests under three different land uses (intact forest, logged-over forest, and
plantation forest) at Long Mio, Sabah, Malaysia. Field data were collected in a total of 25 plots
from which soil was randomly sampled at three depths. Litterfalls were collected monthly from
November 2018 to October 2019. The results showed that the soil in the study area is Gleyic Acrisol,
having pH values ranging between 4.21 and 5.71, and high soil organic matter contents. The results
also showed that the total soil carbon stock, organic layer, and litterfall is higher in the intact forest
(101.62 Mg C ha—1), followed by the logged-over forest (95.61 Mg C ha~1) and the plantation forest
(93.30 Mg C ha™1). This study highlights the importance of conserving intact forests as a strategy to
sequester carbon and climate change mitigation.

Keywords: soil carbon stock; litterfall; C sequestration; logged forest; intact forest; plantation forest;
land uses

1. Introduction

Carbon makes up around 0.03 percent of the Earth’s lithosphere and moves along its
reservoir through a process called the global carbon cycle [1,2]. The terrestrial biosphere is
one of the major carbon pools in the carbon cycle, with a total carbon stock of 1700 PgC [3].
The terrestrial biosphere is mainly dominated by forest ecosystems, which cover about
4.06 billion hectares or approximately 31 percent of the world’s total land area [4]. The
tropical rainforest biome occupies the largest forested area, about 45 percent, compared to
other biomes such as boreal, temperate, and subtropical [5]. Almost 25%-50% of tropical
rainforest areas are lost and degraded due to land use activities such as mining, conversion
to agricultural lands, pastures, and housing areas [6]. As the terrestrial ecosystem stores
most of its carbon inside its living biomass and soil, these changes directly affect its role in
carbon sequestration and climate change mitigation [7-10].

Deforestation and conversion of natural forests to agricultural lands are prime ex-
amples of land use activities that have the most severe impact on carbon sequestration
in tropical rainforests [11]. Owing to these anthropogenic activities, the world’s forests
become a net source of carbon, which was estimated at approximately 1.8 Gt C per year
while 20 percent of it comes from tropical deforestation [12].

Besides reduction in forest carbon stock, anthropogenic activities also adversely affect
the soil ecosystem functions. Soil is the gene’s pool core and habitat for living creatures.
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It also acts as a filter, storage, and transformation site for substances such as water, nutri-
ents for plant growth. In addition, soil also could store an enormous amount of carbon
inside [13-15]. The soil can store 3.3 times more carbon than the atmospheric carbon pools
and 4.5 times higher than the biotic carbon pools such as microorganisms and the living
vegetations [16]. This huge value just shows how important it is to conserve and protect
the soil ecosystem from being disturbed by human activity. Nevertheless, soil ecosystems
have been increasingly threatened around the world.

Ten soil threats have been listed in the Status of the World’s Soil Resources [17].
The three most severe threats are soil erosion, soil organic carbon changes, and nutrient
imbalance [18]. The main causes affecting soil organic carbon stocks are unsupervised
logging management and conversion of natural forests to agricultural land. The forest-
to-agriculture activities completely remove the forest vegetation while logging activities
create numerous canopy openings in the forest. Loss of forest vegetation leads to increased
soil temperature that causes the organic matter from forest vegetation (leaf litter, tree
branches, and deadwood) to decay more rapidly and eventually reduces the amount stored
in the soil [13]. As a result, the carbon stored in the soil is reduced and released into the
atmosphere [19]. Globally, soil organic carbon loss due to anthropogenic land use activities
ranges from 0.7 to 2.1 Gt C per year and these values are equivalent to 10 to 20 percent of
total global carbon dioxide emissions [20,21].

In Borneo, lowland rainforests have been intensively logged and converted to agri-
cultural plantations [22]. Even the mangrove forests are increasingly threatened by de-
forestation activities [23]. The anthropogenic disturbances have extended to the montane
rainforests near the international borders between Malaysia and Indonesia [24]. These
activities have adversely affected biodiversity [11] and resulted in aboveground biomass or
carbon losses in montane rainforests [25]. Nevertheless, the impacts of anthropogenic activ-
ities on the soil carbon stocks of the montane rainforest ecosystem remain largelyunknown.

Typically, forest and grassland areas are among the land covers that possess a high
amount of soil organic carbon [26]. Tropical forests, in particular, store 56% of carbon in
their biomass and 32% in the soil [27]. According to Abdullahi et al. [28], the soil carbon
pool accounts for 36%—46% of the total carbon in the forest ecosystem. The soil carbon
stocks of forest ecosystems depend on the type of forest, forest land use, and depth of
sampling, climate, the type of dominant species, topography, and soil texture such as
clay [29-31]. While constant exposure to wind, water erosion, and oxidation caused by
tillage are some of the reasons why soil organic carbon is lost from its pool [28].

Understanding the role of soil as the carbon reservoir in a forest ecosystem is important
for planning a better management scheme in combating climate change. Knowing the fact
that anthropogenic disturbance on the aboveground carbon pools gives impact to the soil
carbon stocks, this study examined the influence of land use activities on the soil carbon in
a tropical montane forest in northern Borneo. Specifically, the soil organic carbon, organic
layer carbon, and litterfall carbon stock in intact forest, logged-over forest, and plantation
forest at Long Mio, Sabah, Malaysia were quantified. For litterfall, the monthly production
patterns across the different land uses were examined because the carbon input for soil
carbon stock is highly dependent on litterfall production.

2. Materials and Methods
2.1. Study Area

This study was conducted at a montane forest located in the Ulu Padas area (between
4°24'28" N and 115°43'19” E), Sabah, Malaysia. The study area is located next to the border
of Sabah-Sarawak, Malaysia, and Sabah-Kalimantan, Indonesia. The elevation ranges
from approximately 1000 to 1600 m above mean sea level. The highest points within the
study area include the peaks of Muruk Miau which is 2083 m (6835 ft) high and Bukit
Rimau (locally known as Bukit Senipong) which is 1908 m (6260 ft) high. This area has a
high mean annual rainfall, ranging from 2937 to 3960 mm per year, while its mean annual
temperature is between 21 and 33 °C per year [32,33]. Based on the rainfall from 2019, the
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area experiences high rainfall in the middle (497.62 mm) and end (483.60 mm) of the year.
The lowest (172.614 mm) rainfall was observed in the first month of 2019.

Approximately 80% of the Ulu Padas area in Long Mio is managed by Sabah Forest
Industry Sdn. Bhd. (SFI), and the remaining land area is owned by the state of Sabah
(Figure 1). The study was focused on the northern part of the Ulu Padas area, which has
been affected by selected logging and shifting cultivations in the past, but some parts consist
of intact forests. Within the study site, the managed forests under SFI are divided into a
few compartments. A previous study categorized the history of disturbance in this site as
shifting cultivation, logged-clear cut (operational, burnt) in 1999-2000, selectively logged
in 1999-2000 and 2005-2006, and undisturbed or intact forest [9]. In the clear-cut areas,
Eucalyptus sp. trees were planted around 2003-2004 to reforest the areas. Field samplings
of soil, organic layer, and litterfall were done in the selectively logged (logged-over forest),
the undisturbed (intact forest) area, and the plantation (Eucalytups sp.) area.
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Figure 1. The study area (Long Mio, Sabah, Malaysia) located on the south side of northern Sabah,
near the border of Sabah-Sarawak, Malaysia and Sabah-Kalimantan, Indonesia. Reprinted from [11].

2.2. Field Data Collection

Field data were collected in 25 square plots sized 900 m? each throughout the study
area. The replications of plots were 15 for the intact forest, 6 for the logged-over forest,
and 4 for the plantation forest. The samples for soil and the organic layer were collected
at the same time in June 2017 and June-August 2018. Soil sampling was conducted at
three random points within each plot at three different depths, which are 0-5 cm, 5-10 cm,
and 10-30 cm. Two types of soil samples were taken at each point, including mixed soil
samples for soil physical and chemical properties, and undisturbed soil for determination
of soil bulk density. A hoe was used to make a small pit with 30 cm depth to collect the
sample. All samples collected from each layer were stored inside a sealed plastic bag before
being brought to a laboratory for further analysis. Five sets of bulk density rings with a
volume of 98.125 cm® were used to collect the undisturbed soil in each layer. Each ring
was wrapped with plastic and stored inside a labelled plastic bag before transportation to
the Soil Science laboratory at Faculty of Tropical Forestry, Universiti Malaysia Sabah for
analysis. For the organic layer, samples were collected at five random points in the plots.
All organic debris such as leaf litter, fruits, and small branches within a frame size of
0.5 m x 0.5 m were collected and stored inside a big plastic bag before being oven-
dried at the laboratory for the determination of biomass and grinded for the carbon
content analysis.
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Thirteen of the sampling plots were used for litterfall sampling for one year (Novem-
ber 2018-October 2019). A trap was built using a 0.5 m x 0.5 m green PVC coated wire
mesh and was installed 0.5 m above ground level. Five litterfall traps were installed in
each plot in which samples were collected monthly for twelve months. All tree debris such
as the leaves, fruits, and wood were collected from the traps and brought to the laboratory
for biomass determination and carbon analysis.

2.3. Laboratory Analysis
2.3.1. Soil Analysis

The mixed soil samples were air-dried at room temperature before being grinded
using a grinding machine. Some of the fresh samples were used to determine the soil
moisture content using the Gravimetric method, i.e., by weighing the samples after being
oven-dried at 105 °C for 24 h [34]. The pipette method as described in Day, [35], was used
for determining soil texture. This included the use of 30% hydrogen peroxide for removing
the organic matter in soil samples, followed by sodium hexametaphosphate for dispersing
the soil particles (silt, clay, and sand). Then, the USDA Textural Triangle was used to
determine the soil texture class.

Loss-In-Ignition (LOI) method that was introduced by Walkey and Black [36], was used
to determine the percentage of soil organic matter. The calculation was done after heating
the soil at 500 °C for 24 h using a furnace. Soil pH was determined using a 1:2.5 (soil: water
suspension) ratio method [37]. The pH was then measured using a Mettler Toledo-FiveEasy
(FE20) pH meter (Ohaus Corporation, Parsippany, NJ, USA) that was calibrated using
pH buffer solutions (pH 4.0, pH 7.0, and pH 9.0). A Vario Macro Cube CHNS elemental
analyzer (Elementar Analysensysteme, Langenselbold, Germany) was used to determine
carbon (C), hydrogen (H), and nitrogen (N), while an Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) analyzer (PerkinElmer, Waltham, MA, USA) was used to
determine the aluminum (Al), magnesium (Mg), calcium (Ca), sodium (Na), potassium (K),
and phosphorus (P) contents. These data were used to estimate the total cation exchange
capacity (CEC) by summing all the base cations, which included calcium, magnesium,
potassium, and sodium with the acid cations (hydrogen and aluminum) [38].

For soil bulk density, the undisturbed soil samples were oven-dried at 105 °C for 24 h
or until a constant weight was achieved. The dry mass of soil was then divided with its
volume to obtain the soil bulk density.

2.3.2. Plant Samples Analysis

The plant samples for both organic layer and litterfall were oven-dried at 70 °C for 72 h
or until they achieved a constant weight. The weight of the oven-dried plant samples
was measured using a digital balance for determining their biomass. The samples were
then grinded before being analyzed using a Vario Macro Cube CHNS elemental analyzer
(Elementar Analysensysteme, Langenselbold, Germany) for their carbon and nitrogen contents.

2.3.3. Carbon Analysis

The soil carbon stock (Cg,5) was estimated using soil bulk density (BD), soil depth
interval (SDI), and soil carbon concentration (C) data [39]. Equation (1) was used to
calculate the soil carbon stock at various soil depth intervals. Total soil carbon stock was
then estimated by summing all soil carbon stocks for all depths from 0 to 30 cm.

Cooit Mg Cha™1) =BD (g cm ™) x SDI (cm) x C (%) x 100 (1)

Meanwhile, the carbon stock values for both organic layer and litterfall samples were
estimated using the following equation:

Cplant Mg Cha™!) = C% x (Biomass/Area) x 100 ()
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where C% = carbon concentration (%), biomass = plant biomass (Mg C ha~1), and
area = sampling size. The carbon stock in different land-use settings was calculated
by summing all carbon pools (soil, organic layer, and litterfall) that were determined in
the laboratory analyses. The stock values were then used to estimate the carbon dioxide
equivalents (CO2e) by multiplying with a factor of 3.67 [40].

2.4. Statistical Analysis

One-way analysis of variance (ANOVA) with a post hoc test using Tukey’s test
(p < 0.05) was used to examine the statistical difference between the groups. Normal-
ity tests using Shapiro-Wilk statistics and homogeneity of variance by Levene’s test were
carried out before doing the ANOVA. This was to make sure that the data has satisfied
at least these two assumptions of parametric tests which are: (1) the data are normally
distributed, (2) the sample has an equal variance [41]. The relationship between soil C and
soil N was determined using Pearson’s Correlation analysis.

3. Results
3.1. Soil Physicochemical Properties

These three different land-use types have different soil textures which are clay loam,
clay, sandy clay loam, and sandy loam (Table 1). Sand and clay dominated the soil texture
elements in all plots while silt content was <20% compared to other elements.

Table 1. Soil texture at three different depths (0-30 cm) of intact forest, logged-over forest, and
plantation forest in Long Mio, Sabah, Malaysia.

Land Use Depth (cm)  Sand (%) Silt (%) Clay (%) Texture
0-5 444435 20+£206 35+411 Clay Loam
Intact Forest 5-10 44+£38 19+117  37+526 Clay Loam
10-30 43+340 18+£3.08 38+4.10 Clay Loam
0-5 41+790 18+201 42 +9.04 Clay
Logged-Over Forest 5-10 44+£769 124+376 43 +11.06 Clay
10-30 44+869 16+£322 40+£9.02 Clay
0-5 56 +4.81 19+4.63 244146  Sandy Clay Loam
Plantation Forest 5-10 67 £297 11+£222 21£275 Sandy Clay Loam
10-30 69+262 15+177 154286 Sandy Loam

Note: Values represent mean =+ standard error of the measurements.

All land uses showed a similar trend for percentage soil moisture content (Table 2)
whereby the moisture content decreased as the soil depth increased. The highest moisture
content of 8% was recorded at the 0-5 cm depth of the logged-over forest soil profile.
The lowest soil moisture content of 1.35% was recorded at the 10-30 cm depth of the
plantation forest soil profile. The soil moisture content at the 10-30 cm soil depth of
the logged-over forest and plantation forest was significantly different with a value of
3.75% and 1.35%, respectively. There were no significant differences (p > 0.05) in the soil
bulk density between the land uses for each soil layer. The soil bulk density increased with
depth where in the 10-30 cm soil layer showed the highest bulk density. The plantation
forest soil bulk density ranged from 0.87 to 1.32 g cm~3, while that for the intact forest
ranged from 0.90 to 1.33 g cm 3. The logged-over forest had the lowest soil bulk density
which ranged between 0.83 and 1.14 g cm 3.
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Table 2. Soil physical properties at three different depths (0-30 cm) of intact forest, logged-over forest,
and plantation forest in Long Mio, Sabah, Malaysia.

Soil P Deoth Land Use
i ti t
ol Troperties epth (cm) Intact Forest Logged-Over Forest Plantation Forest
0-5 6.00 & 0.62a 8.00 + 1.81a 7.25 +2.28a
Moisture content (%) 5-10 3.27 £0.31a 4.84 £ 0.66a 3.13 £ 0.90a
10-30 2.71 £ 0.34ab 3.75 & 0.40a 1.35 4+ 0.53b
0-5 0.90 £ 0.04a 0.83 £ 0.08a 0.87 £ 0.05a
Bulk Density (g cm™3) 5-10 0.99 £ 0.06a 0.91 £0.13a 1.15 £ 0.12a
10-30 1.33 £ 0.04a 1.14 £0.11a 1.32 £ 0.10a

Notes: Values represent mean =+ standard error of the measurements. Means with different letters within the
same row indicate significant differences (p < 0.05) between the mean for the land uses based on the Tukey’s test.

Table 3 shows the soil chemical properties in the intact forest, logged-over forest,
and plantation forest. All the land use types exhibited acidic soil characteristics. The
logged-over forest and intact forest had the most acidic soils with pH ranging from
4.31 to 4.69 and 4.21 to 4.68, respectively, compared to plantation forest with pH ranging
from 4.54 to 5.71. The results show that the soil pH in the third layer (10-30 cm) of planta-
tion forest (5.71) was significantly different from the pH in logged-over forest (4.68) and
intact forest (4.69). There were no significant differences observed for the other layers.

Table 3. Soil chemical properties at three different depths (0-30 cm) of intact forest, logged-over
forest, and plantation forest in Long Mio, Sabah, Malaysia.

Land Use
Soil Properties Depth (cm) .
Intact Forest Logged-Over Forest Plantation Forest
0-5 431+ 0.14a 421 +0.18a 454 + 0.09a
pH 5-10 467+ 0.16a 450 + 0.12a 511 + 0.38a
10-30 4.69 + 0.14a 468 +0.11a 5.71 + 0.48b
0-5 13.48 + 1.27a 14.62 + 2.20a 14.26 + 4.30a
Organic matter (%) 5-10 6.72 & 0.40a 8.53 £ 0.97a 7.87 £ 1.24a
10-30 5.22 + 0.40ab 5.99 + 0.53a 3.34 + 0.83b
0-5 0.29 + 0.03a 0.17 + 0.07a 0.27 + 0.14a
Total Phosphorus 5-10 0.86 + 0.43a 0.49 + 0.24a 0.16 + 0.02a
(meq/100 g) 10-30 0.26 + 0.02a 031 + 0.21a 0.02 + 0.01a

Notes: Values represent mean =+ standard error of the measurements. Mean values with different letters within
the same row significant differences (p < 0.05) between the means for the land uses based on the Tukey’s test.

The soil organic matter (SOM) content, which is an important component of carbon
sequestration in soil [42] ranged between 3.34% and 14.62% in the three land uses. The
results showed that the surface layer of all land uses had the highest percentage of SOM,
which ranged from 13.48% to 14.26%. The percentage SOM decreased with increasing
depth, with mean values ranging between 6.72% to 8.53% and 3.34% to 5.99% for the
second (5-10 cm) and third layers (10-30 cm), respectively. The total soil phosphorus in
the study area ranged widely from 0.02 to 0.86 meq/100 g of soil. The highest total soil
P result was found in the 5-10 cm depth layer of the intact forest while the lowest results
were from the 10-30 cm depth layer of the plantation forest soil.

The mean soil cation exchange capacity (CEC) in the intact forest was the highest
among the land uses, ranging from 10.75 to 14.43 meq/100 g (Table 4). This was followed
by the logged-over forest which ranged from 9.63 to 17.84 meq/100 g and the plantation
forest which ranged from 4.58 to 10.72 meq/100 g. Aluminum from acid cations and
calcium from base cations contribute the most to CEC in all land-use changes. The highest
mean aluminum content was from the 10-30 cm depth of the logged-over forest soil with
a mean of 10.68 meq/100 g, while the lowest was from the 5-10 cm depth of plantation
forest soil with a value of 0.87 meq/100 g. Meanwhile, for calcium, the highest value was
obtained from the third layer (10-30 cm) of intact forest with a mean of 4.23 meq/100 g and
the lowest was from the third layer (10-30 cm) of the logged-over forest soil with a mean of
1.35 meq/100 g. Compared to other elements, soil magnesium content was relatively low
for all land uses. The mean values ranged from 0.25 to 0.97 meq/100 g.
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Table 4. Acid and base cations contents and cation exchange capacity at 3 soil depths for the various land uses in Long Mio,

Sabah, Malaysia.
Acid Cations (meq/100 g) Base Cations (meq/100 g) CEC

Land Use Depth (cm) H ALY Mg?* CaZ* Na* K* (meq/100 g)
0-5 1.04 £0.18 3.97 +1.28 0.58 +0.12 2.47 +0.51 1.56 £ 0.37 1.12+018 1075+ 1.73
Intact Forest 5-10 0.89 +£0.12 599 +1.16 0.97 +£0.33 2.47 +0.65 1.26 £0.25 150 £0.27  13.09 +2.01
10-30 0.72+0.14 5.71 4+ 0.89 0.93 +£0.25 423 +0.93 1.03 £0.12 1.80 £0.34 1443 +1.48
0-5 147 £041 1028 +£391 077 +£0.24 2.33 +£1.07 1.43 £0.49 155+ 046 17.84 +5.31
Logged-Over Forest 5-10 1.00 £0.28 4.86 +1.05 0.45 4 0.06 1.60 + 0.06 1.01 +0.39 070 £0.17  9.63 +£1.37
10-30 0914+025 10.68+394 0.58+0.18 1.35 £ 0.48 0.87 +£0.11 0754018  14.63 +£4.82
0-5 2.54 +0.39 2914+177 0594024 2.95+0.72 0.86 & 0.05 0.87+025 10.72+£3.32
Plantation Forest 5-10 0.73 £0.11 0.87+047  0.28 +£0.03 1.47 £ 0.03 0.54 £+ 0.02 1.30 £ 1.06 518 +1.43
10-30 0.46 £0.16 1.25 £ 0.65 0.25 £+ 0.03 1.75 + 0.46 0.57 £ 0.09 0.30 £ 0.04 4.58 +£1.10

Note: Values represent mean =+ standard error of the measurements.

3

The soil carbon content (Table 5) in all land use types decreased with depth but there
were no significant differences between the land uses. The logged-over forest showed the
highest soil carbon content on its surface layer with a value of 6.30%. On the other hand,
the intact forest and the plantation forest had similar soil carbon contents on the surface
layer, which were 5.38% and 5.26%, respectively. The lowest soil carbon content was found
in the third layer (10-30 cm) of the plantation forest with a mean of 1.86%. A decreasing
trend was also observed for soil nitrogen content. The mean value decreased by depth, but
there were no significant differences between the land uses at any particular depth. The soil
nitrogen content on the surface layer of all land uses ranged from 0.44% to 0.37%. The soil
nitrogen results were lower in the second (5-10 cm) and third (10-30 cm) soil layers for the
land uses with values ranging from 0.23% to 0.29% and at 0.11% to 0.20%, respectively. The
highest results were obtained from the first layer (0-5 cm) of the plantation forest, while
the lowest result was from the third layer (10-30 cm) of the logged-over forest. Figure 2
shows that the soil nitrogen content was positively correlated with the soil carbon content
(r=0.614, p < 0.01) for the study area.

Table 5. The carbon and nitrogen content and C:N ratio at three different depths (0-30 cm) of intact
forest, logged-over forest, and plantation forest in Long Mio, Sabah, Malaysia.

Soil P . Denth Land Use

oil Properties epth (cm) Intact Forest Logged-Over Forest Plantation Forest

0-5 538 £ 1.16a 6.30 = 1.70a 5.26 + 1.16a

Carbon (%) 5-10 291 £ 0.23a 3.28 £1.07a 3.75+ 1.16a

10-30 2.23 £0.28a 2.34+0.77a 1.86 & 0.62a

0-5 0.41 & 0.09a 0.37 £ 0.08a 0.44 £ 0.12a

Nitrogen (%) 5-10 0.23 £ 0.06a 0.24 £+ 0.05a 0.29 £+ 0.12a

10-30 0.20 + 0.03a 0.11 £ 0.02a 0.14 + 0.08a

0-5 16.81 £2.15 17.03 £ 4.38 11.95 £ 1.91

CN 5-10 24.25 + 8.85 13.67 £ 6.45 12.93 £ 1.67

10-30 20.27 +4.81 21.27 +11.04 13.29 £ 1.58

Notes: Values represent mean =+ standard error of the measurements. Means with different letters within the
same row indicate significant differences (p < 0.05) between the means for the land uses based on the Tukey’s test.

0.60
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050 | p<0.0001 o .
.
— 0.40 [ ]
S e .
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g 030 o °
[T
o o0 o
o ° ) [ ]
£ 020 .ot .
.
0.10 ) °
° )
o®
0.00 L]
0.00 2.00 4.00 6.00 8.00 10.00
Carbon (%)

Figure 2. The relationship between carbon and nitrogen contents in the soils of Long Mio, Sabah, Malaysia.
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3.2. Organic Layer

Table 6 shows the biomass, carbon and nitrogen contents, and C:N ratio in the organic
layers of the three land uses. There was a significant difference (p < 0.05) between the
biomass in the intact forest and the plantation forest. Intact forest produced a relatively
large amount of biomass with a mean of 4.46 Mg ha~!, followed by the logged-over forest
with 3.02 Mg ha~!. Plantation forest, which was logged-clear cut in the past, had the lowest
mean biomass in its organic layer (1.92 Mg ha~!). The biomass reduced by almost 50%
compared to intact forests. The carbon and nitrogen contents did not show similar results
as that for the biomass, with no significant differences (p > 0.05) between the means of
different land uses. The range for carbon content was between 38.79% and 41.40%, while
the range for nitrogen content was from 0.95% to 1.31%.

Table 6. Accumulated biomass, carbon and nitrogen content, and C:N ratio of the organic layer in
intact forest, logged-over forest, and plantation forest at Long Mio, Sabah, Malaysia.

Land Use Biomass (Mg ha—1) Carbon (%) Nitrogen (%) C:N
Intact Forest 4.46 £0.13a 41.40 £ 0.68a 1.31 £ 0.08a 31.60 +2.16
Logged-Over Forest 3.02 &+ 0.13ab 40.10 &+ 1.33a 1.19 £0.11a 33.70 + 4.11
Plantation Forest 1.92 £ 0.09b 38.79 &+ 4.31a 0.95 £ 0.04a 40.83 +3.95

Notes: Values represent mean = standard error of the measurements. Mean values with different letters within
the same column indicate significant differences (p < 0.05) between the means for the land uses based on the
Tukey’s test.

3.3. Litterfall Production

Figure 3 shows the monthly variation of litterfall production over one year in the study
area, which ranged between 0.30 and 0.98 Mg ha~!. The intact forest and the logged-over
forest showed a similar production pattern throughout the year. The productions for both
land uses were consistent from November 2018 to May 2019 which are 0.39 Mg ha~! to
0.63 Mg C ha~! and 0.34 Mg ha~! to 0.57 Mg ha !, respectively. It then rose significantly
to 0.88 Mg ha~! and 0.85 Mg ha~! in Jun 2019 before falling again to its usual range in
July 2019 until the end of sampling which is in October 2019. The monthly produc-
tion pattern at the plantation forest on the other hand was quite different with a signif-
icant increase in production from 0.37 Mg ha~! in December 2018 to 0.98 Mg ha~! in
February 2019. The plantation forest also showed a higher range of monthly litterfall
production (0.37 Mg ha~! to 0.98 Mg ha~!) compared to the other land uses.
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Figure 3. Mean monthly litterfall (Mg ha~!) in intact forest, logged-over forest, and plantation forest
at Long Mio, Sabah, Malaysia for November 2018-October 2019.
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The intact forest produced monthly litterfall biomass of 0.39 Mg ha~! to 0.88 Mg ha™!,
while the logged-over forest produced slightly lower monthly litterfall biomass
(0.30 Mg ha~! to 0.85 Mg ha~!). The results shown in Table 7 indicate that the accu-
mulated litterfall biomass was not statistically different between the land uses (p > 0.05).
The plantation forest showed the highest amount of accumulated litterfall biomass produc-
tion among the study sites with 7.41 Mg ha~! yr~—!. This was followed by the intact forest
with 6.59 Mg ha~! yr~! and then, the logged-over forest with 6.50 Mg ha=! yr—1.

Table 7. Accumulated biomass, carbon and nitrogen contents, and C:N ratio of litterfall produced in
intact forest, logged-over forest, and plantation forest at Long Mio, Sabah, Malaysia.

Land Use Biomass (Mg ha—1) Carbon (%) Nitrogen (%) C:N
Intact Forest 6.59 & 0.05a 47.53 £ 0.90a 1.19 £ 0.15a 43.63 &= 5.71a
Logged-Over Forest 6.50 &= 0.05a 44.20 £ 2.46a 140+ 0.04a 3225+ 171a
Plantation Forest 7.41 £ 0.07a 46.73 + 0.27a 103 £0.12a 4858 +5.31a

Notes: Values represent mean =+ standard error of the measurements. Means with the same letters within the
same column indicate no significant differences (p < 0.05) between the means for the land uses based on the
Tukey’s test.

Carbon and nitrogen content, as well as C:N ratio, were not significantly different
between the land uses (p > 0.05). The litterfall carbon content ranged between 44.20%
and 47.53%, with the logged-over forest having the lowest C content and the intact forest
having the highest C content. For the nitrogen content, the lowest value was obtained from
the plantation forest with a mean of 1.03% while the highest was from the intact forest with
a mean of 1.19%.

3.4. Soil Carbon Stock

Table 8 shows soil carbon stocks of the land uses in the study area. Intact forest
showed the highest total soil carbon stock with a mean of 96.42 Mg C ha~!. The soil carbon
stock in the logged-over forest, which was 91.14 Mg C ha~!, was slightly higher than
plantation forest, (88.92 Mg C ha~1). Soil carbon stock on the topsoil of each land use was
statistically similar with a range of 23.31 to 26.15 Mg C ha~!. In all land uses, the third
soil layer (10-30 cm) stored most of the carbon with a range of 50.85 to 56.64 Mg C ha~!.
It is worth noting that the depth for this sampling layer was 20 cm compared to other two
layers, which were only 5 cm deep. No significant difference resulted in the soil carbon
stocks for each soil layer between the land uses (p > 0.05) (Table 8).

Table 8. Soil carbon stock for three different depths of soils at the intact forest, logged-over forest,
and plantation forest at Long Mio, Sabah, Malaysia.

Soil Carbon Stock (Mg C ha—1) Total Soil Carbon
Land Use 1
0-5 cm 5-10 cm 10-30 cm Stock (Mg Cha™1)
Intact Forest 23.43 4+ 3.03a 16.35 £+ 1.45a 56.64 4 5.58a 96.42
Logged-Over Forest 26.15 4 8.06a 14.14 £ 4.35a 50.85 + 16.24a 91.14
Plantation Forest 23.31 £+ 6.20a 13.70 + 1.44a 51.91 + 18.93a 88.92

Notes: Values represent mean + standard error of the measurements. Means with the same letters within the
same column indicate no significant differences (p < 0.05) between the means for the land uses based on the
Tukey’s test.

3.5. Total Carbon Stock (Organic Layer, Litterfall, and Soil Carbon Stock)

Among the carbon pools examined in this study, the soil stored the highest carbon
stock which ranged between 88.92 to 96.42 Mg C ha~!. This was followed by litterfall with
a range of 3.05 to 3.48 Mg C ha~!, and last, the organic layer, which ranged from 0.90 to
2.10 Mg C ha~! (Table 9). There was no significant difference between the carbon pools for
all the land uses, except for the organic layer in which the intact forest (2.10 Mg C ha™1)
was significantly different from the plantation forest (0.90 Mg C ha™1).
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Table 9. Total carbon stock (organic layer, litterfall, and soil) and carbon dioxide equivalent at the intact forest, logged-over

forest, and plantation forest at Long Mio, Sabah, Malaysia.

Land Use Carbon Pools (Mg C ha) Total Carbon Stock CO; Equivalent
Organic Layer Litterfall Soil (Mg Cha™1) (Mg Cha™1)
Intact Forest 2.10 +0.23a 310+ 0.09a 9642 £4.21a 101.62 372.95
Logged-Over Forest 1.42 + 0.23ab 3.056£0.13a 91.14 £7.23a 95.61 350.89
Plantation Forest 0.90 + 0.02b 348 +£0.09a  88.92 + 8.35a 93.30 342.41

Notes: Values represent mean =+ standard error of the measurements. Means with the same letters within the same column indicate no
significant differences (p < 0.05) between the means for the land uses based on the Tukey’s test.

In terms of total carbon stock, it was revealed that the intact forest had the highest
capability to store more carbon. At 101.62 Mg C ha~!, it was higher than the logged-over
and the plantation forests, which had means of 95.61 Mg C ha~! and 93.30 Mg C ha™ !,
respectively. Since the total carbon stock has a positive correlation with the carbon dioxide
absorption in an ecosystem [43,44], translating this to carbon dioxide equivalent (CO2e),
it was found that the intact forest had the potential of emitting up to 372.95 Mg Cha~—! CO2e,
compared to 350.89 Mg C ha~! and 342.41 Mg C ha~! CO2e for the logged-over forest and
the plantation forest, respectively.

4. Discussion
4.1. Soil Physicochemical Properties

Forests in all the land uses had acidic soil with a mean pH of 4.21 to 5.71. The soil pH
is positively related to the concentration of hydrogen ions in soil [45]. Tropical forest soils
are usually acidic as they have more vegetation litters on the forest floor compared to other
biomes. Soil organic matter content influences both physical and chemical properties of
soils. It acts as the reservoir for plant nutrients and organic carbon [46]. The surface layer
of soil had the highest organic matter content in all study plots, and the organic matter
decreased with increasing depth. This is because the decomposition rate of organic matter
is much higher on the topsoil compared to the lower layers. Moreover, canopy opening
could reduce the amount of soil organic matter due to the increase in solar radiation that
reaches the forest floor. This causes soil temperature to increase, which could accelerate
the breakdown of organic matter and accelerates the release of carbon dioxide into the
atmosphere [47]. As carbon and nitrogen are positively correlated to each other, the losses
of soil carbon inputs also affect the amount of nitrogen needed for tree growth in the
forest [48]. For this reason, it is important to conserve the source of soil organic matter in
the forest, especially the standing trees so that soil carbon degradation could be avoided,
and more carbon could be stored by various carbon pools of a forest ecosystem.

Most of the soil textures found in the study area are clayish types of soil. Clayish soil
tends to hold more moisture compared to sandy soil [49]. The same type of soil texture also
was recorded in Jeyanny et al. [50] and Besar et al. [51] study areas. Nutrient availability in
soil was influenced by the percentage of sand and clay elements in the soil. A sandy soil
contained lesser nutrients as compared to clayish soil due to the low amount of Cation
Exchange Capacity (CEC) [52]. Phosphorus, one of the essential micronutrients required by
plants to grow, was lowest in plantation forest soil [53]. Our finding also shows plantation
forest has the lowest CEC value while intact forest has the highest value. These data
illustrate the intact forest soil’s capability to hold more positively charged ions compared
to a plantation forest. A study on CEC conducted by Perumal et al. [54] in a reforestation
site of Sempadi Forest Reserve, Sarawak recorded a similar range of CEC with this study,
which is 8.4 cmol/kg to 11.8 cmol /kg.

4.2. Litterfall and the Organic Layer

Intact forests store a relatively high amount of carbon in litterfalls [55]. Rainfall
distribution could affect the production of litterfall. The biomass of litterfall decreases with
the presence of abundant water. During the rainy season or when the forest environmental
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condition is wet for the study area (March to May), the production of litterfall is relatively
low because no water shortage or drought stress affects the plants. Salts in groundwater
and the available water in the forest environment could lower the air temperature, which
could also reduce the litterfall during wet weather conditions [56,57].

Nevertheless, the plantation forest had a higher amount of litterfall biomass and
carbon compared to the intact forest and the logged-over forest. The biomass ranged from
6.50 to 7.41 Mg ha~! yr—!, while carbon ranged from 3.05 to 3.48 Mg C ha~!. Litterfall pro-
duction by an old-growth forest could be lesser compared to a young stand that produces
more litter during the stand development, but the production becomes stable and might
be lower as the trees become older [58]. The intact forest in our study area produced on
average about 6.59 Mg ha~! yr~! litterfall, while the logged-over forest produced about
6.50 Mg ha=! yr~!. These values are comparable to the annual litterfall of a montane forest
(6.73 Mg ha~! yr~1!) in Sulawesi, Indonesia [59].

For the organic layer, the carbon stock of the intact forest (2.10 Mg C ha~!) was
lower than a dipterocarp forest in Pahang, Malaysia, which is 2.71 Mg C ha~!, but
higher than a hill dipterocarp forest in Tawau Hill Park, Sabah, Malaysia with a mean of
1.02Mg C ha~1 [50,51]. In terms of land use, the undisturbed forest contained the highest
carbon stock in the organic layer compared to the logged or degraded forest and plantation
forest. The logged-over forest and plantation forest would have more canopy openings
that allow a higher amount of solar radiation to reach the floor; thus, higher organic matter
decomposition rates [47]. This is one major factor that influences the amount of soil organic
layer in a forest [60].

4.3. Soil Carbon Stock

Although we found no statistically significant difference in the soil organic carbon
content between the land uses in the study area, it has been reported that anthropogenic
activities such as logging could reduce the amount of soil carbon stock. In a dipterocarps
forest of Negeri Sembilan, Malaysia, the total soil carbon (0-30 cm) of the intact forest
is 34.12 Mg C ha~! compared to 18.9 Mg C ha~! in the logged-over forest [31]. The soil
carbon stock of the intact forest in the study area was higher than the intact dipterocarp
forest reported by Abdullahi et al. [28] and Besar et al. [51]. Nevertheless, the differences
between our study and others could be due to differences in bulk density, depth sampling,
and soil type. However, the results of this study are similar to the findings for a montane
forest at Sungai Kial Forest Reserve, Pahang, Malaysia [50]. They found that the soil carbon
stock ranged between 77.29 and 99.30 Mg C ha~!, depending on elevation because the soil
carbon at the upper montane forest was significantly higher than the forests at the lower
elevations [50].

4.4. Total Carbon Stock of Litterfall, Organic Layer, and Soil Carbon Pools

The total carbon stock examined in this study comprised litterfall, organic layer, and
soil. Among the three carbon pools, it was found that soil carbon is the main contributor to
the total carbon stock of the tropical montane forests in northern Borneo. Soils can store a
significant amount of carbon, which is between 36% and 46% of the total carbon in a forest
ecosystem [28]. Moreover, the total carbon stocks of the three pools varied in the different
land uses. Intact forest had the highest carbon stock with 101.62 Mg C ha~!, compared
to the logged-over forest, which was 6% lower (95.61 Mg C ha~!). Converting natural
forest to plantation forest yielded a total stock of 93.30 Mg C ha~!, which is 8% lower than
the intact forest. Although the natural forests in the plantation forest had been cleared
approximately 18 years ago, replanting it with fast-growing species i.e., Eucalyptus sp.
seems to be able to continue contributing to the three carbon pools. Carbon sequestration
and the accumulation by soil on the bare ground could increase over time if there are
continuous inputs from the plants and its root [61]. Besides, litterfall and organic litter
production also play an important role in increasing the accumulation of carbon in a forest
ecosystem. Although the organic litter was higher in the intact forest, we found more
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litterfall production in the plantation forest. This high litterfall production rate would
continuously contribute to the carbon accumulation in the plantation forest through the
nutrients cycle and the inputs of organic litter.

5. Conclusions

The intact forest contained the highest total carbon stock, followed by the logged-over
forest and plantation forest. The amount of total carbon stock in the three different land-use
types was 101.62 Mg C ha~1, 95.61 Mg C ha~!, and 93.30 Mg C ha™ !, respectively. For
the soil, the intact forest had higher soil carbon as compared to the logged-over forest and
plantation forest. In general, for component C stock, it was found that soil contributed
the highest (95%), followed by litterfall (3%) and the organic layer (2%) for all three
different land-use types. As the intact forest has the highest capability to store carbon,
therefore, this study highlights the importance of preserving the intact forest to enhance C
sequestration and mitigate greenhouse gas emissions. The findings for the plantation forest
also suggest that replanting the logged area with fast-growing species such as Eucalyptus
sp. seems to be able to continue contributing carbon to the soil, organic layer, and litterfall
pools. In addition, both the carbon and nitrogen contents in soil have crucial roles in
mitigating climate change and land degradation and improving food security and crop
production. Thus, it is essential to balance the release of these gases into the atmosphere by
implementing a proper land management scheme. Finally, the information from this study
could be convenient as the guidelines and references for further studies on similar areas
from around the world.
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