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ABSTRACT

Background and Objective: Soil properties play a key role in ecosystem processes and carbon
sequestration, but their variation by forest type and depth has not been explored in Cambodia. This study
aimed to analyze key soil properties, such as nitrogen (N (%)), pH, organic matter (OM (%)), organic
carbon (SOC (%)), and exchangeable hydrogen (H meg/qg) in three forest types: Evergreen, semi-evergreen,
and deciduous forests. Materials and Methods: Soil samples were collected from three depth
intervals (0-10, 10-20, and 20-30 cm) by forest type. Standard laboratory methods were used to determine
soil properties, including SOC and OM content, bulk density, and exchangeable hydrogen. Descriptive
stats, ANOVA, and Pearson'’s correlation (p<0.05) were performed in Excel and R to analyze soil properties.
Results: Evergreen forests showed the highest OM (4.0% at 0-10 cm) and SOC (2.35% at 0-10 cm),
resulting in lower pH (4.80) and more acidic soils with the highest exchangeable hydrogen (23.57 meq/g).
Across all forest types, OM and SOC decreased with depth, reaching the lowest SOC values at 20-30 cm
(evergreen: 1.74%, semi-evergreen: 1.65%, deciduous: 1.64%). Bulk density increased with depth, with the
lowest values observed in evergreen forests (1.08 g/cm? at 0-10 cm), indicating better soil structure and
porosity. Soil carbon stocks were highest in the 0-10 cm layer (semi-evergreen: 26.07 Mg/ha) and declined
at 20-30 cm (semi-evergreen: 19.59 mg/ha). Conclusion: The study revealed a significant effect of forest
type and soil depth on soil carbon storage and nutrient accumulation. High SOC and OM in evergreen
forests contribute to improved soil quality but also increase soil acidity. These findings provide important
insights for sustainable forest management and climate change mitigation efforts, emphasizing the
importance of maintaining soil carbon stocks in forest ecosystems.
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INTRODUCTION

Soils play a fundamental role in forest ecosystems, acting as the primary reservoir for organic carbon,
nutrients, and microbial activity. Among these functions, soil carbon storage is particularly critical in
regulating the global carbon cycle, influencing atmospheric CO, levels, and contributing to climate change
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mitigation'?. Forest soils serve as significant carbon sinks, with their sequestration capacity varying across
forest types due to differences in organic input, decomposition rates, and environmental conditions®*.
Understanding these variations is essential for developing sustainable forest management practices and
enhancing carbon storage potential®®. In Cambodia, forest ecosystems play a significant role in biodiversity
conservation, climate regulation, and local livelihoods’. Veun Sai-Siem Pang National Park, located in
Northeastern Cambodia, contains a diverse range of forest types, including evergreen, semi-evergreen,
and deciduous forests, each exhibiting distinct ecological characteristics®. Evergreen forests are
characterized by year-round biomass production, resulting in continuous organic matter input and high
carbon sequestration potential®. Semi-evergreen forests experience seasonal changes but maintain high
canopy cover, while deciduous forests are seasonally harvested, which influences the rate of organic
matter decomposition and fertility'®. The interactions between these factors directly affect soil properties,
including nitrogen content (N%), soil pH, organic matter (OM%), soil organic carbon (SOC%), bulk density,
and exchangeable hydrogen (H meqg/g)"". Several studies have shown that SOC and OM content are
highest in the top soil (0-10 cm), where organic matter from litterfall and root activity is most
concentrated'?. However, variations in soil depth and forest type influence soil carbon distribution and
biogenesis, with deeper soil layers typically exhibiting lower SOC and OM due to reduced organic matter
inputs and microbial activity™. In addition, soil acidity and bulk density play important roles in nutrient
availability and carbon storage capacity, affecting plant growth and ecosystem stability™. In tropical
forests, acidic soils are common due to heavy rainfall and organic matter decomposition, which releases
basic pollutants and increases hydrogen ion concentrations''®. Despite the ecological importance of
Cambodian forests, there have been limited studies assessing soil carbon stocks and soil properties
associated with different forest types in Voen Sai-Siem Pang National Park. Understanding how soil
organic carbon (SOC) and other soil properties vary across ecosystems and depths is crucial for climate
change mitigation, forest conservation, and land-use planning. This study aims to fill this knowledge gap
by assessing SOC stocks in evergreen, semi-evergreen, and deciduous forests at various soil depths,
examining variations in key soil properties such as bulk density, nitrogen content, organic matter, soil
acidity, and exchangeable hydrogen, and soil carbon stock in different forest types. By providing insights
into soil carbon dynamics and fertility across different forest types, this study will contribute to a deeper
understanding of tropical forest ecosystems in Cambodia. The findings will be valuable for forest
conservation efforts, carbon sequestration projects, and sustainable forest management strategies aimed
at mitigating the impacts of climate change.

MATERIALS AND METHODS

Study area: The study was conducted in the Veun Sai-Siem Pang National Park, located in Northeastern
Cambodia. The park’s boundaries are 57,469 ha', have now expanded to a total of 280,359 ha,
incorporating the biodiversity corridor area. Veun Sai-Siem Pang National Park is a critical region for
biodiversity conservation, supporting community livelihoods and ecotourism in Cambodia'®. The area
experiences a tropical monsoon climate characterized by distinct wet and dry seasons. Annual rainfall in
the region ranges from 1,500 to 2,000 mm, with temperatures fluctuating between 18 and 35°C. The
dominant soil types in the study area are Acrisols and Ferralsols, typical of tropical forests characterized
by high rates of weathering and leaching™.

A systematic random sampling approach was employed to collect soil samples from three forest
types: Evergreen forest, semi-evergreen forest, and deciduous forest. Within each forest type, circular
plots (radius = 21.85 m) were established. In each plot, soil samples were collected at three depth
intervals: 0-10 cm (topsoil layer), 10-20 cm (subsurface layer), and 20-30 cm (deep layer). A total of 44 soil
samples were collected using a cylindrical pit (2.5 cm diameter). The sampling site within each plot was
located 65 m to the north of the plot's starting point. A 100 mL sample was collected at each
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Fig. 1: Soil sampling position in the pits and the way to calculate of soil carbon stock

of the 5, 15, and 25 cm depths (Fig. 1). This depth range was chosen because soil carbon content typically
decreases with depth. Collecting samples from only shallow soil layers, which contain higher amounts of
organic matter, may lead to an overestimation of soil carbon content®. Each composite sample was
derived from three sub-samples taken within the plot to ensure adequate representation. Samples were
placed in polyethylene bags, labeled, and transported to the laboratory for further analysis.

Soil physicochemical analysis

Soil organic carbon (SOC (%)) and organic matter (OM (%)): The SOC was determined using
the Walkley-Black method®', a wet oxidation technique that measures oxidizable organic carbon. Organic
matter content (OM) was calculated by multiplying the SOC value by a conversion factor of 1.724, based
on the assumption that organic matter contains approximately 58% carbon. The formula for calculating
OM is:

OM (%) = SOC (%)x1.724

Bulk density (g/cm?): Bulk density was determined using the core method®, where undisturbed soil
samples were collected in metal cores, oven-dried at 105°C for 24 hrs, and weighed. Bulk density was
calculated using the formula:

Dry soil mass (g)

Bulk density = 3
Core volume (cm’)

Soil carbon stock (Mg C/ha): Soil carbon stock was estimated using the following equation®:
Soil carbon stock (Mg C/ha) = SOC (%) xBulk density (g/cm?)xSoil depth (cm)

where, SOC (%) is the soil organic carbon percentage, bulk density (g/cm?®) is the dry mass of the soil per
unit volume, and soil depth (cm) represents the sampling depth.

Statistical analysis: Descriptive statistics, including mean, standard deviation, and coefficient of variation
(CV (%)), were used to summarize soil properties across forest types and depths. One-way ANOVA tests
were conducted to assess significant differences among forest types and soil depths. Pearson'’s correlation
analysis was performed to evaluate relationships between SOC and other soil properties. All statistical
analyses were conducted using Excel and R Studio, with significance set at p<0.05.
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RESULTS

Soil properties across different forest types: Table 1 illustrates the descriptive statistics for key soil
properties across three forest types: Evergreen forest, semi-evergreen forest, and deciduous Forest. The
analyzed soil parameters include nitrogen (N (%)), pH, organic matter (OM (%)), soil organic carbon
(SOC,%), and exchangeable hydrogen (H (meq/g)). The mean nitrogen content is relatively similar across
the three forest types, ranging from 0.18% in semi-evergreen forest to 0.20% in evergreen forest.
However, the coefficient of variation (CV) reveals that evergreen forest exhibits the highest variability
(25.00%), while semi-evergreen Forest shows the lowest (16.67%). Organic matter and soil organic carbon
follow a similar trend, with slightly higher mean values in evergreen forests compared to the other two
forest types. The variation in organic matter is highest in deciduous forest (CV = 22.87%), indicating a
more heterogeneous distribution of organic matter in this ecosystem. In terms of soil pH, deciduous forest
soils exhibit the highest acidity (mean pH = 5.46), whereas evergreen forest soils have the lowest
pH (mean = 4.80), indicating more acidic conditions in the evergreen forest. This is consistent with the
higher organic matter content observed in evergreen forests, which can contribute to increased
acidification. The exchangeable hydrogen values are highest in evergreen forest (23.57 meq/g), followed
by semi-evergreen forest (18.50 meq/g) and deciduous forest (10.89 meq/g). However, the CV for
exchangeable hydrogen is greatest in deciduous forest (77.32%), suggesting that the acid-buffering
capacity of the soil varies considerably across sampling sites. These findings have important implications
for soil fertility and forest management. The higher organic matter and exchangeable hydrogen in
evergreen forests result in more acidic soil conditions, which suggests higher decomposition rates but also
potential nutrient leaching that could affect soil fertility. In contrast, semi-evergreen and deciduous forests,
with higher pH values and lower exchangeable hydrogen, may have more stable soil conditions and less
acidification over time. The high CV values for pH and exchangeable hydrogen in deciduous forest suggest
significant spatial variation in soil acidity, which could be due to microhabitat differences, disturbances,
or variations in organic input from leaf litter.

Soil organic carbon (SOC) and bulk density across different forest types and soil depths:
Figure 2(a-b) illustrate the variation in soil organic carbon (SOC) content across different forest types and
soil depths. In all three forest types evergreen, semi-evergreen, and deciduous-SOC was highest in the
topsoil (0-10 cm) and gradually decreased with depth. The 0-10 cm layer contained the highest SOC
percentage, with values of 2.35% in evergreen forests, 2.20% in semi-evergreen forests, and 2.19% in
deciduous forests. A decline in SOC was observed in the 10-20 cm layer, where the SOC percentage
decreased to 2.02, 1.88, and 1.89% for evergreen, semi-evergreen, and deciduous forests, respectively. The
lowest SOC values were found in the 20-30 cm layer, with evergreen forests at 1.74%, semi-evergreen
forests at 1.65%, and deciduous forests at 1.64%. This decline with increasing depth follows an expected
pattern, as organic matter accumulation primarily occurs in the upper soil layers due to leaf litter
decomposition, root activity, and microbial processes. Among the forest types, evergreen forests exhibited
the highest SOC percentages across all depth layers, indicating a greater capacity for organic matter
accumulation compared to semi-evergreen and deciduous forests. While semi-evergreen and deciduous
forests had similar SOC values, the decrease in SOC with depth was more pronounced in these two forest
types than in evergreen forests. The error bars indicate some variability in SOC measurements, but the
overall trend remains consistent. The higher SOC content in the upper soil layers has important ecological
implications. Increased SOC in topsoil enhances soil fertility, moisture retention, and microbial activity, all
of which are essential for maintaining soil health and forest productivity. The greater SOC accumulation
in evergreen forests suggests a stronger potential for carbon sequestration, highlighting their
importance in climate change mitigation efforts. The observed decline in SOC with depth underscores the
surface-based nature of soil carbon storage in forest ecosystems, emphasizing the need for sustainable
land management practices to prevent carbon loss and maintain soil quality.
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Fig. 2: Differences among the three forest types (a) Percentages of soil organic carbon (SOC) and
(b) Bulk density (g/cm?)

Table 1: Descriptive statistics of soil parameters of different forest types in Veun Sai-siem Pang National Park

Forest types Descriptive statistic N (%) pH OM (%) SOC (%) H (me/g)
Evergreen forest Mean 0.20 4.80 3.50 2.04 23.57
Minimum 0.12 4.20 2.01 1.17 10.90
Maximum 0.29 5.42 5.06 3.00 55.40
SD 0.05 0.29 0.72 042 9.22
CV (%) 25.00 6.04 20.57 20.59 39.12
Semi-evergreen forest Mean 0.18 4.86 3.17 1.84 18.50
Minimum 0.11 4.12 1.87 1.09 2.70
Maximum 0.25 573 473 2.75 42.75
SD 0.03 0.40 0.58 0.35 833
CV (%) 16.67 8.23 18.30 19.02 45.03
Deciduous forest Mean 0.19 5.46 3.28 1.91 10.89
Minimum 0.11 4.23 1.87 1.09 3.65
Maximum 0.28 6.80 5.45 3.13 37.55
SD 0.04 0.55 0.75 042 8.42
CV (%) 21.05 10.07 22.87 21.99 7732

The graph illustrates bulk density (g/cm?) across three forest types evergreen, semi-evergreen, and
deciduous at three soil depths (0-10, 10-20, and 20-30 cm). Bulk density is a key soil property influencing
porosity, water retention, and root penetration. The error bars represent the variability in measurements.
Bulk density increases with depth across all forest types, with the lowest values observed in the 0-10 cm
layer and higher values at deeper layers (10-20 and 20-30 cm). This trend is expected as surface soils
typically have more organic matter and porosity, leading to lower density, while deeper layers consist of
more compacted mineral particles with less organic content. In terms of forest type, Evergreen forests
consistently exhibit the lowest bulk density at all depths, with a value of 1.08 g/cm? in the 0-10 cm layer,
which increases slightly in deeper layers. This suggests higher organic matter content, which helps reduce
soil compaction. Semi-evergreen forests show the highest bulk density (1.19 g/cm? in the 0-10 cm layer),
indicating relatively more compact soil compared to evergreen forests. Deciduous forests have an
intermediate bulk density (1.15 g/cm? in the 0-10 cm layer), which is slightly higher than evergreen forests
but lower than semi-evergreen forests. The implications of these findings for soil quality and carbon
storage are significant. The lower bulk density in evergreen forests suggests better soil structure, higher
porosity, and better support for root growth and water infiltration. Conversely, the higher bulk density in
semi-evergreen and deciduous forests may indicate greater soil compaction, which could affect root
penetration and hinder water movement. The increase in bulk density with depth also suggests that
deeper layers are more compact, making them less favorable for organic matter accumulation and
biological activity.

http://doi.org/10.17311/tes.2025.261.269 | Page 265



Trends Environ. Sci,, 1 (3): 261-269, 2025

357 0-10 cm 90 4 (b) p-value = 0.92
= 307 B 10-20cm . 801
< 25 < 70
] ) < 4
§ % E 20-30cm = b
=20 27 i 60 - |
“S-’ 15 m ;? 193 i
& 7 £ %0
S 10 7 c
= 7 7 & 401
3 % 2
> 15 A 22 g 301
g 101 zz 8 20-
8 77 %)
> 7 101
7
0 T = T S T T
Evergreen Semi-evergreen Deciduous Evergreen Semi-evergreen Deciduous
Forest type Forest type

Fig. 3:Soil carbon stock across different forest types and soil depths (a) Soil carbon stock (tons/ha) and
(b) Relative contribution of soil carbon stock (tons/ha)

Soil carbon stock (ton/ha) across different forest types and soil depths: Figure 3a-b presents the
distribution of soil carbon stock across three forest types evergreen, semi-evergreen, and deciduous at
different soil depths (0-10, 10-20, and 20-30 cm). In all three forest types, the highest carbon stock was
observed in the 0-10 cm layer, with semi-evergreen forests having the highest value (26.07 Mg C/ha),
followed by evergreen (25.18 Mg C/ha) and deciduous forests (25.00 Mg C/ha). A decline in carbon stock
was observed in the 10-20 cm layer, where values decreased to 22.94 Mg C/ha in evergreen
forests, 21.57 Mg C/ha in semi-evergreen forests, and 23.60 Mg C/ha in deciduous forests. The lowest
carbon stock values were found in the 20-30 cm layer, with evergreen, semi-evergreen, and deciduous
forests storing 21.26, 19.59, and 20.39 Mg C/ha, respectively. This decreasing trend in carbon stock with
depth indicates that most soil organic carbon is concentrated in the upper layers, which aligns with
expected patterns due to organic matter decomposition and root activity. Among the forest types,
semi-evergreen forests exhibited the highest carbon stock in the topsoil but also showed the sharpest
decline with increasing depth. In contrast, evergreen and deciduous forests displayed a more stable
distribution of carbon stock across depths. The total carbon stock across the 0-30 cm profile was relatively
similar among forest types, with evergreen forests storing 69.38 Mg C/ha, semi-evergreen forests
67.23 Mg C/ha (the lowest), and deciduous forests 68.99 Mg C/ha. These findings underscore the
importance of topsoil conservation, as it holds the majority of stored carbon. The sharp decline in carbon
stock in semi-evergreen forests suggests that they may be more sensitive to disturbances, which could
accelerate carbon loss in deeper layers. Understanding these variations in soil carbon storage is crucial
for forest management and climate change mitigation strategies, particularly for optimizing carbon
sequestration efforts.

DISCUSSION

This study provides a comprehensive analysis of soil carbon stock and key soil properties across three
forest types evergreen, semi-evergreen, and deciduous in the Veun Sai-Siem Pang National Park,
Cambodia. The findings revealed significant variations in soil properties, particularly in soil organic carbon
(SOC), organic matter (OM), pH, bulk density, and nitrogen content, which are crucial for understanding
forest ecosystem health, soil fertility, and carbon storage potential. The results were compared with
previous studies to assess similarities and differences in soil characteristics across different forest
ecosystems.

The highest levels of SOC and OM were observed in the topsoil (0-10 cm) for all forest types, consistent
with previous findings®, which reported that forest soils tend to have higher organic matter accumulation
in surface layers due to leaf litter deposition and microbial activity. However, the variation in SOC among
forest types differs from the study by Rodrigues et al.**, which found higher SOC levels in deciduous
forests compared to evergreen forests in India. In contrast, our study showed that evergreen forests had
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the highest SOC (2.35%) and OM content in the 0-10 cm layer, likely due to continuous biomass input
from evergreen species, which supports long-term carbon sequestration. The lower SOC and OM in
deciduous forests could be explained by the rapid decomposition of leaf litter during the dry season,
which aligns with the findings of Gao et al.*. The observed decrease in SOC with depth across all forest
types corresponds with Gross and Harrison®’, confirming the general trend of organic carbon decline with

increasing soil depth due to reduced biological activity and organic matter input in deeper layers.

Soil pH varied significantly among forest types, with deciduous forests having the highest pH (5.46) and
evergreen forests exhibiting the lowest pH (4.80). The acidic nature of evergreen forest soils is in
agreement with Kan et al.*®, who suggested that high organic matter accumulation leads to organic acid
production, contributing to lower soil pH. The negative correlation between pH and exchangeable
hydrogen (H) ions observed in this study further supports this mechanism. However, compared
to Ito et al.*’, who reported pH (H,0) values ranging from 4.44 to 4.81 at depths up to 30 cm below the
surface in evergreen forests, Cambodia. The more neutral pH in deciduous forests aligns with findings by
other studies, suggesting that lower organic matter levels and slower decomposition rates contribute to
reduced acidification.

Bulk density increased with depth across all forest types, a pattern that aligns with Schlesinger®’, who
noted that compaction is typically greater in deeper soil layers due to overlying pressure. However, the
variation in bulk density among forest types shows some differences from previous research. Evergreen
forests consistently had the lowest bulk density (1.08 g/cm? in the 0-10 cm layer), which suggests better
soil structure due to higher organic matter content, enhancing porosity and water retention. This result
is consistent with findings by Jarvis and Leverenz’'. In contrast, semi-evergreen forests exhibited the
highest bulk density (1.19 g/cm?), differing from studies in similar ecosystems where deciduous forests
often had the highest bulk density?®. This discrepancy could be due to variations in soil texture
and land-use history, which may influence compaction and porosity.

The highest soil carbon stock was observed in semi-evergreen forests, with 26.07 Mg/ha in the 0-10 cm
layer. This result contrasts with findings by Jobbagy and Jackson’, who reported that evergreen forests
generally store more carbon due to year-round litterfall. However, our results indicate that while evergreen
forests retain high SOC levels, Semi-evergreen forests may accumulate more carbon due to specific site
conditions, such as differences in biomass turnover rates and microbial activity. The sharp decline in
carbon stock with depth in Semi-evergreen forests suggests that these forests may be more vulnerable
to disturbances, similar to trends reported by Don et al.’°. In contrast, the more stable carbon distribution
in evergreen and deciduous forests suggests greater resilience to environmental changes, aligning with
observations by Lal**.

CONCLUSION

This study examined soil carbon stock and key soil properties across three forest types, such as evergreen,
semi-evergreen, and deciduous, in Veun Sai-Siem Pang National Park, Cambodia. The results
demonstrated that soil organic carbon (SOC) and organic matter (OM) were highest in the topsoil and
decreased with depth. Evergreen forests exhibited the highest SOC (2.35% at 0-10 cm), followed
by semi-evergreen and deciduous forests. Soil pH and exchangeable hydrogen (H) varied across the forest
types, with evergreen forests being more acidic. Bulk density increased with depth, with evergreen forests
showing the lowest bulk density. Soil carbon stock followed a similar trend, with the highest values in the
topsoil. Total carbon stock across the 0-30 cm depth ranged from 67.23 mg/ha (Semi-evergreen)
to 69.38 mg/ha (Evergreen). These findings underscore the importance of sustainable forest management
practices to protect soil fertility and enhance carbon sequestration potential.
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SIGNIFICANCE STATEMENT

This study assesses soil carbon stocks and Soil properties across different forest types in Veun Sai-Siem
Pang National Park, Cambodia. Understanding soil carbon dynamics is important for carbon sequestration,
climate change mitigation, and sustainable forest management. By analyzing variations in soil carbon
content among different forest ecosystems, the findings provide insight into the role of forests in carbon
storage and their potential contribution to REDD+ initiatives. The study supports evidence-based
conservation policies, emphasizing the importance of protecting forests in maintaining soil health and
reducing carbon emissions.
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