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Abstract

Peatlands in West Kalimantan play a vital role in regulating water and supporting land productivity, yet they are 
highly sensitive to changes in hydrological conditions and land use. Peatland areas widely practice drainage and 
cultivation, which can alter the physical properties of peat and have long-term implications for ecosystem stability 
and land management. However, how land use and groundwater conditions influence peat physical characteristics 
across different hydrological settings remains insufficiently understood. This study examined peat physical 
properties across contrasting hydrological units representing cultivated peatlands and peat swamp forests. Bulk 
density, water content, and porosity were evaluated in relation to groundwater level, peat thickness, sampling depth, 
soil suborder, and land use. The results indicate that groundwater conditions and land use are the primary controls of 
peat physical properties. Peat soils under shallow groundwater conditions consistently exhibited higher water 
content and porosity, with values exceeding 80%, whereas cultivated peatlands showed lower water retention and 
porosity compared to forested peatlands. Peat thickness, soil suborder, and sampling depth further influenced the 
vertical and spatial variability of peat characteristics. Differences were observed both between hydrological units 
and across soil layers, reflecting pronounced spatial heterogeneity associated with site-specific management. 
Overall, these findings demonstrate that peat physical properties vary systematically across hydrological units and 
soil layers, highlighting the importance of hydrology-based and site-specific management strategies to maintain 
peatland stability and support sustainable land management.
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Introduction
The province of West Kalimantan, Indonesia, encom-

passes a vast peatland area of approximately 1,547,876 ha, 
which is distributed across tidal, transitional, and inland 
peatlands (Anda et al., 2021). The characteristics of peat in 
these areas are influenced by various factors, including the 
source of organic matter and environmental conditions 
during its formation (Parfenova et al., 2016; Masganti et al., 
2017; Liu et al., 2023). Additionally, external factors such as 
land cultivation, drainage, and fertilization can also impact 
the properties of peat (Nursyamsi et al., 2016; Gramlich et al., 
2018; Anshari et al., 2021).

Sustainable management of peatlands is crucial to 
minimize degradation and maintain their ecological function 
(Astiani et al., 2017; Uda et al., 2017; Jurasinski et al., 2020). 
One aspect of peatland management is water management, 
which has a significant impact on both agricultural 
productivity and ecological function (Nursyamsi et al., 2016; 
Monteverde et al., 2022; McCalmont et al., 2023). Canals in 
peatlands can alter soil aeration conditions, impacting peat 
physical properties such as bulk density, moisture content, 
and porosity (Dohong et al., 2018; Sinclair et al., 2020).

The Indonesian Government has established peat 
hydrological units (PHU) to protect and manage peat 
ecosystems (Republik Indonesia, 2016). PHUs are peatlands 
with cultivation and protection functions, aimed at ensuring 
sustainable use of peatlands while minimizing environ-
mental damage and maintaining their ecological function. 
The determination of peat cultivation and protection 
functions is based on the thickness of the peat, which is 
classified as less than or more than 3 m (Kementerian 
Lingkungan Hidup dan Kehutanan, 2017). 

The objective of this research is to investigate the 
physical properties of peat under different influencing 
factors, including the impact of water management, land 
cultivation, and other external factors. This study will 
contribute to the development of sustainable peatland 
management practices that balance agricultural productivity 
and ecological conservation.

Methods
Site description This research was conducted in the province 
of West Kalimantan, specifically in three PHUs. The research 
sites are shown in Figure 1. The first location, PHU 1, is 

Variable Scale Question Description 

Natural 
landscape 
protection 

Nominal "Does the area have policies 
for natural landscape 
protection? (Yes/No)" 

No: Indicates no active measures, 
suggesting vulnerability to exploitation or 
mismanagement. Yes: Reflects active 
conservation initiatives to safeguard 
forests, possibly involving legal protections 
and community-led management. 

Eco-friendly 
infrastructure 

Nominal "Is there eco-friendly 
infrastructure in place to 
support forest ecosystems? 
(Yes/No)" 

No: Absence of infrastructure mindful of 
environmental impact, potentially leading 
to forest degradation. Yes: The presence of 
infrastructure designed or modified to 
minimize the ecological footprint supports 
forest sustainability. 

Adaptive 
operations 

Nominal "Do local businesses practice 
adaptive operations that 
consider environmental 
impacts? (Yes/No)" 

No: Operations not considering ecological 
limits risk forest health and biodiversity. 
Yes: Operations that adjust business 
practices to promote environmental 
stewardship and balance with economic 
activities. 

Local training 
and support 

Nominal "Is there local training and 
support available for forest 
conservation? (Yes/No)" 

No: A lack of community knowledge and 
conservation skills leads to potential 
unsustainable practices. Yes: A structured 
approach to community education and 
empowerment for sustainable forest 
management. 

Gender Nominal "What is your gender? 
(Male/Female)" 

Male/Female: Identifies gender-specific 
contributions and perspectives in forest 
conservation, crucial for developing 
inclusive strategies. 

Income Ordinal "Which income bracket do you 
fall into? (Below IDR1,000,000, 
IDR1,000,000 – IDR3,000,000, 
IDR3,000,001–IDR5,000,000, 
Above IDR5,000,000)" 

Various brackets: Reflects the financial 
capacity to support conservation and the 
economic dependence on forest resources. 

Age Ordinal "Please select your age range. 

(18-29, 30-39, 40-49)" 

Various age groups: Shows the spread of 
conservation knowledge and openness to 
adopting conservation practices across 
generations. 

Occupancy 
(Occupation) 

Nominal "What is your occupation? 
(e.g., Company employee, 
NGO worker, Government 
officer, Educator, Private 
business owner, Seller, 
Student, Tourist operator)" 

Varied occupations: Assesses how different 
professional sectors impact and engage 
with forest conservation. 

Settlement Nominal "Do you live in an island 
community or a non-island 
community?" 

Islands community/non-islands 
community: Highlights conservation 
challenges specific to isolated or resource-
limited communities versus mainland 
communities. 

Support 
policy 

Nominal "Does the area have a support 
policy for forest conservation 
efforts? (Yes/No)" 

No: Indicates the absence of 
formal strategies or programs to assist in 
forest conservation, potentially leading to a 
lack of structured support for such 
initiatives. Yes: Signifies that established 
policies or programs offer assistance or 
incentives for forest conservation, 
reflecting a commitment to reinforcing 
conservation efforts through policy 
support. 
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situated in the Pawan River-Tolak River Peat Hydrological 
Area, which is located in Ketapang Regency. The land in this 
area is primarily used for oil palm cultivation. The second 
location, PHU 2, is located in the Sungai Kapuas-Sungai 
Ayak Peat Hydrological Area. The peatland in this area is also 
used for oil palm cultivation in Sekadau District. Field 
investigations were conducted in PHU 1 and PHU 2 in 2019, 
PHU and Sungai Terentang-Sungai Kapuas (PHU 3) and 
Kubu Raya District in 2022. The land use in PHU 3 is riparian 
forest.

Both PHU 1 and PHU 2 are drained peatlands for oil palm 
plantations, while PHU 3 is covered by undrained forest land. 
The National Digital Elevation Model shows that the two oil 
palm locations have a similar land elevation of 19 m above 
sea level in Ketapang District and 21 m above sea level in 
Sekadau District. In contrast, the peatland with forest land 

cover is at 4 m above sea level (Badan Informasi Geospasial, 
2024).

Climate conditions Analysis of the humidity and reference 
evapotranspiration (ETo) data from the last 10 years 
(2012–2022) reveals significant differences (p-value < 0.05) 
among the three study sites, while the annual rainfall data 
does not show any significant difference (p-value > 0.05) 
(Badan Meteorologi, Klimatologi, dan Geofisika, 2023). 
PHU 1 receives average annual rainfall of 2,980 mm, with 
average humidity of 83%, and average reference 

-1evapotranspiration (ETo) of 3.62 mm day . In contrast, PHU 
2 receives significantly more annual rainfall of 3,767 mm on 
average with higher average humidity of 85.64% and slightly 

-1lower ETo of 3.32 mm day . Similarly, PHU 3 experiences a 
high annual rainfall of 3,202 mm with an average humidity of 

Figure 1	Peatlands in West Kalimantan were sampled for this study. Three peat hydrological units (PHU) in West Kalimantan that 
were surveyed (a); Oil palm land cover (pink) with canal density (blue line) (b); Peat swamp secondary forest land cover 
(green) with river density (blue line) (c); Photo of canal in oil palm plantation (d); Photo of river in secondary peat swamp 
forest (e); Photo of peat sampling using a peat auger transferred to aluminum foil (f). 

( a ) ( b )

( c ) ( d )

( e ) ( f )
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84.86% and a reference evapotranspiration (ETo) of 3.48 mm 
-1day . These values demonstrate clear climate differences 

among the three locations.

The sampling process Sampling was conducted at 89 
observation points, resulting in a total of 178 samples. The 
observed layer was divided into two depths of 0–50 cm and 
50–100 cm. The sampling process was carried out using a 
peat auger from Eijkelkamp, a reliable and high-quality tool 
for soil sampling (Royal Eijkelkamp, 2025). Samples taken 
from the peat drill were weighed in the field using a CHQ 
pocket scale 200 g  0.01 g, then were wrapped in aluminum 
foil and transferred for further analysis in the laboratory 
located in the Soil Physics and Conservation Laboratory, 
Tanjungpura University. 

Analysis of bulk density, water content and porosity Three 
key physical parameters, namely bulk density, water content, 
and porosity, were measured in the laboratory. These 
parameters are fundamental to understanding the physical 
behavior and hydrological characteristics of peat soils, as 
highlighted in the Regulation of the Minister of Environment 
and Forestry Number 10/2019 regarding the determination, 
designation, and management of peat dome peaks within 
PHUs (Kementerian Lingkungan Hidup dan Kehutanan, 
2019).

The bulk density was calculated using Equation [1].
 

[1]

We measured the soil volume using the water-
displacement method (Robert et al., 2019). The water content 
was calculated using Equation [2].

Water content (%) = ((Weight of the wet soil – Weight 
of the dry soil)/Volume of the soil 
sample) × 100	                   [2]

Furthermore, the porosity was calculated using Equation 
[3]

[3]

The particle density was measured using pycnometer in 
the laboratory.

Identified factors Peat hydrological units PHU is a peat 
ecosystem situated between two rivers, between a river and 
the sea, and/or in a swamp (Kementerian Lingkungan Hidup 
dan Kehutanan, 2019). The investigated PHUs are part of the 
national PHU (Kementerian Lingkungan Hidup dan 
Kehutanan, 2017). Following are the number of observation 
plots in each PHU: 1) PHU Pawan River-Tolak River (PHU 
1), 21 plots; 2) PHU Kapuas River-Ayak River (PHU 2), 27 
plots; and 3) PHU Terentang River-Kapuas River (PHU 3), 
41 plots.

Water table depth Water table measurements were taken 
temporally with a long measuring tape in the drilled hole 
from the ground surface to groundwater. The water table 
depth is categorized into two groups based on Government 

Regulation Number 57/2016 (Republik Indonesia, 2016), 
which are 1) Less than 40 cm from the ground surface, 
indicating a relatively high water table depth; 2) More than 40 
cm from the ground surface, indicating a relatively low water 
table depth.

Peat depth Peat is organic material formed naturally from 
incompletely decomposed plant remains and accumulates in 
swamps when its depth is 50 cm or more (Subardja et al., 
2016). Government Regulation Number 57/2016 designates 
peat depths for specific uses, with depths less than 300 cm 
being suitable for cultivation and depths greater than 300 cm 
being protected (Republik Indonesia, 2016). Based on this 
regulation, this study categorizes peat depths into two 
different categories: less than 300 cm and greater than 300 
cm.

Peat depth was measured using the Eijkelkamp peat drill 
up to a mineral layer (substratum) beneath. The measurement 
was carried out in stages, every 50 cm up to the mineral layer. 

Soil suborder In the USDA soil classification hierarchy, 
suborder is the second level after order. At this level, there are 
five types of histosols: folists, wassists, fibrists, hemists, and 
saprists (Soil Survey Staff, 2022). The research site has two 
suborders, which are fibrists and hemists. Fibrists are peat or 
organic soils with a dominant degree of fibric weathering in 
the organic soil control cross-section, while hemists are peat 
soils with a dominant hemic weathering in the organic soil 
control cross-section.

Sampling depth interval This sampling interval allows for the 
illustration of peat characteristics at various depths. 
Information obtained from the top 50 cm of soil gives an 
estimate of its physical properties, while data from 50-100 
cm deep can reveal the physical properties of deeper peat 
layers. Peat samples were obtained from the following 
layers: 1) From the soil surface to a depth of 50 cm, referred to 
as the topsoil layer; 2) From a depth of 50 cm to a depth of 100 
cm, referred to as the subsoil layer.

Land use Based on the Indonesian National Standard (SNI) 
7645:2010 for land cover classification (Badan Standardisasi 
Nasional, 2010), the three sites have the following land uses: 
1) PHU 1 is an oil palm plantation in Ketapang Regency; 2) 
PHU 2 is an oil palm plantation in Sekadau Regency; and 3) 
PHU 3 is a secondary peat swamp forest in Kubu Raya 
Regency. 

Statistical analysis Statistical analysis was performed using 
Real  Stat is t ics ,  obtained from ht tp: / /www.real-
statistics.com. To determine whether there were differences 
in each factor, analysis of variance and the t-test were used. If 
the significance level was < 0.05, the Tukey test was 
conducted to identify the differences between each factor. 
For abnormal data, the Games-Howell test was used. The 
data underwent descriptive analysis and normality analysis 
using the Shapiro-Wilk test, followed by ANOVA analysis 
and t-tests on the variables of content weight, moisture 
content, and porosity of peat soil against the factors of 
location (PHU), depth of water table, depth of peat, soil 
suborder, peat, sample depth interval, and land use.

   
 
 

  
  

  

 

-3 (Weight of the dry soil)
Bulk density (g cm ) = 

(Volume of the soil sample)
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Results
The physical properties of the peat soils in the three PHUs 

differed significantly in terms of water content and porosity. 
However, the bulk density of the peat soils did not differ 
significantly between the sites. These results indicate that the 
location of the peat physical properties monitoring can cause 
differences in physical properties.

Land cover at the study sites had a major impact on the 
physical properties of the peat soil. Although there was no 
significant difference in bulk density, the moisture content 
and porosity varied significantly between the different land 
covers.

Peat thickness is also a crucial factor that affects the 
physical properties of peat soil. There are significant 
differences in bulk density and water content for peat 
thicknesses of less than 300 cm and more than 300 cm. 
Furthermore, the physical properties of peat soil are also 
affected by differences in peat suborders, namely hemists and 
fibrists. Differences in bulk density and porosity in peat soil 
are evident.

Variations in water table depth and soil sampling depth 
contribute to these differences. To fully understand the 
potential and challenges of peat soil management in this area, 
it is critical to look at the physical properties of peat and the 
factors influencing them. The overall analysis results are 
shown in Table 1.

Analysis of the interaction between PHU and peat 
thickness shows a diverse pattern. Although bulk density 
does not show a statistically significant interaction (p-value > 
0.05), both moisture content and porosity show significant 
differences between PHUs in both peat thickness classes (p-
value < 0.05). For thin peat layers (< 300 cm), moisture 
content and porosity varied greatly between the three PHUs, 
reflecting differences in local hydrological conditions and 
decomposition rates. Importantly, for deep peat layers (> 300 
cm), moisture content and porosity also differed significantly 
between PHUs, indicating that the physical properties of 
deep peat remain influenced by local site conditions in this 
study area. These findings confirm that spatial heterogeneity 
persists even in deeper peat layers and are consistent with 
site-specific hydrological patterns and previous disturbance 
history (Hikmatullah & Sukarman, 2014). See Table 2 for 
group means and significance notation.

The correlation analysis results (Table 3) revealed a 
significant negative correlation between water content and 
porosity of the peat soil at the surface (0–50 cm depth), with 
Pearson correlation coefficients of -0.795 and -0.566, 
respectively. Bulk density showed a positive correlation with 
a coefficient of 0.432. These findings indicate that as soil 
depth increases, water content and porosity decrease, while 
bulk density increases. However, this relationship did not 
occur in the 50–100 cm depth range, where the p-values were 
greater than 0.01 and the Pearson correlation coefficients 
were 0.221, 0.194 and 0.084 for water content, porosity, and 
bulk density, respectively.

Discussion
Variation of physical properties in water table depth The 
water table depth significantly influences the bulk density, 
moisture content, and porosity of peat soil. A water table 

depth of less than 40 cm has significantly different physical 
properties than a water table depth of more than 40 cm. A 
water table depth of less than 40 cm has a significantly lower 
bulk density than a water table depth of more than 40 cm.

The lowering of the water table causes the peat soil to 
have an oxidative layer that is rich in oxygen (aerobic). The 
depth of the water table or the thickness of the oxidative layer 
recommended by Government Regulation Number 57/2016 
is less than 40 cm (Republik Indonesia, 2016). This is 
supported by previous research (Putra & Hayasaka, 2011), 
which identified a water table depth of 40 cm as critical for 
preventing peat soil from experiencing fires. The water 
content and porosity at a water table depth of less than 40 cm 
are significantly greater than at a water table depth of deeper 
than 40 cm, and the water table depth class of greater than 40 
cm tends to show uniform values with minimal differences 
among various PHUs. 

Syaufina (2008) stated that the factors influencing peat 
fires are peat water content and the depth of the water table. 
Furthermore, Syaufina et al. (2004) assert that the incidence 
of fires is also affected by land cover, which will influence the 
local climate, as evidenced by the peat swamp ecosystem.

A relevant case study is the research conducted by 
Ginting et al. (2016) on peatland in Sumatra, Indonesia. Their 
research found that the optimal water table depth for the 
growth of oil palm plants and prevention of fires and CO₂ 
emissions exceeding the IPCC permissible threshold is 
within the range of 40–70 cm. Peat water content becomes 
critically at risk of burning when the moisture content 
reaches the hydrophobic point, which is less than 30–48% 
(Winarna et al., 2016).

A study conducted by Marwanto et al. (2018) on 
peatlands in West Kalimantan, Indonesia, found that the use 
of oil palm and secondary forests resulted in a significant 
decrease in water table depth during the 2015 El Niño event, 
which occurred from September to November of that year. 
Specifically, the water table depth decreased by more than 
150 cm, leading to the occurrence of forest fire. This is 
noteworthy because the normal water table depth in this 
region is typically between 30 and 50 cm. Therefore, it is 
essential to examine the depth of groundwater in more detail, 
considering specific land uses, to effectively manage 
peatlands.

Considering the results and analyses presented in the 
existing literature, it can be posited that the implementation 
of peatland conservation practices must take into account the 
influence of water table depth, as regulated by Government 
Regulation Number 57/2016 on the physical characteristics 
of peatlands in plantations (Republik Indonesia, 2016). This 
requires the development of tailored irrigation and drainage 
systems that align with the unique properties of peatlands. 
The water table depth significantly impacts the physical 
properties of peat and the incidence of fires. Therefore, it is 
crucial to develop conservation practices that consider this 
influence.

Variation of physical properties in land use The water 
content and porosity of peat soils in oil palm plantations were 
reported to be lower compared to secondary wetland forests, 
while the bulk density in oil palm plantations was higher. 
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This aligns with the findings of Tonks et al. (2017), who 
reported that the water content in peatlands used for forests 
was significantly higher at 82.3%, compared to oil palm 
plantations at 56.56%. Similarly, Firdaus et al. (2010) found 
that the bulk density of peat soils in forests was significantly 

lower than in oil palm plantations, with values of 0.11 g cm⁻³ 
compared to 0.17 g cm⁻³ in oil palm plantations, while 
porosity in forests at 91.5% is higher than in oil palm at 
86.4%.

However, it is important to note that the results of Junedi 
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Variable  Factors  Total 
data (N)  

Mean  St. dev  Shapiro-
Wilk test 

(Normality)  

ANOVA  t-test  

p-value  p-value  p-value  
Bulk density  
(g cm-3) 

PHU  1  42  0.13  a  0.04  0.77  0.36  -   
PHU  2  54  0.13  a  0.04  0.10  
PHU  3  82  0.12  a  0.03  0.19  
SWL < 40 cm  126  0.12  a  0.03  0.16  -  0.00  
SWL > 40 cm  52  0.14  b  0.04  0.41  
PD < 300 cm  110  0.13  a  0.03  0.10  -  0.01  
PD > 300 cm  68  0.11  b  0.04  0.11  
Hemists  125  0.13  a  0.03  0.49  -  0.00  
Fibrists  52  0.10  b  0.03  0.01  
SD 0–50 cm  89  0.14  a  0.03  0.11  -  0.00  
SD 50–100 cm  89  0.11  b  0.03  0.02  
Oil palm  96  0.13  a  0.04  0.23  -  0.17  
Forest  82  0.12  a  0.03  0.19  

Water 
content 
(% vol) 

PHU  1  42  82.67  b  7.42  0.10  0.00  -   
PHU  2  54  79.52  a  9.92  0.06  
PHU  3  82  87.59  c  3.44  0.21  
SWL < 40 cm  126  86.02  a  5.46  0.00  -  0.00  
SWL > 40 cm  52  79.03  b  10.01  0.06  
PD < 300 cm  110  85.15  a  7.28  0.00  -  0.01  
PD > 300 cm  68  82.09  b  8.17  0.01  
Hemists  125  83.55  a  7.89  0.00  -  0.30  
Fibrists  52  84.90  a  7.46  0.00  
SD 0–50 cm  89  80.66  a  8.76  0.00  -  0.00  
SD 50–100 cm  89  87.30  b  4.70  0.00  
Oil palm  96  80.90  a  9.01  0.00  -  0.00  
Forest  82  87.59  b  3.44  0.21  

Porosity  
(%) 

PHU  1  42  89.90  a  1.93  0.18  0.00  -  
PHU  2  54  88.99  a  2.67  0.11  
PHU  3  82  91.20  b  2.28  0.12  
SWL < 40 cm  126  90.83  a  2.15  0.27  -  0.00  
SWL > 40 cm  52  88.75  b  2.71  0.40  
PD < 300 cm

 
110

 
90.22

 
a

 
2.53

 
0.11

 
-

 
0.97

 
PD > 300 cm

 
68

 
90.23

 
a

 
2.49

 
0.15

 
Hemists

 
125

 
89.70

 
a

 
2.40

 
0.08

 
-

 
0.00

 
Fibrists

 
52

 
91.42

 
b

 
2.35

 
0.00

 
SD 0–50 cm

 
89

 
89.18

 
a

 
2.45

 
0.01

 
-

 
0.00

 
SD 50–100 cm

 
89

 
91.27

 
b

 
2.11

 
0.60

 
Oil palm

 
96

 
89.39

 
a

 
0.01

 
0.01

 
-

 
0.00

 
Forest

 
82

 
91.20

 
b

 
0.12

 
0.12

 

 

Table 1	 Bulk density, water content, and porosity were measured for each of the following factors: PHU, groundwater depth, peat 

depth, sub order, sampling depth, and land use

Note:	SWL = soil water level; PD = peat depth; SD = sampling depth. The statistical significance of the data is 
denoted by p-values, where p-value < 0.01 indicates a very significant difference, p-value < 0.05 indicates a 
significant difference, and p-value > 0.05 indicates no significant difference. Mean values with different 
notations (a, b) indicate significant differences in t-test and ANOVA with Tukey on normal data, and Games-
Howell on abnormal data.
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et al. (2017) and Dhandapani et al. (2023) suggest that the 
bulk density of peat soils in oil palm plantations is 
significantly higher compared to that in secondary wetland 
forests. This increase in bulk density is often associated with 
peat degradation, which can lead to a decrease in soil porosity 
and an increase in soil density, negatively affecting plant 
growth and ecosystem health (Liu et al., 2020; Wang et al., 
2021).

Despite these findings, the present study found that the 
bulk density in oil palm plantations was not significantly 
different from that in forests. However, it demonstrated that 
the water content and porosity of peat soils are of concern for 
peat soil degradation. These factors can reduce the ability of 
peat soils to store water, thereby increasing the risk of 
flooding and drought. Consequently, the key parameters for 
land degradation based on land cover are water content and 
porosity.

Variation of physical properties in sampling depth The 
physical properties of peat soil are significantly influenced 
by various sampling depth intervals, particularly in relation 
to bulk density, moisture content, and porosity. According to 
Kunarso et al. (2022), the bulk density of forest and perennial 

 vegetation at a depth of 0–40 cm was 0.17 g cm⁻³and 0.24 g 
-3 -3 cm⁻³, exhibiting a decline to 0.11 g cm  and 0.23 g cm at a 

depth of 40–80 cm. Bulk density tended to be higher in 
drained peatlands than in forest sites. Notably, there are 
significant in the bulk density, water content, and porosity at 
a depth of 0–50 cm among the different PHUs (Figure 2). 
However, there was no significant differences in bulk density 
and water content observed at depths of 50–100 cm between 
PHUs.

The physical properties of peat soils are contingent upon 
the sampling depth, exhibiting a reduction in bulk density and 
an increase in moisture content and porosity at greater depths. 
The discrepancies in physical attributes between PHUs are 
more evident in the upper soil layer (0–50 cm), where there 
are notable differences compared to the lower soil layer 
(50–100 cm). These observations carry significant impli-
cations for the stewardship and preservation of peatland 
resources, particularly concerning indicators of land degra-
dation based on the variations in properties between the 0–50 
cm and 50–100 cm peat layers.

Variation of physical properties in peat depth The peat 
thickness significantly affects its physical properties, 
particularly bulk density and water content. This study's 
findings align with previous research, which indicated that 
shallow peat tends to have a higher bulk density compared to 
deep peat. However, water content varies, with previous 
research indicating that deeper peat has a higher water 
content than shallow peat.

Based on this, the physical properties of peat soil need to 
consider the thickness of the peat; this understanding is in line 
with government regulations related to peatland management 
based on peat thickness classes of less than 3 m and more than 
3 m. Land management is determined by the function of peat 
ecosystems, namely the cultivation function for peat with a 
thickness of less than 3 m and the protection function for peat 
with a thickness of more than 3 m (Republik Indonesia, 
2016). The focus of these regulations is not only on the 
greater water content and porosity of protected peat but also 
on the substantial volume of water that can be stored or 
safeguarded within the peat ecosystem.
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Table 2	 Interaction between PHU and peat thickness

Note: Interaction was significant for water content and porosity (p-value < 0.05), but not for bulk density 
(p-value > 0.05). Different superscript letters indicate significant differences at p-value < 0.05.

Table 3	 Pearson correlation between water table and water content, bulk density and porosity across all PHUs

Note:	 *Significant correlation at 0.05 level; **Very significant correlation at 0.01 level n is the 
number of data tested; SWL = soil water level; SD = sampling depth

PHU  Peat depth  (cm)  Bulk density (g cm⁻³)  Water content (%)  Porosity (%)  
PHU 1  < 300  0.14  84.97 b    90.09 ab  
PHU 2  < 300  0.13  79.33 a  88.86 a  
PHU 3

 
< 300

 
0.12

 
87.91 b 

   
90.88 b 

   
PHU 1

 
> 300

 
0.12

 
81.25 a

 
89.79 a

 PHU 2
 

> 300
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79.74 a
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3
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All 
PHU

 

SWL 

 

(n

 

=

 

89)

 

0.795**

 

0.221
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0.086
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Variation of physical properties in sub-ordo This study 
reveals significant differences in the physical properties of 
bulk density and porosity between the two suborders, fibrists 
and hemists. According to the Soil Survey Staff (2022), 
fibrists have a lower bulk density compared to hemists, while 
the porosity of fibrists is larger than that of hemists. These 
findings are consistent with previous research by Osman 
(2018) and Arabia et al. (2020). Although the porosity values 
obtained in this study differ relatively from previous studies. 
In this study, the porosity of hemists reached 93%, while the 

porosity of fibrists soil reached 91.42%. This is significant 
because hemists' porosity is higher than fibrists', which is the 
opposite of previous studies.

The differences in porosity values between this study and 
previous studies could be due to a number of factors, 
including differences in sampling locations, soil preparation 
methods, and measurement techniques. In addition, the 
results of this study highlight the importance of considering 
the unique characteristics of each peat soil suborder in land 
management strategies. The lower bulk density and higher 
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Figure 2	Comparison of bulk density (a), water content (b), and porosity (c) of peat soil at sampling depth at each location (SD = 
sampling depth; Mean values with different notations (a, b) indicate significant differences between SDs at each 
location).
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porosity of fibrists indicate that they have a higher water-
holding capacity and are more prone to waterlogging. This 
implies that land management strategies for fibrists should 
prioritize water conservation, while hemists focus on water 
management. For example, in areas that have already been 
canalized, canal blocking should be implemented; for 
fibrists, this means canal blocking without overflow, whereas 
for hemists, it involves canal blocking with overflow 
(Dohong et al., 2018).

Relationship between groundwater table and physical 
properties of peat The correlation analysis shows a strong 
relationship between groundwater depth and soil water 
content only in the upper peat layer (0–50 cm). As shown in 
Figure 3a, deeper groundwater levels are associated with 

lower soil water content, with an R² of 63.16%. This indicates 
that the water table strongly influences near-surface moisture 
conditions. In contrast, no meaningful relationship was 
observed at the 50–100 cm depth (Figure 3b). Soil water 
content in the deeper layer remains relatively stable 
regardless of fluctuations in groundwater depth, suggesting 
that this layer is less sensitive to short-term hydrological 
variation.

These findings are consistent with previous studies (Adhi 
et al., 2020; Ma et al., 2022; Nasution et al., 2023), which 
reported that groundwater dynamics are primarily controlled 
by moisture conditions in the upper peat layer. Both our study 
and these previous works confirm that soil water content in 
the 0–50 cm layer plays a dominant role in regulating 
groundwater depth, whereas the 50–100 cm layer shows 
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Figure 3	 Illustrates the relationship between water content at a sample depth of 0–50 cm (a) and 50–100 cm (b) in relation to the 
groundwater table.
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minimal influence. Therefore, peatland management should 
prioritize monitoring and maintaining water content in the 
upper 0–50 cm peat layer, as this zone plays the most critical 
role in sustaining peat hydrological stability and preventing 
degradation.

Conclusion 
This study highlights that variations in the physical 

properties of peat soils are significantly affected by water 
table depths, land use, sampling depth, peat thickness, and 
soil suborders. These findings demonstrate the crucial role of 
these factors in shaping peatland ecosystems, with direct 
implications for both agricultural productivity and 
environmental conservation. Effective peatland manage-
ment and conservation strategies must integrate these factors 
to mitigate risks of fire, land degradation, and hydrological 
imbalance, particularly in vulnerable tropical peatlands. 
Furthermore, this research underscores the need for 
customized, site-specific water and land-use management 
approaches to ensure the long-term sustainability of peat 
ecosystems. By providing insights into the relationship 
between physical soil properties and management practices, 
these findings offer a scientific foundation for developing 
sustainable cultivation and conservation frameworks on 
tropical peatlands.
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