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Abstract

The utilization of peatlands as agricultural areas that does not pay attention to the sustainability
aspects often contributes to climate change and the decline in the peat ecosystem function. For better
peatland management and to prevent more severe environmental losses, knowledge of the impacts on
chemical and hydro-physical peat characteristics in a specific area is required. This study was aimed to
assess the chemical and hydro-physical characteristics of the peat utilized as agricultural land. The study
was conducted by field measurements and peat sample analysis in the laboratory. The results indicated
that peat managed as agricultural land is categorized as deep inland peat with more than 3 m thickness
and dominated by sapric type in the surface layer. Intensive agricultural management significantly
changes some peat’s chemical characteristics by increasing the pH, phosphor, potassium, calcium,
and magnesium contents. Otherwise, the peat management has lowered the hydrological function
characterized by increasing water level depth, bulk density, reducing the water content and hydraulic
conductivity. Hydrological peat functions on agricultural peatland should be restored by applying
appropriate canal blocking. Paludiculture systems should be considered as promising agricultural land
management that combines adaptive crops and suitable tree species with high economic value for the
community.
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Introduction

Peatlands are wetland ecosystems characterized
by the accumulation of organic material that lasts
for a long time [1]. Peat formation in a tropical forest
ecosystem is generally located in a relatively flat
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topography with high rainfall. The accumulation of
organic matter is due to the high litter production and
the low decomposition rate due to waterlogging and lack
of oxygen [2, 3]. Indonesia’s tropical peat covers about
15 million hectares, spread across three major islands,
namely Sumatera, Kalimantan, and Papua [4]. The
peat’s unique nature, which can store water up to 90%
of its weight, causes a very large role as a hydrological
buffer for the surrounding area [5]. Damage to peatland
ecosystems due to peat drainage has significant impact
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on the local and the surrounding environment. The
peat characteristics’ changes will lead to high fire
vulnerability, worsening land subsidence, flood [6], and
germplasm loss.

Conserving forested peatland as a habitat for
hundreds of forest plant species and their faunas is an
appropriate policy. Utilization of peatlands for crops,
estate plantations, or forest plantations, regardless of
the peat sustainability, is classified as very vulnerable,
especially if taking place on the thick peat. The
essential peat preservation requirement is permanent
waterlogging [7]. Meanwhile, land-use change in the
tropical peat swamp forest generally requires an effort
to adjust the water level by making drainage channels
[8]. Recently in Indonesia, the idea of utilizing degraded
peatlands on a large scale as agricultural land has
resurfaced. Peatland that is not managed sustainably
will negatively impact the environment, such as the
increase in greenhouse gas emissions, and further
reduce the characteristics and roles of the tropical peat
[9].

It has been reported that changes in water behavior
due to peat drainage and forest cover conversion
result in biogeochemical processes through peat
decomposition [5]. The degree of change in the physical
and chemical properties of peat depends on the level
of disturbance in the form of drainage level, the
intensity of forest conversion, or the land management
practices [10]. Several studies have identified changes
in peat properties due to fire, drainage canals, or forest
conversion to agricultural land, oil palm plantations,
rubber plantations, or short-rotation woody plantations
[10-15]. However, there is a lack of knowledge
regarding the effect of differences in agricultural land
management on changes in peat properties. The site-
specific degree of peat degradation needs to be assessed
as the basis for better peatland management so that
further degradation can be minimized [16]. Therefore,
this research’s objective was to assess the chemical and
hydro-physical characteristics of the peat in different
agricultural land management. This paper tries to
narrow the gap between research communities working
on the peat properties of degraded peatlands. Also,
this research result will contribute to better peatland
management in Indonesia.

Materials and Methods
Study Area

The fieldwork was carried out in agricultural areas
of Kalampangan village and a peat swamp forest area
in Tumbang Nusa village. As shown in Fig. 1, the
site is located between 114°0°52”E-114°5’17”E and
2°17°117S-2°21°31”’S, around 20 km from Palangkaraya,
the capital city of Central Kalimantan Province.

The agricultural peatlands were opened in 1979 as
part of transmigration programs of 500 households.
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Fig. 1. The study site in Central Kalimantan.

Although some farmers have now succeeded in
developing vegetable crops, the first ten years were the
most challenging period for migrants to process the
land. Some of them have experience in agriculture in
mineral soil that is much different from the peatland.
In the beginning, they tried to grow rice but always fail
and begin to switch to vegetable crops or horticulture
and get success up to date.

Methods

This research was carried out by field explorative
survey on three land management types, namely
the intensive and non-intensive agricultural peatland
and peat swamp forest arca as a comparison area.
The materials and tools used in this study were soil
sample bags, labels, peat core samplers, Eijkelkamp
peat auger, a Munsell Soil Color Chart, a digital scale,
a DC suction pump, and polyvinyl chloride (PVC)
pipes.

Peat observed characteristics include the thickness,
water level depth, maturity, color, chemical, and hydro-
physical. The chemical elements were obtained through
peat samples taken using the peat auger, and the analysis
was done in the Soil Research Center Laboratory.
Sampling was conducted purposively for three areas
in each land management type. Chemical analyses
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were performed on soil pH using a glass electrode in
1:2.5 suspension of soil and distilled water [17]; total
organic carbon (TOC) and ash content quantified using
loss on ignition method [14, 18]; total nitrogen content
determined using the Kjeldahl method [19]; available
phosphorus (P), available potassium (K), exchangeable
cations (Ca, Mg, Na, K), and cation exchange capacity
(CEC) were determined following the standard method
of soil analysis [20].

Peat hydro-physical characteristics were determined
based on field measurement of hydraulic conductivity.
The measurements were carried out using a slug test.
This procedure used a piezometer made of PVC pipe
[21]. Physical peat characteristics were assessed through
direct field measurement and peat laboratory analysis.
The samples were collected using core samplers [22].
Dry weight and water content were derived using the
gravimetric method by oven-dried the samples at
105°C for 48 hours [S]. The measured constant weight
indicates the weight of dry peat. The bulk density was
determined based on the dry peat weight and the sample
volume [18]. The supporting data were also collected in
historical land management, land degradation causes,
and actions carried out in each land management
pattern ranging from land preparation, crop species,
maintenance, and plant productivity.

Peat characteristics were analyzed statistically using
SAS 9.0 software to determine the significant effect
of the different peat management on the observed
variables. Duncan’s Multiple Range Test (DMRT) will
be conducted if the results have a significant difference.
The possible relationship between variables was
assessed using the CORR procedure produces Pearson
correlation coefficients. The resulting correlation
coefficients ranged from negative one (-1) to positive
one (t1). A positive coefficient means that if the
values in one variable are increasing, the value in the
other variable increase as well. The opposite happens
if the coefficient is negative, and if the coefficient is
close to zero it indicates there is no or weak correlation
[23, 24].

Results
General Characteristics

Kalampangan and Tumbang Nusa peatland are
located between two rivers, namely Kahayan and
Sebangau River. The land has a plane flat alluvial form
composed of alluvial materials such as clay, organic
matter, and sometimes there is sand coming from the
river. Peat thickness can reach up to 12 m, and the layer
below the peat is dominated by quartz sand. The peat
is including oligotrophic ombrogen type characterized
by acid up to very acid soil reaction, high CEC, and
low available nutrient for the plant. This peat soil
is classified as tropohemist with parent material is
dominated by vegetation remnants in the form of wood.

The peat content in Central Kalimantan is dominated
by lignin up to 93%, cellulose less than 10%, and
hemicellulose and protein are not found [25]. General
peatland conditions in the observed areas of agriculture
and forest are presented in Table 1.

The study area’s hydrological conditions are
heavily influenced by the main canals that stretch
between the two main rivers. Farmers have made micro
drainage canals around the agricultural plots equipped
with the drain plug for the water level maintenance
and collecting/depositing soil particles transported
by runoff. As the water level was set with canals,
the deepest water table was found on the intensive
agricultural land with 38 cm depth. The lowest was in
the forest with an average of 8 cm. The deeper position
of the water from the peat surface, the peat is more
exposed the oxygen so the decomposition of organic
matter accelerates and releases CO, [26].

Peat sample analysis for each 50 cm layer depth
shows color variations range from 2.5Y 2/1 (black) to
10 YR 5/6 (yellowish-brown). On agricultural lands,
darker colors are generally found in the surface layer.
In contrast, in the forest, the dark colors can be found
variously in the top, middle, or bottom layer.

Based on the maturity level, peat is classified into
fibric, hemic, or sapric, ranging from low to high.
In the forest, there is still found fibric peat (raw peat)
in the first 50 cm layer, and the rest is dominated by
hemic type. In the agriculture area, both the first and
the second 50 cm layers are dominated by sapric type,
and the rest is dominated by hemic. The peat maturity
process’s speed increases due to the cultivated peat
having faster oxidation and decomposition [27].

Cultivated crop species include spinach, kale,
mustard greens, salad, cucumbers, string beans, corn,
peppers, tomatoes, red onion, pineapple, guava, and
starfruit. Agricultural land preparation was done by
collecting scraps of wood or stumps left in the land. The
timber was collected together with the remains of plants
and weeds subsequently burned to ash as the input gain
before planting. Ash needs to be different each time for
each planting crop, such as corn need 16 t ha, celery
117 t ha™, spinach 93 t ha’!, mustard 18 t ha’, and kale
43 t ha'! [28]. In addition to ash’s input, they usually add
lime, manure, mineral soil, or chemical fertilizers such
as urea, Triple Super Phosphate (TSP), and Potassium
Chloride (KCI). Within a year, the lime can be added as
much as 0.5 t ha”!, while cow dung manure was added
up to 2.5 t ha'. Urea was applied directly to the plant at
a dose of up to 200 grams per plant depending on the
crop species, while P and K fertilizer was applied by
spraying on the leaves. Processing was done by hoeing
up 30 cm depth soil layer. Harvesting is usually done on
every plant crop plot measuring 20 x 30 m or done on
each lane/raised beds where the plot consists of 30 lines
of planting. Harvested commodity prices depend on the
market price as determined by the abundance of similar
products on the market.
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Table 1. General peat characteristics.
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Chemical Characteristics

The chemical characteristics of peat are influenced
by the composition of the constituent materials, the
environmental conditions in which it is located, and
the degree of decomposition. The peat decomposition
process will change the peat structure and the chemical
composition of the peat [29]. The peat chemical
characteristics presented in Table 2 showed that
the peat acidity in both the agriculture or forested sites
was very acid (<4.5). Oxidation and the additional
materials used as input in the agricultural land were
only able to increase the peat’s pH slightly. At the
intensive agriculture location, the mean pH was 3.6,
while the pH in the surface layer measured at 3.7.
This pH value is relevant to the pH results studied
by [25] that showed the pH of Central Kalimantan peat
was around 3.41 to 3.97. In a tropical peat swamp forest,
the pH is closely related to the presence of phenolic
acids mostly leached from leaf litter and dead trees
[30].

The peat in the three research locations, like peat
in general, has a high organic carbon content. Both
organic C content under agricultural management show
significantly higher C content than in the forested peat.
On the other hand, higher total nitrogen content was
found in the forested peatland although the difference
was not significant. The trend in C and N peat content
was similar to the research results of [11] which showed
that the C content of peat was found to be significantly
higher in degraded peatland caused by intensive
drainage and fire, than in peat swamp forest. On the
other hand, the highest N content was found in the peat
swamp forest.

Based on the results of the correlation analysis in
Table 3, the contents of C and N have a strong negative
relation. The C/N ratio in all observation areas was
also high, with the highest mean value reach 41.7.
This value is very high compared to the C/N ratio of
mineral soils, which means the overall value is only
10.9 [31]. This condition shows that N, which is one of
the structures that make up organic matter, is available
in low quantities to become a limiting factor for plant
growth [32].

The P and K elements have the highest
concentrations found in the intensive agricultural land,
and the lowest is in forested peat. The high levels of
these nutrients that are often found in agricultural
peatlands are due to intensive fertilization which is
sometimes accompanied by liming [33]. Base on the
correlation analysis, the amount of P and K element are
highly correlated to the exchangeable Ca and Mg. Peat
degradation also increases the mineralization of the
elements N, P, K, and the amount of which depends on
the actual concentration [34].

The highest amount of exchangeable Ca, Mg, and K
were observed in intensive agriculture, while the lowest
was in the forested peat. This exchangeable increase
affects increasing the base saturation value, although
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Table 2. Chemical peat characteristics.
Land management
Variable of observations
Intensive agricultural Non-intensive agricultural Forest
pH H,O 3.6£0.08 a 3.5¢0.15a 3.5+0.11 a
Organic C (%) 51.6+3.3 a 51.6+4.4a 48.7+4.8 b
Total N (%) 0.924+0.08 a 0.86+0.07 a 0.99+0.12 a
C/N 41.7+2.0 a 31.943.7a 36.6+6.2 a
Available P (ppm) 66.72+8.8 a 29.97£12.6 b 1438+ 6.0b
Available K (ppm) 240.8+33 a 117.2a+36Db 69.8+11 b
Exchangeable Ca (cmol®kg™") 2.840.2 a 2.0+0.14 ab 1.4+0.24 b
Exchangeable Mg (cmol® kg™) 1.75+0.21 a 1.62+0.30 a 0.86+0.14 a
Exchangeable K (cmol® kg™) 0.48+0.10 a 0.23+0.08 ab 0.14+0.05b
Exchangeable Na (cmol® kg™!) 0.52+0.12 a 0.84+0.12 a 0.76+0.17 a
CEC (cmol® kg™) 105.8+4.6 a 114.5+6.3 a 68.2+2.7b
Base saturation (%) 5.17+£0.55 a 4.00+£0.82 a 4.754+0.55 a
Ash (%) 0.9+0.10 b 0.8+0.09 b 1.740.53 a

Note: the values in the same row followed by the same letters indicate no significant difference (p<0.05)

not significantly. This exchangeable increase, especially
in Ca and Mg, was possible due to the application of
dolomite by farmers. This has also been proven by
[35] where dolomite treatment significantly increases
base saturation due to the contribution of exchangeable
cations.

In general, peat has a high CEC value due to the peat
material that is dominated by timber decomposition.
This material has a high lignin content causing produce
phenolic acid during the decomposition process [25].
Changes in CEC values often occur due to changes
in peatland use. Changes that tend to increase base
saturation and pH will also have implications for
increasing CEC [36].

Physical and Hydrological Characteristics

Analysis of physical characteristics showed several
variable values on agricultural peatland showed
significantly different from the control (forested peat).
Processing of peatland for farming purposes has
significantly increased dry weight, bulk density, and
lowered water content. Table 4 shows peat drying up
on agricultural lands through drainage channels, and
the addition of ameliorant has increased the peat bulk
density.

Increasing peat bulk density impacts peat’s ability
to absorb and hold the water (water holding capacity).
Water content values indicate that on the agricultural
site, the peat can absorb up to eight times of the dry
peat’s weight, while for the forested peat, it capable up
to nine times. This condition is in line with the research
results on peat characteristics in various uses in South

Sumatra Province. Peatlands covered by high-density
forest or water bodies are areas that have the highest
level of wetness compared to other land uses such as
agriculture, plantations, shrubs, or grass [37].

Statistical analysis showed that peat management
in intensive agriculture significantly increases the bulk
density variable: the denser a peat material, the more
difficult it is to penetrate water or roots. Correlation
analysis stated in Table 5 indicates that peat bulk
density has a high correlation with the other variables.
The positive correlation was identified with the dry
peat weight, and the negative values were found in
the correlation with water content and hydraulic
conductivity.

Higher peat bulk density indicates a high amount of
total peat material per volume, providing better physical
support to the plants. Good water content in the soil
will play an essential role in plant growth. However, in
certain plant species, too much water will restrict air
movement in the soil, hinder plant roots from acquiring
O,, and interfere with plant growth. In addition to
increased bulk density, on-farm activities can also result
in peat compaction [22].

The decline of peat hydrological function is also
indicated by the decrease of hydraulic conductivity
measured in the field. The average of measurement
results presented in Table 4 shows that water’s
ability to move through the peatland decreases up to
280 times in the peat being converted into agricultural
land. Disturbance to the peat, especially on the peat
surface, affects hydro-physical properties. The higher
level of peat decomposition, indicated by the increase
in bulk density, will inhibit the movement of water by
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Table 3. Correlation analysis between peat chemical variables.

Z;‘e C N CN P K ECa | EMg | EK | ENa | CEC BS Ash
pH 0.50 -0.04 0.88 0.96 0.96 0.90 0.61 0.97 -0.97 0.34 0.77 -0.41
C -0.89 0.02 0.73 0.71 0.82 0.99 0.70 -0.28 0.98 -0.16 -0.99
0.44 -0.33 -0.31 -0.47 -0.82 -0.30 -0.20 -0.95 0.60 0.93
C/N 0.70 0.72 0.59 0.16 0.73 -0.97 -0.15 0.98 0.08
P 1.00 0.99 0.82 1.00 -0.86 0.60 0.56 -0.66
K 0.99 0.80 1.00 -0.87 0.58 0.58 -0.64
E.Ca 0.89 0.98 -0.78 0.71 0.43 -0.76
E.Mg 0.79 -0.40 0.95 -0.03 -0.97
E.K -0.88 0.57 0.59 -0.63
E.Na -0.10 -0.90 0.18
CEC -0.33 -1.00
BS 0.26
Ash
Remarks: E.Ca = Exchangeable Ca; E.Mg = Exchangeable Mg; E.K = Exchangeable K; E.Na = Exchangeable Na;
BS = base saturation
Table 4. Hydro-physical peat characteristics.
Land management
Variable of observation
Intensive agricultural Non-intensive agricultural Forest
Bulk Density (g/cc) 0.12+0.02 a 0.13+0.02 a 0.09+0.01 b
Water content (%) 87.4+2.5b 86.8+1.7 b 89.1£3.0 a
Dry peat weight (gr) 11.8+1.5a 12.71.1a 93£1.1b
Hydraulic conductivity (cm/s) 0.024+0.010 b 0.020+0.009 b 5.764+1.044 a

Note: the values in the same row followed by the same letters indicate no significant difference (p<0.05)

Table 5. Correlation analysis between peat hydro-physical variables.

variable sontet et conductivity
Bulk Density -1.00 1.00 -0.97
Water content -1.00 0.97
Dry peat weight -0.97

the seepage. This occurs due to changes in the structure
and pore spaces of the peat [38].

Correlation  analysis showed that hydraulic
conductivity has high negatively related to bulk density
and dry peat weight. It shows that degradation in peat
results in an increase in bulk density and dry weight,
which will reduce the ability of peat water movement
through the peat profile. Degradation of peatlands
due to peat processing and drainage activities will be
followed by faster decomposition and mineralization.

This process will increase the number of micropores
and reduce macropores. This change will affect the
peat’s ability to absorb and store water, indicated by the
high fluctuation in the peat water level [39].

Discussion

In the intensive agricultural land, the farmer uses
the land up to four circle times in a year. In contrast,
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farmers in the non-intensive agricultural land plant
only once a year or fallowed for several years but are
still to be used as agricultural land. Constraints are
faced generally in the form of low crop viability due to
inadequate nutrients and the presence of organic acids
from the peat. Besides, they are physically constrained
by large tree stumps that are still a lot left on the land
surface. In the hydro-physical aspect, drained peat tends
to cause water shortages during the dry season and high
fire susceptibility.

The intensive agricultural land management
significantly improves peat chemical characteristics
for the variable of available P, available K, Ca, and
Exchangeable K. Some other elements also changed
but not significantly different from the control (forested
peat). The addition of wood ash can significantly
improve the availability of P. The increased content
of exchangeable bases on peat agricultural land was
also affected by fertilizing and adding the ash [40].
Ash is the essential input to correct pH, fertility and
suppress the toxic peat effects. A massive amount
of ash is required as a soil amendment, then efficient
technologies in creating and utilizing ash are needed
and the alternative of the use. In Kalampangan, farmers
usually produce the ash from wood waste, which is
widely spread over the land surface. The ash was
produced through controlled burning and done outside
the peatland area. This is done to prevent uncontrolled
flames from spreading to the peat’s side or bottom, but
this method still poses a risk of peat fire and smoke.

An alternative of the ash used has been formulated
by BPPT (Agency for the Assessment and Application
of Technology) researchers, known as special peatland
fertilizer, as a soil conditioner that consists of a mixture
of volcanic ash, potassium chloride fertilizer, and urea
fertilizer. Also, the Soil Research Institute launched
PUGAM-A, a granular slow-release fertilizer product.
The product is applied to supply plant nutrients, reduce
the adverse effects of toxic organic acids, reduce P
leaching, and effectively suppress CO, emissions. The
fertilizer effectively reduces P leaching because it has
a slow release property and forms positive footprint
sorption on the peat that can control P leaching.

Changes in the peat layer will affect the water
absorption. Naturally, peat has high water content. The
difference in water content can occur apart from being
influenced by the level of peat decomposition, it is also
influenced by its constituent materials and chemical
content [29]. On a broad scale, it will affect the water
system by reducing water storage absorption, increasing
surface runoff, and river discharge. Excessively drained
peat coupled with the peat surface layer’s burning
caused a decline in the ability to store water, giving
rise to a complex hydrological response. The effect can
be seen with increased surface runoff accompanied by
increased erosion and increased peak flows of a river
stream. Another impact is subsidence occurrence due to
compression/shrinkage of peat and peat oxidation above
the water table [41, 42].

The change in hydraulic conductivity due to the
peat’s slow water movement vertically or horizontally
affects the water balance [43]. The reduction in hydraulic
conductivity is inversely proportional to the increase in
soil bulk density. However, the impact of drained peat
on the water balance in a whole hydrological unit is still
challenging to be determined. One of the things that
influence the determination method of peat thickness
variable can not be simplified based only on the land
topography [44, 45].

Water balance in the peat is much influenced
by rainfall as the primary input components,
evapotranspiration, and runoff. The amount of
evapotranspiration is usually constant, as much as half
of the annual rainfall. The rainfall, especially during
the dry season, has a vital role in maintaining the water
balance of peat, significantly when evapotranspiration
exceeds the precipitation. During peat in water-
saturated condition, water that flows in the form of
runoff or base flow will go around the river or through
the drainage channels. In a peatland forest with a good
cover condition, the water table is found near the land
surface and will fall mostly up to 60 cm in the dry
season. Oppositely in drained peat, the water level will
decrease and reach up to 200 cm below the land surface
[46]. Drainage channels performed on peat forest will
be lowering the water level, increases runoff, and
decreases evapotranspiration. The declining water level
depends on the depth and density of drainage channels
[43].

Land-use change from forest to agriculture will
discontinue the supply of organic matter from the
forest cover and affect evapotranspiration as a water
balance component. The presence of trees plays a role
in maintaining the temperature and humidity of the
peat surface, controlling the wind speed, which lowers
the evaporation rate. In tropical peat swamp forests,
tree root systems can suppress the runoff and, in the
end, will keep the peat wet [47]. The loss of forest role
exacerbated by excessive drainage will be ascertained
that the water table would be far from the peat’s
surface during the dry season and lead to drought and
fire-prone. This situation is found in the ex-mega rice
project (MRP) area in Central Kalimantan Province.

Efforts to restore degraded peatland due to excessive
drainage practices or conversion of the land cover can
be made by repairing the existing drainage system, such
as constructing the canal blocking. The construction
will force water to spread over the peatland to rewet as
wide as possible [48]. The biggest challenge in doing
so is balancing the cultivated land’s economic interests
with rewetting efforts.

The concept of sustainable crop cultivation on
wet and rewetted peatlands has been developed and
is known as paludiculture systems [49]. Peatland
utilization as agricultural land should still retain partial
cover as forest vegetation with a product orientation
prioritized in non-timber forest products [50].
The use of adaptive crop and indigenous tree species
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with high economic value is highly recommended, such
as Jelutong species. This species has high economic
potential as a producer of latex and herbal medicine
[51, 52]. This technology’s application is expected to
accommodate the local community’s economic interests
while conserving the peatlands.

Conclusions

Peat managed as agricultural land is categorized
as deep peat with a thickness of more than 3 m and
dominated by sapric type in the surface layer. The land
was managed by adjusting the water level through the
construction of drainage channels. Several additional
inputs were used, such as lime, manure, wood ash,
fertilizers, and mineral soil.

The intensive land management significantly
changes the peat chemical, as indicated by increasing
the pH, phosphor, potassium, calcium, and magnesium
contents. Otherwise, the management has lowered the
peat hydrological function characterized by increasing
water level depth, bulk density and reducing the water
content and hydraulic conductivity. Hydrological
peat functions on agricultural peatland should be
restored by constructing appropriate canal blocking.
The application of paludiculture systems should be
considered as promising agricultural land management
that combines adaptive crops and suitable tree species
with high economic value for the community.
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