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ABSTRACT

Agricultural development on peatland in Indonesia has been constrained by the presence of environment issues in
relation to the release of greenhouse gases (GHGs) particularly carbon dioxide (CO

2
) and methane (CH

4
) to the

atmosphere.  This study was aimed to predict the potential carbon emission based on carbon stocks in acrotelmic
and catotelmic peats with the reference of groundwater level of peatland.  The results showed that groundwater
levels have played an important role in carbon release, which has close relationship with water regime of the upper
layer of peats that influenced by oxidative and reductive conditions of the land.  From the layer that having
groundwater level fluctuations during the period from rainy to dry season (acrotelmic peat), the emissions were
mostly dominated by CO

2
 release, while from permanent reductive-layer (catotelmic peat) was not detected.  The

decrease of groundwater level from -49.6 to -109 cm has clearly influenced carbon emission.  From each decreasing
1.0 cm groundwater level, CO

2
 emission measured during the period of February - October 2013 was calculated to

yield about 0.37 Mg ha-1 yr-1.

INTRODUCTION

The ability of acrotelmic and catotelmic peats
in storing carbon is strongly influenced by the
groundwater level. The depth of the groundwater
level is important in determining the intensity of the
decomposition process of peat decomposition. In the
tidal peat swamp, water levels fluctuate due to tides
or rainfalls that cause the peat to undergo a process
of drying and moistening affecting the soil water
content and level of carbon emissions. Several
studies have revealed that there was a positive
correlation between the depth of groundwater level
and CO

2
 emissions (Agus et al. 2011a; Berglund

and Berglund 2011: Couwenberg et al. 2009;
Dinsmore et al. 2009; Hirano et al. 2009; Jauhiainen
et al. 2005). Drying and moistening processes also
affected stability of organic acid produced from peat
decomposition, characterized by the carbon loss of
CO

2
 dan CH

4
emissions (Sabiham 2010).

Carbon emissions can be identified through two
approaches, namely the direct and indirect

measurement of the concentrations of carbon gases.
Direct measurement of the carbon gas concentration
is carried out by the micro-meteorological method
(Eddy covariance) and by closed chamber
(Grøndahl 2006). Both methods differ in the scales
of measurement and targeted objectives. Micro-
meteorological method uses a tower to continuously
characterize CO

2
flux at the ground level (hectare

scale) and is highly dependent on wind speed during
the measurement period. This method provides
information on net flux and is often used to study
the balance of the ecosystem. The closed chamber
method provides estimates of GHG flux at the
observation plot level of less than1m2 (small scale)
and is used to study aprocess-the process that occurs
inside soil including microbial activities and has been
applied to more detailed studies of various treatments
such as fertilization and provision of ameliorant
materials. This method can be conducted by means
of GHG sampling, and it is then analyzed by
Chromatography Gas (CG) or by conducting direct
measurementof GHG flux using Infrared Gas
Analyzer (IRGA).

Indirect measurement of carbon gas
concentration can be conducted by ash content
approach (Gronlund et al. 2008), carbon stocks
(Agus 2009) and subsidence (Hooijer et al.2006).
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The approach based on subsidence has been used
as a reference recently. Hooijer et al. (2010)
reported that each 1cm decrease in ground water
level will emit CO

2
 of 0.91 Mg ha-1 yr-1. This

approach results in a less precise calculation. Data
obtained are from several research results that allow
the presence of uncertainty in measurement. The
uncertainty in measurement includes the thickness
and maturity of peat, bulk density, carbon content
and decrease in the ground water level. This is
because the Indonesian peatland has a variability in
thickness and maturity as well as different origin of
peat-forming materials. It is, therefore, necessary
to study the other carbon emission prediction
methods or to improve the existing emission
prediction methods adapted to the environmental
condition in order to obtain carbon emission data
which are closer to the conditions in the field. The
purpose of this study was to predict the potential
for carbon emissions based on carbon stocks in
acrotelmic and catotelmic peats with the reference
of groundwater level of peatland.

MATERIALS AND METHODS

Study Sites

The study was conducted by a survey method.
The location of the study area was determined by

using the purposive sampling method.  The study  in
Jabiren Village, Jabiren Raya District, Central
Kalimantan in the coordinates of 02o51’48.6" S and
114o17’00.2" E.  The thickness of peat was between
5 - 7 meters with clay substratum, degree of maturity
hemic and sapric peats. This study was on the
secondary channel that connects the primary
channel of PLG (Peat Land Development) and
Jabiren River that empties directly into Kahayan
River. Land use was in the form of intercropping
between rubber and pineapple. Soil and greenhouse
gases (CO

2
 dan CH

4
) sampling were conducted

based on the perpendicular transect of the drainage
channel (Figure 1).

Sampling and field measurements

Soil Sampling and Determination of Carbon Stock

Measurement of carbon stocks was conducted
in July 2013. The drilling was performed until it
reached a depth of 300 cm with a consideration that
the height of the groundwater level was the lowest
during the dry season in 2012 of -150 cm so that the
peat with a depth of 0 - 150 cm was categorized as
acrotelmic peat whereas the peat with the depth of
150 - 300 cm was categorized as catotelmic peat
(permanently reductive). In each point of
observation were performed six times of soil
sampling with a peat auger (Eijkelkamp model) in
the points adjacent to each other. The sixth points

Figure 1. Location of soil and carbon gases sampling in the coordinates of 02o51’48.6" S and 114o17’00.2" E
in peat land planted with rubber and pineapple in intercropping system, = Rubber tree; =
Pineapple; = Point of Soil sampling;  = Point of Carbon Gas Sampling.
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of the soil sampling with details of three points for
the determination of carbon stocks and the other
three points for the analysis of pH (H

2
O, 1: 2.5) as

well as the fiber content so that each point of
observations experienced with three replications.

Parameters observed to determine the carbon
stock were bulk density (g cm-3 or kg dm-3,
gravimetric method), carbon content (% weight, loss
on ignition method), and peat thickness (directly
observed in the field by using a drill peat). Several
other parameters were also observed as it could
assist in interpreting the data, that were wide
peatlands and peat maturity (Agus 2009). Content
of soil organic material (OM) was calculated based
on percentage of soil dry weight, which is:

OM (wt%) = (CB-BA)/LB × 100%

Where :
BA = weight of ash soils (determined by loss on

ignition method in the furnace at a
temperature 550 °C for 6 hours).

CB =  weight of dried soil (determined by gravimetric
method in the oven at a temperature 105 °C
for 2 x 24 hours or until of contants weight).

LB = CB * water content corection Carbon stock
in the soil is C weight in a unit volume of soil,
using the formula:

C-stock = C-org (vol%) × A × L

Where :
C-org (vol%) = weight per volume of soil carbon (g

cm-3 or Mg m-3).
   C-org (% vol) :  C-org (% weight) × BD-ash
   C-org (%weight) : OM/1.724
L = area of peatland (m2)
A = peat thickness (m).

Greenhouse Gas (CO2 dan CH4) Sampling and
Measurement of CO2 dan CH4 fluxes

The sampling of greenhouse gases (CO
2
dan

CH
4
) was conducted in the morning (from 6 am to

8 am) from February to October that represented
the soil conditions of wet (rainy season), moderately
(transition) and dry (dry season) so that the data of
carbon emissions in a year were obtained. Gas
chamber is block-shaped made   of polycarbonate
material (length 50 cm; width 15 cm; height 30 cm).
The top chamber is equipped with a hole covered
with a septum for gas sampling and the hole for the
thermometer. Gas sample was taken using a syringe
with the size of 10 ml.  The time inter valused for
gas sample collection was the 3rd, 6th, 9th, 12th, 15th,
18th, 21st, and 24th minute. The sample was then
analyzed using micro GC type 4900. The
concentration of CO

2
and CH

4
gases from the gas

samples analyzed will be simultaneously released.
The measurement of CO

2
dan CH

4
fluxes was

carried out using the method of closed chamber
technique adopted from the International Atomic
Energy Agency (IAEA 1992). The calculation of
fluxes at each observation point was performed
using the following equation:
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Where:
E  = CO

2
/CH

4
emissions (mg m-2 minute-1)

V = chamber volume (m3)
A = width of chamber base (m2)
T = average temperature inside the chamber (oC)
dCsp/dt = change rate of concentrations of CH

4

and CO
2
gases (ppm minute-1)

Bm = molecule weight of CH
4
 dan CO

2
gases in a

standard condition
Vm = gas volume at the stp condition (standard

temperature and pressure) i.e. 22.41 liters
at 23oK

Groundwater Level Observations

The measurement of groundwater level was
carried out once a week (from January to December
2013) on 48 pieces piezometers in a five-hectare
land. Pizeometer was made of PVC q 1.5 inch and
length of 2 m.

Data Analysis

The data processing was carried out using MS
Excel program by Systat Software Inc.  The results
of the actual measurements of CO

2
 and CH

4
fluxes

were linked with the fluctuations of groundwater
level to obtain the potential predictive value of carbon
emissions.

RESULTS AND DISCUSSIONS

Ground water level plays an important role in
the process of accumulation and decomposition of
peat which will affect the amount of carbon
emissions. The data of groundwater level of the year
were used as the basis for determining the zone of
acrotelmic and catotelmic peats. From the
observation results it was known that acrotelmic
peat zone was at the depth of 0 to -109 cm   while
catotelmic peat zone was at the depth of  > -109 cm
(Figure 2).

Acrotelmic zone is a peat layer where plant
roots grow and is often in a state of oxidative-
reductive condition although at one time it can be
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saturated. This zones are influenced by groundwater
level fluctuations in which the layer depth boundary
is the lowest groundwater level in dry season.
Catotelmic zone is a layer of peat containing no
oxygen (Ivanov 1981). Under the ideal condition,
the hydraulic conductivity of acrotelmic peat is much
higher than that of catotelmic peat. Unlike acrotelmic
peat, catotelmic peat remains permanently saturated
because the rate of water movement is almost non-
existent. Acrotelmic peat surface will decrease
significantly its capacity of storing water when there
is an activity in the construction of drainage
channels, and this is due to peat degradation as a
result of oxidation and compression accompanied
by the occurrence of subsidence.

High water-holding capacity is one of the nature
and importances of the peat. The maximum ability
of peat to store water is very large ranging from
200 to 1000% on the weight basis or 50 to 90% on
the volume basis (Andriesse 1988). Highwater-
holding capacity of peat can be interpreted
gravimetrically by the water content. High water
content occurs because the structure of peat is
coarse (fibrous), very loose and porous so that it
can hold large amounts of water.  In addition, peat
has low bulk density and bearing capacity as a result
of high buoyancy capacity and pore volume.

High water content value is influenced by the
high groundwater level, origin of peat-forming
materials and degree of peat decomposition. In
acrotelmic zone, fibric peat can store more water
than Hemik and Saprik peats, but in catotelmic zone,
its ability varies according to the distance to the
ground water level. At the location of this research,
the dominant maturity levels are hemik saprik
marked with by the average bulk density (BD)
ranging from 0.11 to 0.18 g cm-3, average water

content ranging from 510 to 886%, and average
organic C ranging from 37.9 to 54.8%. The
decomposition rate affects peat porosity, and the
porosity is controlled by layout of particle size or
peat fibers. Figure 3 shows the variations of BD,
water content and C-organic and soil samples at
one observation point. Bulk density increased with
the increasing depth of soil while the water content
and C-Organic decreased with the increasing soil
depth (Figure 3a). The reduced capacity of the peat
land to store water was due to its peat particle size
which became finer and more solid (Figure 3b). This
could be due to the presence of mineral matter mixed
in the peat so that the water content was lower and
the measured value of BD was higher ranging from
0.16 to 0.28 g cm-3 followed by a decline in the value
of the C-Organic or an increase in ash content. The
high ash content was caused by the enrichment of
minerals over flowing the river due to the tides and
accumulated in the peat layer. According to
Chaudhari et al. (2013) BD was strongly influenced
by the intensity of compaction, origin of peat-forming
material, degree of decomposition and presence of
mineral materials at the time of sampling.

In catotelmic peat, it can be seen that there
was a great increase in the ash content with the
increase of BD while in acrotelmic peat, the increase
of BD was not always followed by the increase of
ash content (Figure 4). This further clarified the
presence of mineral matter in peat layer, especially
at a depth of 150 – 300 cm as indicated by the values
of ash content ranging from 16.55 to 36.43% and
BD ranging from 0.147 to 0.216 g cm-3. The
presence of mineral materials can also be seen at a
depth of 109 - 150 cm, although the amount was not
as much as in the layer under neath because there
area lot of peat materials with BD ranging from

Figure 2. Limit zones of acrotelmic and catotelmic peats based on groundwater level measured in 2013.
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0.070 to 0163 g cm-3 and ash content ranging from
2.26 to15.74%. Unlike the catotelmic peat,
acrotelmic peat contained lower amounts of ash
content ranging from 1.12 to 5.83% with BD ranging
from 0.068 to 0.155 g cm-3. Variations in the values
of BD were caused by differences in the degree of
maturity (hemic and Sapric) and by the consolidation
which could increase BD characterized by the peat
particle size which was finer and solid. In this zone,
all layers were peat materials due to the presence
of plant fiber, especially at a depth of 0 – 50 cm.
The BD value was influenced by the moisture
content. The decrease in BD would increase the
peat water content (Figure 5). Acrotelmic peat at
the depth of 0 - 50 cm has a lower water content
than that at the depth of 50-109 centimeters. This
was caused by the consolidation effect which could
lead to a reduction in the buoyancy of the peat
surface, thus resulting in lower water-holding

capacity. In contrast, at a depth of 50 - 100 cm, the
moist condition of peat increased water content.
Different conditions occured in catotelmic peat with
a depth of 150-300 cm in which high BD had a lower
water content than that on the beneath layer that
was from 507.55 to 714.77%. This was due to the
presence of mineral matter in peat that had lower
water holding capacity. The water content in
agrotelmik peat was varied in narrow ranges of BD
values while in catotelmic peat, the water content
had wide ranges of BD values i.e.from 0.070 to
0.216 g cm-3.

Bulk density and percentage of carbon/ash
content are the parameters that greatly influence
the amount of carbon stocks in peat (Hooijer et al.
2006). The research results showed that carbon
stocks in acrotemic peat was of 658.68 ± 22.99 Mg
C ha-1 (Figure 6) or each 1cm depth of acrotelmic
peat, the carbon stocks reached 6.59 Mg C ha-1.

Figure 3. (a) Variation of bulk density, water content and C-Organic in acrotelmic and catotelmic peats,
(b) soil samples at one observation point (in order from the top to the bottom: 50 cm, 100 cm,
150 cm, 200 cm, 250 cm, 300 cm.

Figure 4.  Distribution of value of ash content in some bulk density values.
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Based on the results of a number of studies, they
showed that there was a positive correlation
between the depth of the peat and the amount of
carbon stocks so that carbon stocks can be predicted
by using peat depth data. Nurzakiah et al. (2013)
reported that in Tegal Arum Village, South
Kalimantan peats dominated by fibric maturity

degree with the depth of 36 - 338 cm had carbon
stocks varying from161.8 to 1142.2 Mg C ha-1 so
that the shallow peats in the area had carbon stocks
of 3.45 Mg C ha-1 cm-1. This figure was lower than
the figure mentioned by Page et al. (2002) i.e.
approximately 6.00 Mg C ha-1 cm-1 and the same
amount was obtained in this research in which the

Figure 5. Distribution of water content in several bulk density values.

Figure 6. Flux CO
2,

fluctuations in groundwater level and rainfall based on the results of measurements for
one year (2013).
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maturity degree of the peats were dominated by
hemic and Sapric. Different maturity degree of peat
will result in different amounts of carbon stocks.
The differences in the amounts of carbon stocks
will affect the potential of carbon emissions.

Table 1 also shows that the peat zones of
acrotelmic and catotelmic   affected the values of
the observation parameters. The soil pH of
acrotelmic peat was lower than that of catotelmic
peat. This relates to the origin of peat-forming
materials dominated by woody plants (lignin). In the
acrotelmic condition, lignin degradation will produce
a compound with the C-carboxylate bond. The
carboxylate group plays a role in the process of soil
acidification. The higher the content of this group,
the lower the pH of the soil. The proton (H+ion)
released by the root system as a result of active
absorption of cation nutrients by plant roots
contributes to the soil acidification process (Poss et
al. 1995). The capacity of peat to store water and
high or low bulk density are influenced by the
maturity degree of peat and the presence or absence
of inorganic materials deposited on the layer of peat
soil and groundwater level fluctuation. These
conditions will affect the level of carbon emissions
in peatlands. The emission of greenhouse gases is
strongly related to the decomposition rate (Lafleur
et al. 2005; Laiho 2006; Kuzyakov 2006).

The acrotelmic zone will primarily emit carbon
dioxide (CO

2
) generated through aerobic

decomposition process while catotelmic zone will
emit methane (CH

4
) through the an aerobic

decomposition process. However, the formation of
methane gas is not only resulted from the anaerobic
condition but should also be supported by the value
of the redox potential (Eh) < -200 mV (Mer and
Roger  2001). This Eh value is difficult to obtain in
the Indonesian peats with deficient nutrients (despite
their rich organic matters).   Low nutrient availability
may reduce the rate of respiration. Nutrient
distribution between labile and non-labile fractions
is very important because both can regulate the
availability of nutrients to the decomposing

organisms (Chimner and Ewel 2005). Due to nutrient
lacks in peats, it is difficult to reduce the value of
potential redox so that the release of carbon in the
form of CO

2
 is greater than that in the form of CH4.

During the observation period, CH
4
was not detected

by the micro GC type CP 4900 so that emissions
measured were obtained only from CO

2
.  Therefore,

the prediction of the carbon emission potential is
only performed on acrotelmic peat.  From the results
of the CO

2
flux measurements, it can be seen that

the average value of emissions was 26.5 Mg ha-1

yr-1. Figure 6 shows the CO
2
flux and groundwater

level fluctuations and regressions of the two
parameters as well as rainfall fluctuations during
the research period.

CO
2

flux is higher in the dry season and
different in the rainy season. The water content in
the dry season is less than that in the wet season,
and this can increase the depth of the acrotelmic
peat zone. With the increase of acrotelmic zone,
decomposition process occurs so rapidly that more
CO

2
 is produced. This condition usually lead to

greater CO2 emissions in most peatlands (Elberling
et al. 2011).  In addition, higher soil water content
will inhibit the diffusion of CO

2
 and microbial

activities. Hirano et al. (2007) reported that the
results of measurements of the CO

2
 emissions from

tropical peat vary greatly depending on time and
place, when the land begins its conversion (degree
of humification), variations of locations (differences
in micro climates such as soil temperature and air
temperature), nutrient status and time variations in
the measurements (change of season) so that
seasons greatly affect the results of measurements
of CO

2
 emissions in a region. From the regression

results of CO
2
 flux and groundwater level

fluctuation, the potential emissions generated per
1cm decrease in groundwater level can be predicted
with the assumptions that CO

2
 emissions only occur

from the layer of 0 – 109 cm,   not from the deeper
layer, that all CO

2
 emissions measured come from

heterotrophic respiration, and CH
4

emissions are
ignored/insignificant. Thus, for the CO

2
 flux between

Table 1.  Soil properties at the study site.

Parameters Acrotelmic Peat (0-109 cm) Catotelmic Peat (109-300 cm)
pH 3.48 ± 0.023 3.81 ± 0.031
Water content (% weight) 679.04 ± 20.886 698.14 ± 15.624
Ash content (% weight) 5.17 ± 0.796 22.90 ± 1.153
Fiber content (% vol) 22.24 ± 0.472 24.89 ± 0.658
Organic C (% weight) 54.51 ± 0.458 44.32 ± 0.663
Bulk density (g cm-3) 0.12 ± 0.004 0.15 ± 0.004
Carbon stock (Mg ha-1) 658.68 ± 22.999 1335.68 ± 30.670

1
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11.87 to 36.75 Mg ha-1 yr-1 and groundwater level
between -49.6 to -109 cm, CO

2
 emissions occured

at 0.37 Mg ha-1 yr-1 of each 1 cm decrease in
groundwater level.

The lost carbon from peatlands does not only
from CO

2
 emissions but also from DOC (dissolved

organic carbon) (Aitkenhead and McDowell 2000)
whose amount is greater than the amount of the
actual CO

2
 emissions. In some cases, the DOC flux

may also contribute to the energy balance in the
river and the transfer of nutrients from the terrestrial
to aquatic ecosystems. Dissolved organic carbon
(DOC) contained in the river water mainly comes
from soil carbon so that when the level of carbon in
the soil is high, it will release DOC into the river in
large amounts.

CONCLUSIONS

The amounts of carbon stocks influenced the
potential carbon emissions. The potential of carbon
emissions was closely related to acrotelmic peat
layer. Carbon stocks in acrotemic peat was in the
range of 635 - 681 Mg C ha-1. In every 1 cm
decreased in groundwater level from -49.6 to -109
cm, CO

2
 emissions increased by 0.37 Mg ha-1yr-1.

The accuracy of prediction on the potential for
carbon emissions with a reference to groundwater
level is greatly determined by the intensity of the
observations of groundwater level and
measurements of CO

2
and CH

4
fluxes so that

intensive and more observation points are required.
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