www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Peatland groundwater level

in the Indonesian maritime
continent as an alert for El Nino
and moderate positive Indian
Ocean dipole events

Albertus Sulaiman?, Mitsuru Osaki?, Hidenori Takahashi3, Manabu D. Yamanaka*,
Raden Dwi Susanto®®*, Sawahiko Shimada’, Keiji Kimura®, Takashi Hirano?,
Rahmawati Ihsani Wetadewi®, Silsigia Sisva'?, Tsuyoshi Kato?, Osamu Kozan??,
Hideyuki Kubo®3, Awaluddin Awaluddin® & Nobuyuki Tsuji*

In general, it is known that extreme climatic conditions such as El Nifio and positive Indian Ocean
Dipole (I0OD+) cause prolonged drought in Indonesia’s tropical peatlands so that groundwater levels
(GWL) drop and peat is prone to fire. However, 27 years of GWL measurements in Central Kalimantan
peat forests show the opposite condition, where the lowest GWL occurs several weeks before El Nifio
and after IOD+reaches its peaks. We show that the dropped sea surface temperature anomaly induced
by anomalously easterly winds along the southern Java-Sumatra occurs several weeks before the
GWL drop to the lowest value. Local rainfall decreased, and GWL dropped sharply by 1.0 to 1.5 m,
during the super El Nifio events in 1997/98 and 2015, as well as remarkable events of IOD+in 2019.

It is suggested that the tropical peatland ecohydrological system (represented by the GWL), El Nifio
Southern Oscillation (ENSO), and IOD+ are teleconnected. Hence, monitoring GWL variability of
peatland over the IMC is a possibility an alert for extreme climate events associated with El Nifio and/
or moderate |OD+.

The Indonesian Maritime Continent (IMC), many large and small islands surrounded by the world’s warmest
seawater, plays an essential role in the global climate. With its complex geography and narrow passages, IMC
provides the only pathway for low-latitude Pacific Ocean water to flow into the Indian Ocean. Transport and
water-mass transformation associated with the Indonesian Through Flow (ITF) directly impacts heat and fresh-
water budgets of the Pacific and Indian Oceans and may have feedback on Asian-Australian monsoons, El Nifio
Southern Oscillation (ENSO), and Indian Ocean Dipole (I0D) (Fig. 1'-%). The active convection over the IMC
drives the Walker circulation, and hence sea surface temperature anomaly (SSTA) in this region impacts global
weather and climate® ">, Consequently, the land/islands of Indonesia that straddle along the equatorial band
and air-sea interactions over the IMC have a direct link to global ocean circulation and climate via atmospheric
and oceanic teleconnections. Intensive solar radiation and abundant water cause IMC to play an essential role
in global equatorial circulation. Within the Earth’s climate system and the water cycle, latent heat is inputted
from the ground to the atmosphere through the cloud-precipitation process, connecting the land to the oceans
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Figure 1. Map of the Indonesian Maritime Continent (IMC) and peatland distribution in Indonesia generated
using QGIS 3.26.1(https://www.qgis.org/en/site/forusers/download.html). The map is overlaid with three (A,
B, C) annual rainfall patterns with the amount of mean annual rainfall' (with modified legend and written
permission from the publisher, John Wiley and Sons) and the Indonesian Throughflow (ITF) pathways (red,
blue and green arrows)?. The red star in south Kalimantan denotes the location of GWL station.

through the atmosphere'. In the equatorial region with the meridional rainfall peak of approximately 2000 mm/
year"?, the IMC produces most active convective clouds and rainfall on Earth (approximately 2700 mm/year)'®!
followed by Central America. Since the most dominant mechanism of convective cloud generation is the diurnal
cycle induced by land-sea temperature contrast, any local land modification, as well as SSTA due to El Nifio'®",
changes rainfall of the IMC’s tropical peatlands with large water reservoirs, and finally changes the global cir-
culation and climate'*'.

The three largest islands of the IMC (Borneo/Kalimantan, Papua, and Sumatra) have peatlands (Fig. 1), an
important ecosystem in the world climate. Figure 1 also shows three annual rainfall patterns with the IMC!
and the ITF pathways?. Peatlands currently cover 3% of the global land surface and have an essential impact on
global climate change through carbon sources in this century?*->. Land-use change in the last decade has played
a significant role in triggering high greenhouse gas (GHG) emissions. It was estimated that by 2100 there would
be an additional 249 +38 Pg (1 Pg=10" g) emissions due to changes in peatlands®?. On the other hand, the low-
ering of groundwater level (GWL) driven by a warming climate and anthropogenic forces increase greenhouse
gases by 0.86 (0.36-1.36) Pg CO,-equivalent year™' at the end of the twenty-first century?**. However, the role
of tropical peat on the global carbon cycle and its possible linkage to climate is still not fully understood due to
limited measurements.

Climate extremes such as El Nifio and positive Indian Ocean Dipole (IOD+) significantly impact the tropi-
cal peat forest ecosystem in IMC'”""%, especially on the IMC’s tropical peatlands because their ecosystems have
large water reservoirs®’. The connection between the IMC and the global circulation means that this circulation
impacts the peatland in the IMC. When El Nifio occurs, most peatlands experience severe drought, decreasing the
GWL*, Lowering the GWL leads to a linear increase in soil respiration, especially in drained tropical peatlands,
and increased CO, emissions?®?’. It was observed that CO, emissions increased by 79 to 238 gC m™ per 0.1 m
decrease in the GWL?-%, Based on statistical modeling, it has been shown that the fire strength will increase by
considering hydrological conditions, especially during strong El Nifio events®. Hot spot and precipitation data
with a space-borne Moderate Resolution Imaging Spectroradiometer (MODIS for ten years (2002-2011) shows
that peat fires occur in El Nifo conditions and reach their peak in the driest conditions (September/ October in
those years) in Kalimantan®. While in Central Kalimantan, data on precipitation, hotspots, and GWL (obtained
from the model) for the period 1997-2007 show that most hotspots occur when the GWL drops by more than
0.4 m. The data also indicates that precipitation reaches a minimum of about 2 months before GWL reaches its
lowest condition®. Recently, Deshmunk et al. (2021) measured carbon dioxide and methane emissions between
2017 to 2020 and showed an increase in emissions from peatlands due to extreme drought caused by the posi-
tive IOD phase in conjunction with El Nifio?®. Those previous studies on the IMC peatland were carried out in
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Figure 2. (a) Time series of the groundwater level (GWL) and rainfall in Central Kalimantan. (b) Nino3.4 and
Dipole Mode (DMI) indices. The shaded area above and below the 0.5 values for Nino3.4 (blue & magenta),
and DMI (cyan and gray). Brown arrows (EI Nifo events in 1994, 1997, 2002, 2006, 2009); Red arrows

(Super El Nifio events in 1997 & 2015). Blue arrows (IOD+ events in 1994, 1997, 2006, 2019); (c) the sea
surface temperature anomaly (SSTA) along the southern coast of Sumatra-Java. Super El Nifio, when Nino3.4
above +2.5, occurred in 1997 and 2015.

a limited period, such as the drought, fires, and carbon emissions from peat decomposition caused by a specific
climate?6-283031.33:34 However, if the temperature and moisture of local land are modified irreversibly by the
peatland fire, the cloud generation over IMC, and finally, the global climate should also be modified irreversibly.

In this paper, we compare our long-term measurements of GWL and rainfall in the natural tropical peatlands
in Kalimantan with SSTA and winds associated with extreme climate events such as El Nifio and positive IOD.
Peatland modification indeed triggers irreversible climate changes. We hypothesize that tropical peatland eco-
systems (represented by the GWL) and ENSO are teleconnected, although the corresponding teleconnection
mechanisms are still not fully resolved. This paper is the first report to show evidence of GWL decreasing before
the El Nifio and moderate IOD+. We believe this should be confirmed and explained by more observations and
theories. In this paper, we describe that this is possible, based on many recent studies showing that local hydro-
meteorological processes govern the convective activity on the land of IMC and affect essentially broader climates
concerned with ocean-atmosphere interaction, including ENSO and IOD+.

Methods

To answer the hypothesis described in the previous section, we installed a special station to carry out long-term
monitoring of GWL and rainfall in the peatland of Indonesia. We compared those data with regional weather/
climate (monsoon, ENSO, and I0OD), SSTA, ITF, and wind-induced upwelling variability, which should influ-
ence the GWL variability.

The special station of GWL and rainfall data are located at the peatland of Taman Nasional Sebangau (Seban-
gau National Park) near Palangkaraya, Central Kalimantan Province (2.321002°S, 113.901161°E) (Fig. 2). The
daily GWL was measured by a pressure sensor from September 1, 1993, until December 12, 2019%. The site
vegetation cover includes evergreen overstory trees, shrubs, and young trees. The site is a tropical ombrotrophic
bog peatland composed mainly of roots and remains of trees, and the average peat depth is greater than 4 m.
Precipitation is the primary source of water in the peatland. The large trees (>2 m diameter) in the national park
were logged during the early 1990s, and shallow trenches were prepared to carry the logged trees. The area was
protected after the late 1990s, and the shallow ditches were quickly buried naturally.

The ENSO phase time series is based on the Niflo3.4 index, an average SSTA over the central/eastern equato-
rial Pacific (5° S-5° N, 170-120° W), and available from NOAA (https://www.cpc.ncep.noaa.gov/data/indices/).
The strength of ENSO is divided into four: normal, weak, strong, and extreme when Nil03.4 is less than + 0.5 °C,
between + [0.5-1] °C,+[1.0-1.5] °C, larger than + 1.5 °C (https://ggweather.com/enso/oni.htm). Super El Nifio
is defined when Nifi03.4 above 2.5 °C, occurred in 1972, 1982, 1997, and 2015*. The Dipole Mode Index (DMI)
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is the mean SSTA difference between the western (10° S-10° N, and 50-70° E) and eastern (10-0° S, 90-110° E)
Indian Ocean®, available at https://stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php. Most of the time (though
not always), El Nifo events coincide with positive IOD, while La Nina events coincide with negative IOD. The
impacts of ENSO on precipitation vary over the IMC region'*. El Nifio/IOD + causes much less rainfall and
increases the likelihood of forest fire over the IMC. On the other hand, the La Nifia/IOD"~ causes much more
rain and raises the possibility of flooding and overflow on the GWL measurements. Hence, we concentrate on
the El Nifio/IOD+ events in the following sections.

Moreover, we also calculate SSTA south of Java-Sumatra, where seasonal monsoon winds-induced upwelling
occurs (Fig. 2; i.e.***). During the southeast monsoon (boreal summer), easterly wind- induced upwelling.
Meanwhile, during the boreal winter, winds-induced downwelling. IOD and ENSO modulate this upwelling.
Anomalously stronger early wind during IOD positive and El Nifio enhance the upwelling strength and expand
the upwelling up to western Sumatra (Fig. 2°¢). To quantify the wind- induced upwelling (Fig. 3), we calculated
the variability of Ekman dynamics which consist of Ekman Mass Transport (EMT) and Ekman Pumping Veloc-
ity (EPV) based on wind stress and wind curl along the southern coast of Java, respectively***. Climatological
means of EMT and EPV were removed to obtain their anomalies.

Results

The average GWL for nearly three decades is —-0.12 m (see Fig. 2). The rainfall and GWL decrease in the dry
season (typically June-October) in Central Kalimantan but abruptly reduced in 1997, 2002, 2006, 2009, 2015,
and 2019 and moderately in 1994, 2003, 2004, 2005, and 2018. When the GWL decreased either abruptly or
moderately (larger than -0.7 m), during El Nifio and/or moderate IOD+ events. The average GWL minima
before 2010 (-0.9 to —1.0 m) and deepen after 2015 (-1.3to -1.4 m). An extreme decrease in rainfall always
precedes every severe GWL decrease, but the differences between before 2010 and after 2015 are unclear. Thus,
the GWL deepening is more significant than the rainfall decrease. As hypothesized in the Introduction, the first
trigger of IMC dryness is prolonged anomalous easterly winds that induce upwelling and colder SSTA along
the southern Java-Sumatra coastline, as shown in the lower panel of Fig. 2. The local diurnal cycle (mainly land
breeze/mountain wind in the evening, which is also easterly along the western coasts of each major island) may
contribute to the intensification of the sea-surface wind and, thus, the ocean upwelling. During moderate or
extreme IOD+ events (1994; 1997; 2006; 2019) cooler SST appeared from the south of Java to the west of Suma-
tra. When the GWL decreased sharply, the IMC area’s atmosphere was dry, and the SSTA (especially south of
Java) generally cooled before the GWL. The GWL dropped significantly after super El Nifio 2015*° and during
extreme IOD+ event in 2019.

The correlations between GWL and the climate parameters [Ekman Mass Transport (EMT), Ekman Pumping
Velocity (EPV), SST, rainfall anomaly, Nifio 3.4, and DMI] are depicted in Fig. 3a. The correlation between the
GWL and Nino3.4 is 0.89, in which the GWL leads Nino3.4 by 3 weeks. Meanwhile the GWL dropped almost
at the same time as the DMI. The correlation between the GWL and SST is 0.91, in which SST the same time
with GWL dropped. The correlation between the GWL and rainfall is 0.58. Meanwhile the correlation between
the GWL and winds (represented by EMT and EPV) is 0.88 and 0.87, with winds lead the GWL by 7 weeks. All
correlations values are above the 99% confidence level. The seasonal reversal of monsoon winds is significantly
observed over the IMC, i.e., the north-westerlies during December-February and the strong south-easterly
during June-August and prolonged to October during the El Nifio and IOD+!****!. The maximum values of
negative wind stress curl or upward EPV are observed during June-October, which leads to enhanced upwelling
and cooling of the SST (negative SSTA). These results support our hypothesis that tropical peatland ecosystems
(represented by the GWL) and ENSO are teleconnected. Therefore, monitoring GWL is essential for understand-
ing the onset of ENSO and IOD.

Detailed relations between GWL and EMT Anomaly (EMTA), EPV Anomaly (EPVA), SST Anomaly (SSTA),
rainfall, Nifo 3.4, and DMI, during El Nino and/or moderate IOD+ events are presented in Fig. 3b-h. In the
event of El Nino 1994 (see Fig. 3a,b), EMTA reached its maximum in May, followed by a decrease in SST in
August. EPVA did not show significant variation. GWL reaches its lowest depth (-75 cm calculated from the
peat surface) in November, while El Nifio peaks in mid-December and DMI in October. This year the dry season
occurs from July to November. In the 1997 El Nifio event (see Fig. 3b,c), the EMTA peaked in March, while the
minimum SSTA occurred in mid-July. GWL reached its lowest condition (-1 m) in mid-November, while the
peak of El Nifio occurred in mid-December.

On the other hand, DMI peaked in October, and EPVA did not show significant variation. This year the dry
season occurs from mid-May to mid-November. In the 2002 El Nifio event (see Fig. 3¢,d), GWL fell significantly
-1.2 m in November, and EI Nifio peaked in mid-November. The decline in SSTA in October while EMTA and
DMI did not show a significant pattern unless EPVA peaked around March of the following year. This year the
dry season occurs from July to early November. During the 2006 El Nifo event (Fig. 3d,e), EMTA peaked in April,
SSTA dropped to its lowest in September, while GWL reached its minimum (-0.8 m) in late November. El Nifio
peaks in early December with a maximum DMI in October with an amplitude greater than Nino34. This year the
dry season occurs from July to mid-November. The 2009 El Nifio event (Fig. 3e,f) showed no significant varia-
tion in DMI, EMT, SST, and EPV anomalies. Still, the minimum GWL drop (-1 m) occurred in early October,
with Nino34 reaching its peak in late December. This year the dry season occurs from July to October. In the
2015 El Nifo event (Fig. 3f,g), EMTA and EPVA peaked in March, followed by a decline in SST in September.
GWL reached its lowest condition (~1.35 m) at the end of October, whereas Nino34 reached its maximum at the
end of November. There is no significant variation in DMI, and the dry season occurs from May to November.
The event in 2019 (Fig. 3g,h) was not an El Nifio year, but the DMI was relatively high at more than 2 °C, and
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Figure 3. (a) Correlation between GWL and EMT, EPV, SST, Rainfall, DMI and Nino34, during El Nifio

and IOD events. (b) Time series of GWL (black line), rainfall (green bar), Nino34 (red), DMI (purple), SST
(magenta), Ekman mean transport (EMT) (blue), and Ekman pumping velocity (EPV) (cyan) anomalies for
1994 weak El Nifio but strong Indian Ocean dipole positive (IOD+) event. (¢) Similar to (b) but for the 1997
Super El Nifo event. (d) Similar to (b) but for the 2002 El Nifio event. (e) Similar to (b) but for the 2006 El Nifio
and IOD+ event. (f) Similar to (b) but for the 2009 EI Nifo event. (g) Similar to (b) but for the Super 2015 El
Nifo event. (h) Similar to (b) but for the 2019 IOD+ event.
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peaked in early November when GWL fell to its lowest condition (-1.25 m) at the end of December. This year
the peak of EMT occurred in July, and SST fell in September. This year dry season occurs from July to October.

In general, GWL will drop several weeks before Nino34 reaches its maximum in El Nifio events. The above
conditions enormously occur during super El Nifio, namely Nino34 is greater than or equal to 2.5°C*. The
EMTA parameter also rose several months earlier, and the SSTA in southern Java fell several months before the
GWL reached its minimum. The SSTA pattern follows the GWL pattern with little variability from all events,
less than 1 °C, while DMI and Nifi03.4 were the opposite. In the 1997 El Nifio event, the DMI peak rose four
weeks before GWL dropped to the lowest depth of -0.95 m, while a peak of Nifio3.4 occurred three weeks later.
In the 2002 El Nifio event, the DMI peak occurred almost simultaneously with the lowest GWL of -1.16 m, and
the Nifo3.4 peak occurred four weeks after the lowest GWL. In the 2006 El Nifo event, the DMI peaked three
weeks before the lowest GWL reached —0.9 m depth, and two weeks later, Nifi03.4 peaked. Different conditions
occurred in El Nifio in 2009, where DMI peaked four weeks after GWL reached its lowest depth of -0.98 m.
Meanwhile, the peak of Nifi03.4 occurred more than two months from the lowest GWL. However, during the
2015 super El Nifo, the DMI peak reappeared four weeks before the lowest GWL with a depth of —1.32 m, and
the peak of Nifio3.4 appeared five weeks later. An interesting thing happened in 2019 when the GWL reached
a depth of -1.24 m which was not an El Nifio year, but the DMI had a high amplitude of 2.2 °C (extreme IOD),
which occurred three weeks before the lowest GWL. If GWL changes before a climate event, we should consider
that the peatland modification indeed triggers irreversible climate change.

Discussion

Using in-situ measurement data over 27 years, we find that the GWL falls before El Nifio reaches its peak. Studies
of the interconnection of peat with global warming have begun to be carried out by many researchers because
peatlands store a third of terrestrial organic carbon. Rafat et al. (2021)* show that peatland carbon loss has a
positive climate feedback loop based on 13 years of continuous eddy covariance flux measurements from Mer
Blue Bog, Canada. Using a radiative forcing model and areal data from the Global Peatlands Database shows that
forcing CH, emission due to rewetting activities does not damage climate change. On the other hand, delaying
wetting will increase the long-term global warming effect through sustainable CO, emissions®*.

In this paper, we use time series data to explain the teleconnection mechanism. The emergence of EMT
during the southeast monsoon causes a mass of cold water to the surface so that SST will be cold, which causes
reduced evaporation®. The reduced water vapor will cause the central part of Indonesia (including Kalimantan)
to experience a decrease in rainfall which causes GWL to drop. On the other hand, the presence of EPV, with
the combination of La Nifia and the IOD negative events, tends to attenuate coastal EMT and EPV, but EMT
and EPV tend to be strong during El Nifio and positive IOD. In addition to CO, emissions, the role of peatlands
in the world’s climate is through climate parameters such as evapotranspiration. A study using the observation
of 95 eddy covariance towers showed that peatlands’ evapotranspiration (ET) increased more than the ET of
forests with increasing vapor pressure deficit (VPD). At high VPD over 2 kPa, the ET of peatlands exceeds the
ET of the forest by up to 30%. Therefore, the peatland ET should be included in Earth system models to avoid
biases in water cycle projections®. In this paper, we propose the teleconnection between tropical peatland and
El Nifio, of which the key processes are as follows:

(a) The study area is strongly influenced by the monsoon system, where the wind changes twice a year, namely,
easterly wind (June-July-August (JJA)) and westerly wind (November-December-January). Anomalous
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Figure 4. Diagram of the interconnections among energy, the water cycle, and SSTA over the IMC, Pacific
Ocean, and the Indian Ocean along the equator during ENSO and IOD events. GWL is groundwater level, and
LSL is land-surface level. The GWL dropped a few weeks before the El Nino event.

easterly winds become prolonged and intensify during the austral winter (JJA, or boreal summer) until
November or December.

(b) Anomalous easterly winds carry drier (low-humidity) air induced upwelling along the southern coast
of Java and extent to west Sumatra and cool the SST region. Hence, it enhances positive feedback of SST
(cooler SST causes low humidity)*¢, low rainfall, and a drastic decrease in the GWL. Therefore, negative
SST anomalies occur primarily before the GWL troughs.

(¢) Atmospheric convection moves eastward toward the middle-eastern tropical Pacific, and westerly wind
bursts intensify. Simultaneously, oceanic Kelvin waves generated in the western Pacific propagate and carry
warm water from the western Pacific warm pool eastward.

Consequently, the dry IMC area, including where the GWL decreased in the studied peatland, would affect
El Nifio with a time delay of a few weeks, and the IOD peak occurs a few weeks before the lowest GWL. A model
of the IMC interconnections with El Niflo and IOD events is proposed (Fig. 4). In the case of Normal and La
Nina events, evaporations over the IMC from the sea are high, and this moisture is transported to the coastal
zone and near-coastal inland region where heavy precipitation occurs. As a result of the subsequent high plant
growth, high evapotranspiration rates occur, causing water to circulate in the coastal zone and inland. Such an
extensive water reservoir, vigorous plant growth, and restricted litter decomposition cause tropical peatlands
to form large carbon reservoirs. IMC has a unique role both locally and internationally global weather climate
system. Inaccuracies in future weather and climate predictions are due to our lack of understanding of the critical
processes that govern this role, so this happens to bias and systematic error in constructing a numerical model
for the region*>**. Research shows a strong indication that extreme ENSO events may become more frequent in
the future when external forcing increases (greenhouse gases, aerosols, solar variability)**=*.

Finally, we propose a hypothesis that GWL in tropical peat may be used as a parameter to determine the
tipping point of anthropogenic effects on climate change in the IMC (see Fig. 5). The modification of peatland
changes the local hydro-meteorological processes (as immediately indicated by GWL, and followed by modi-
fied diurnal-cycle sea-land breeze circulation'*'”), which changes the total convective activity on land of IMC.
When peat forests exist with high GWL, evaporation is intensive so that many convection clouds are formed,
strengthening the tropical updraft, which will be involved in global circulation. The condition is the opposite if
GWL decreases where the intensity of evaporation decreases, resulting in a weakening of the tropical updraft,
which will impact global circulation. By studying this behavior intensively, we can finally determine a tipping
point of the planetary boundary proposed by Steffen et al.*.
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Figure 5. Diagram of the mechanisms of the IMC peatland—global climate link through the sea—air-land
interactions. This response to two re-acknowledged processes between IMC convection—global atmospheric
circulation and between IMC land water—tropical ocean, in addition to the well-studied process between
tropical ocean—global atmosphere (TOGA). (a) Condition for the present climate with the IMC peatland forest
and wetness (high GWL), convection and rainfall are generated by the land-sea temperature contrast (with
diurnal cycle) and sufficiently wetland surface (high humidity in the lower atmosphere) in the IMC. The sea-
surface temperature varying with ENSO and IOD makes flood (no-fire) and drought (peat and fire) well known.
(b) Condition if the peatland is more and more degraded, the dry land suppresses convection in the IMC. Such
suppression of the IMC convection appears in the El Nifio (including Modoki) or IOD+ phases naturally at
present, but the peat land degradation by human activities causes it perpetually, which makes the global climate
(predicted as hothouse) beyond the tipping point.

Data availability

The sea surface temperature (SST) data is publicly available from NASA-PODAAC drive https://podaac.jpl.
nasa.gov/dataaccess. The wind data is publicly available from the Copernicus Marine Service, https://resources.
marine.copernicus.eu/products. The Nino index is publicly available from the NOAA Climate Prediction Center
(https://www.cpc.ncep.noaa.gov/data/indices/), while the Dipole Mode Index is publicly available from https://
stateoftheocean.osmc.noaa.gov/sur/ind/dmi.php. The monthly in situ groundwater level and rainfall data sets will
be publicly available two years after the completion of the collaborative “Japan-Indonesia Collaboration Research
of Tropical Peatland” project through the National Research and Innovation Agency (BRIN).
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