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Abstract. Peatlands serve as long-term carbon sinks and
are distributed across subarctic, Arctic, and tropical regions.
However, in tropical and permafrost-dominated coastal ar-
eas, coastal erosion and peat mass movement events (PMMs)
have emerged as major contributors to peatland degradation.
These processes are thought to drive territorial loss and facil-
itate the export of particulate organic carbon (POC) to marine
environments in the form of peaty debris. This study quanti-
fies POC export and assesses the extent of peatland degrada-
tion driven by coastal erosion and PMMs in tropical coastal
peatlands. Between 2017 and 2018, PMMs impacted approx-
imately 0.68 km? of land in the northern part of Bengkalis
Island, Indonesia, with collapse volumes ranging from 491
to 85173 m3. Notably, a PMM event on 27 December 2014
resulted in an elevation loss of approximately 2 m, primar-
ily triggered by flooding associated with the failure of a peat
weir following 192 mm of rainfall over four days. An anal-
ysis of coastline changes from 2018 to 2021 revealed that
erosion rates varied by land cover type. Oil palm plantations
experienced erosion rates of 3.5 m per 30 d, exceeding those
observed in mangrove areas and peat swamp forests. The
highest recorded rate — 24.8 m per 30 d — occurred during pe-
riods of elevated wind speeds and intense wave activity, high-
lighting the role of seasonal climatic drivers in accelerating
peatland degradation. Estimated specific annual POC export
ranged from 6.46 to 24.03ktC yr~! due to coastal erosion
and 5.07-7.02ktC yr~! from PMMs — values approximately

295 to 1089 times greater than typical riverine POC export in
tropical wet regions. These findings reveal a previously un-
derrecognized carbon export pathway from tropical peatland
coasts to the ocean and suggest that coastal peatland degra-
dation may be a significant yet overlooked component of the
marine carbon budget.

1 Introduction

Peatlands are distributed across subarctic, Arctic, and tropi-
cal regions (Fig. Al). Peat, a partially decomposed organic
material, accumulates under waterlogged and anoxic condi-
tions, leading to the formation of extensive peatland ecosys-
tems. Throughout the Holocene, peatlands have played a piv-
otal role in the global carbon cycle by serving as long-term
carbon sinks. Globally, they have stored over 600 GtC at a se-
questration rate exceeding 5 GtC per century (Kleinen et al.,
2010; Yu, 2011). Despite covering only 3 % of the Earth’s
land surface, peatlands store approximately one-third of the
global soil carbon stock. (Rydin and Jeglum, 2006; Page et
al., 2011).

Tropical peatlands, primarily located in Southeast Asia,
are broadly classified into inland and coastal types (Dom-
main et al.,, 2011). Coastal peatlands developed on ma-
rine clays and mangrove sediments following Holocene sea-
level stabilization and are particularly extensive along the
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low-lying coasts of Sumatra and Borneo. In Sumatra, Riau
Province alone contains more than 60 % of the island’s
coastal peatland area (Ritung et al., 2011). Tropical peatlands
are estimated to store 152-288 Gt of carbon, an amount com-
parable to about half of the total carbon emissions from peat-
lands worldwide (Ribeiro et al., 2021). Tropical peatlands
account for approximately 23 %—30 % of the global peatland
area. Of this, the amount of carbon stored in Indonesia’s trop-
ical peatlands is estimated to be 28.1 GtC (13.6-40.5 GtC)
(Warren et al., 2017). This disproportionately high carbon
storage underscores their global importance.

However, these ecosystems are increasingly threatened
by deforestation, drainage, and fire, which are transform-
ing tropical peatlands from persistent carbon sinks into net
sources of greenhouse gas emissions (Hooijer et al., 2010;
Couwenberg et al., 2010). Table B1 summarizes reported val-
ues of carbon export from boreal and tropical peatlands, pro-
viding a comparative overview across climatic zones. Lat-
eral degradations in boreal peatlands, such as gully erosion
and peat failures, are known to cause large-scale peat dis-
charge (Evans and Lindsay, 2010; Boylan et al., 2008). The
POC export flux associated with gully erosion has been re-
ported as 3.09 0.1 x 104 gCkm~2yr~! (Evans and Lind-
say, 2010). In contrast, tropical coastal peatlands experience
substantial peat loss driven by coastal erosion (Yamamoto
et al., 2014). In contrast to fire-related emissions, physical
degradation processes such as coastal erosion and peat mass
movement events (PMMs) have been underrecognized as a
pathway of carbon loss from peatland. Recent research has
confirmed that tropical coastal peatlands are undergoing sub-
stantial degradation and loss due to coastal geomorphologi-
cal processes, such as erosion retreat and peat bog burst. Yet,
this pathway remains unquantified, especially in contrast to
the well-documented fluvial peat erosion processes in boreal
and Arctic peatlands (Nabilah et al., 2024). The lack of long-
term monitoring of coastal processes and the low number
of reported failure events also contribute to this unresolved
situation. For example, on Bengkalis Island, the degradation
of mangrove vegetation has left peat cliffs exposed to direct
tidal and wave forces, leading to toppling failures, rotational
slides, and cantilever collapses (Basir et al., 2024). These
failures may represent a direct and measurable pathway for
the export of particulate organic carbon (POC) to adjacent
marine systems; however, the spatial extent and magnitude
of this process remain poorly understood.

While lateral erosion and mass movements have been well
studied in boreal and Arctic peatlands, distinct mechanisms
are observed in those regions (Lantuit et al., 2011; Lan-
tuit and Pollard, 2008; Yunker et al., 1991; Rachold et al.,
2002; Lehfeldt and Milbradt, 2000; Sterr, 2008; Nicholls and
Cazenave, 2010; Wong et al., 2014; Chambers et al., 2019;
Malpica-Pifieros et al., 2024; Chevallier et al., 2023; Dykes
and Warburton, 2007; Bowes, 1960; Warburton et al., 2004,
Dykes and Jennings, 2011; McCahon et al., 1987; Alexander
et al., 1986; Wilford, 1966). For example, erosion along the
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Bykovsky Peninsula in Siberia is driven by thawing of ice-
rich permafrost and storm surges, with buried Holocene peat
and ice wedges commonly found in the stratigraphy (Lantuit
et al., 2011). Similarly, Arctic coasts in Alaska experience
cryogenic processes influenced by permafrost degradation,
brackish water, and short ice-free seasons.

In the southern Baltic Sea region, another contrasting
model is observed, where Holocene sea-level rise and wave-
induced abrasion have eroded glacially derived peat layers
overlying lacustrine and glacial till sediments (Furmanczyk
and Dudzinska-Nowak, 2009). In the British Isles, raised and
blanket bogs — shallow, ombrotrophic peatlands reliant on
precipitation — frequently exhibit failure modes such as bog
bursts and bog flows (Dykes and Warburton, 2007; Boylan
et al., 2008). For example, coastal landslides on Bengkalis
Island have closely resembled bog bursts reported in boreal
regions (Yamamoto et al., 2019a), and the residual landforms
display crack patterns characteristic of progressive failure —
a mechanism well established in rock mass collapse (Bjer-
rum, 1967). However, the landscape of the failure site differs
fundamentally, occurring in coastal lowlands rather than up-
land terrain typical of boreal peatlands. Documented events —
such as the peat landslide on Bengkalis Island (Yamamoto et
al., 2019a) and the 1966 failure in Malaysia (Wilford, 1966)
— suggest that tropical PMMs may share morphological fea-
tures with boreal failures yet arise under distinctly differ-
ent hydrological and hydraulic regimes. Despite these dif-
ferences, the implications for carbon cycling may be broadly
comparable.

Global POC export from riverine systems is estimated at
110230 MtC yr~! (Galy et al., 2015). Meanwhile, erosion of
organic-rich soils—including peat-has increasingly been rec-
ognized as a major contributor to the marine carbon budget
(Hilton et al., 2015). Particularly in tropical coastal zones, the
direct mobilization of peat-derived POC into adjacent seas
may represent an underrecognized component of land-to-
ocean carbon flux. If ultimately buried in marine sediments,
this exported material could function as a long-term carbon
sink.

This study focuses on Bengkalis Island as a representative
system of tropical coastal peatland degradation. We investi-
gate geomorphic changes associated with coastal erosion and
PMMs, with the goal of quantifying the resulting export of
POC. By situating these findings within a broader biogeo-
graphic and geoclimatic context, this study addresses a crit-
ical gap in our understanding of the role of tropical coastal
peatlands in global carbon cycling. To support this analysis,
we employ a conceptual model (Figs. 1 and 2) that integrates
coastal erosion processes and PMMs.

2 Study area

Bengkalis Island in Riau Province, Indonesia, is a tropi-
cal coastal peatland island that encompasses the Straits of

https://doi.org/10.5194/bg-23-2119-2026



H. Kagawa et al.: Estimation of particulate organic carbon export to the ocean

2121

Figure 1. Example of lateral degradations in tropical coastal peatland. (a) Coastal erosion (Rangsang Island, Indonesia); (b) Peat mass
movement events (Bengkalis Island, Indonesia); (c) Situation where peat is discharged into the ocean due to lateral degradations (Bengkalis

Island, Indonesia).
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Figure 2. Conceptual figure of coastal erosion and PMMSs on the peatland coast. Where the High-Water Level (HWL) is 1.44 m, the Mean
Sea Level (MSL) is Om, and the Low Water Level (LWL) is —1.54 m. (a)—(d) shows the transitional changes in the coastal landform and
a cross-section of the coast. (a) coastline before coastal erosion; (b) coastline after coastal erosion; (c) trace of where PMM occurred; and
(d) peaty debris fan formed by peat overhanging the coastline due to the occurrence of PMMs. When PMMs occur, cracks through the peat
layer, known as surface tears, appear in the hinterland. In this study, the area affected by the landslide was defined as the hinterland from the
peaty debris fan to the head of the source of surface tears. Landslide-affected areas have a thinner vegetation cover.

Malacca and Bengkalis located 1.6°N and 102°E, covering
an area of approximately 900 km? (Fig. 3). Local observa-
tions from 2015 to 2018 recorded annual precipitation rang-
ing from 1381 mm to 2402 mm. With peat accumulation dat-
ing back 5000 to 6000 years, the island is characterised by
its flat topography and is composed primarily of five peat
domes, reaching a maximum elevation between 10 and 15 m
above sea level (Supardi et al., 1993). Since 1988, land use
trends on the island have changed considerably. In 2019, oil
palm plantations had expanded to cover 31.12 % of the is-
land’s total area, accompanied by the construction of water-
ways designed to transport oil palm fruit bunches (Umarhadi
et al., 2022).

Currently, the northwest area of Bengkalis Island is experi-
encing considerable coastal erosion. The coastline gradually
approached the highest area of the peat dome on northwest
Bengkalis Island. Satellite imagery analysis from 22 Decem-
ber 1988 to 18 July 2013, revealed a coastal erosion rate of
approximately 34 myr~—!' (Kagawa et al., 2017). Maps cre-
ated by the US Army Map Service (1955) documented the
presence of mangrove belts on all northern coasts. However,
these mangrove belts cover only a limited area of the north-
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west coast, revealing the erasure of inland peatland forests
facing the sea and the formation of approximately 6 m tall
peat cliffs. Furthermore, the island experienced an average
subsidence rate of 2.646 + 1.839 cmyr—! between 2018 and
2019, with the northwestern part recording significant sub-
sidence rates of up to 17.416cmyr~! due to peat bursts
(Umarhadi et al., 2022).

3 Materials and Methods

The methodology of this study consists of (Fig. 4): (a) To
clarify the actual state of PMMs, we identified the timing of
their occurrence, (b) To clarify the actual state of coastal ero-
sion, we estimated the coastline retreat, (c) estimation of bar-
ren land area using machine classification satellite images,
(d) modification of the digital surface model (DSM) to a dig-
ital terrain model (DTM), (e) estimation of the POC from the
displacement of peat mass caused by PMMs using field sur-
veys and satellite image analyses, and (f) estimation of the
specific annual POC export due to coastal erosion using field
survey and satellite image analysis. And the meanings of the
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Figure 3. Location of the study site (northwest coast of Bengkalis Island). The peat area is delineated referring to Xu et al. (2017). The
northern coast of the island is the area eroded by coastal erosion. The classification of land use is based on field observation. (a) provides a
regional overview of the study area, (b) identifies the locations of the field survey sites, and (¢) shows the sites used for the remote-sensing
analysis. ROI1 indicates the area used for the comparison of NDVI between Landsat 8 and Sentinel-2, ROI2 represents the area used to
examine the relationship between NDVI and vegetation cover, and ROI3 denotes the area used to identify the timing of occurrence using

SAR imagery.

abbreviations appearing in this study are given in Table 1 and
Fig. 5. In this study, multispectral and panchromatic satellite
imagery, aerial photogrammetry, DSM data, cross-sectional
land surveys and soil sampling were used to assess coastal
and peatland degradation. Table 2 lists the images used in
this study. Combining the above steps in Sect. 3.2.1 through
3.2.6 yields the overall workflow depicted in Fig. 4.

3.1 Materials

3.1.1 WorldView satellite data and Google Earth image
To identify areas of coastal erosion and PMMs, Google Earth
images captured on 23 July 2011 and WorldView-3 multi-

spectral data from 2 April 2015, were used. Launched on
13 August 2014, WorldView-3 operated from a circular sun-
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synchronous orbit at an altitude of 617 km. WorldView-3
provides eight bands of multispectral data at resolutions of
1.24 (nadir) and 1.38 m (20° off-nadir), and hence a revisit
frequency of 4.5 d. Both sensors in the WorldView constella-
tion provide high-resolution Earth observation imagery.

3.1.2 Landsat data

In this study, multispectral Landsat series images, includ-
ing Landsat 5 Thematic Mapper (TM) and Landsat 8 Oper-
ational Land Imager (OLI), were used. Landsat 5 TM im-
ages captured on 2 February 2010 were used to delineate
coastal erosion and areas affected by landslides. Addition-
ally, Landsat 5 TM imagery was used to extract bare lands.
Landsat 5 TM was launched in March 1984 and carries a
Multispectral Scanner Subsystem (MSS) and a TM onboard.

https://doi.org/10.5194/bg-23-2119-2026
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Figure 4. Flow chart used in this study for field surveys and satellite image analysis; (a) To clarify the actual state of PMMs, we identified
the timing of their occurrence; (b) To clarify the actual state of coastal erosion, we estimated coastline retreat; (c) an estimation of barren
land area by machine classification satellite imaging; (d) the modification of a digital surface model (DSM) to a digital terrain model (DTM).
Abbreviations used: hpTy — Elevation of DTM; (e) and estimation of POC from displacement of peat mass caused by PMMs. Abbreviations
used: Ay g — Landslide-affected area, 4| — Elevation before landslide, /1, — Elevation after landslide, Vpyv — Peat mass movement volume,
dpmMm — Depth of affected by landslide, m¢(z) — Carbon stocks, Mpyms — Mass of POC due to PMMs, gpoc — specific POC export to
ocean due to PMMs; (f) an estimation of the specific annual POC export due to coastal erosion; Literature values [1] [2] [3] [4] sourced
from Wahyunto et al. (2003); Dariah et al. (2013); Warren et al. (2012) and Rudiyanto et al. (2018). Abbreviations used: hyay — Elevation
of DSM from UAV photogrammetry, Acg — Coastal erosion area, hipty — Elevation of DTM, Vpyvs — Peat mass movements volume, Vg
— Coastal erosion volume, m¢(z) — Carbon stocks, Mcg — Mass of POC due to coastal erosion, Jpoc — Specific annual POC export to ocean

due to coastal erosion.
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Table 1. Glossary and abbreviations.

Abbreviation  Units Term Brief Description
PMM - Peat mass movement The abbreviation for the term “peat mass movement”, which
refers to a phenomenon where the ground suddenly collapses
and causes landslides due to heavy rainfall or other factors.
The areas affected by landslides are characterised by cracks in
the surface and peat layers, known as surface tears, which are
secondary features located at the head of the landslide zone.
VPMM m3 Peat mass movement volume The volume of peats exported to the ocean because of a peat
mass movement (PMM) event. The loss of the peat volume by
a PMM event.
ArLs m? Landslide-affected area An area affected by a PMM event, including regions where
surface tears, a secondary feature of the collapse, are present.
hy m Elevation before landslide The elevation before being affected by a PMM event.
hy m Elevation after landslide The elevation after being affected by a PMM event.
VPMMs m3 Peat mass movements volume The total volume of peats exported to the ocean because of
peat mass movement (PMM) events.
VcE m3 Coastal erosion volume The total volume of peat exported to the ocean because of
coastal erosion.
ACE m? Coastal erosion area The area was lost because of coastal erosion.
h Ground Elevation before lateral ~ The elevation before being affected by lateral degradations.
degradation
hp m Thickness of the clay base layer ~ The thickness of the clay layer, which forms the base layer of
peatland coasts.
dpvMMm m Depth of affected by landslide The average decline of the elevation by a PMM event,
synonymous with Vppyn/Arg in this study.
hDTM m Elevation of DTM The elevation of the ground before coastal erosion and PMMs,
specifically the DTM elevation, which is derived from the
DEMNAS data.
huav m Elevation of DSM from UAV  The elevation of the DSM obtained from UAV
photogrammetry photogrammetry, with tree height removed.
z m Peat layer depth from the sur- The depth of the peat layer from the surface of the ground on
face ground the peatland coasts.
me(z) tm~2 Carbon stocks Carbon stocks as a function of peat depth in peatland coasts.
od tm™3 Dry density of peat Dry density as a function of peat depth in peatland coasts.
oc — Organic carbon content of peat ~ Organic carbon as a function of peat depth in peatland coasts.
Mpyvm tC Mass of POC due to PMM The mass of particulate organic carbon (POC) exported to the
ocean because of a PMM event.
MpmMs tC Mass of POC due to PMMs The mass of particulate organic carbon (POC) is exported to
the ocean because of PMM events.
Mcg tC Mass of POC due to coastal ero-  The mass of particulate organic carbon (POC) is exported to
sion the ocean because of coastal erosion.
1 m Coastline distance Coastline distance in the region of interest for each period.
4POC tCm~! Specific POC export to ocean  The particulate organic carbon (POC) from the displacement of
due to PMMs peat mass caused by PMMs.
JpoC tCm~! yr— Specific annual POC export to  The particulate organic carbon (POC) fluxes to the ocean due
ocean due to coastal erosion to coastal erosion.
VWMM/ALs m Depth of affected by landslide The average decline of the elevation by a PMM event,

synonymous with dpppy in this study.
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Table 2. Remote sensing data used in this study. Satellite imagery data was used in addition to UAV-based orthomosaic and DSM from the

aerial photogrammetry results of the field survey.

Image acquisition  Data source Resolution  Bands used
(dd/mm/yyyy) (m)

22/10/2014 to Sentinel-1 5x20 C-band
30/03/2018

05/01/2018 to

08/01/2022

17/12/2014 UAV-based orthomosaic 0.494 -

10/01/2015 0.1 -

5/3/2016 0.086 -

04/03/2017 0.285 -

29/07/2018 1 -

02/02/2010 Landsat5 30 Red/Green/Blue/NIR/SWIR1
23/07/2011 Google Earth —  Panchromatic
18/09/2013 SPOT-6 6  Red/Green/Blue
02/04/2015 WorldView-3 1.24  Red/Green/Blue
04/03/2017 UAV DSM 0.285 -

29/07/2018 1 -

2013 DEMNAS 8 X-band/L-band

TM has improved the spectral, radiometric, and spatial reso-
lutions relative to MSS. It aims to provide data continuity to
the Landsat Earth observation program, started in the 1970s.
These Landsat series data were downloaded from the USGS
EarthExplorer (https://earthexplorer.usgs.gov/, last access: 8
February 2026), and the cloud cover in the collected images
was 0 %.

3.1.3 Sentinel-1 data

For the identification of the timing of PMM occurrence,
Sentinel-1 data acquired from 22 October 2014 to 30 March
2018 were used. The target site is indicated in Fig. 3¢ (ROI3).
In addition, for the estimation of coastal retreat, Sentinel-1
data collected from 5 January 2018 to 8 January 2022 were
employed. Sentinel-1 is a constellation of two radar imag-
ing satellites that are part of the European Union’s Coper-
nicus Programme. Equipped with C-band synthetic aperture
radar (SAR) sensors, Sentinel-1 can capture high-resolution
images of the Earth’s surface regardless of weather condi-
tions or lighting, making it ideal for continuous monitoring.
In its Interferometric Wide Swath mode, it offers a resolution
of approximately 5 x 20 m. Its data are used for a variety of
applications, including land and ocean monitoring, disaster
management, and environmental observation. Data were ob-
tained from USGS EarthExplorer (https://earthexplorer.usgs.
gov/).

3.14 SPOT-6 data

To elucidate the evolution of PMMs due to coastal erosion,
SPOT-6 data captured on 18 September 2013, were used.
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SPOT-6 provides high-resolution optical images with a res-
olution of 6 m in multispectral bands. SPOT-6 was launched
on 9, September 2012. The satellite is in a nearly circular,
sun-synchronous orbit with a period of 98.97 min at an alti-
tude of approximately 694 km. SPOT-6 acquires 12 bit data
in five spectral bands: blue, green, red, panchromatic, and
near-infrared.

3.1.5 DEMNAS (National Digital Elevation Model in
Indonesia)

The National Digital Elevation Model in Indonesia (DEM-
NAYS) is a digital surface model (DSM) that was used to cre-
ate a vegetation-free DTM for the coastal zone in this study.
DEMNAS is the result of interpolation from multiple data
sources such as IFSAR, TERRASAR-X and ALOS PAL-
SAR at 5, 5, and 11.25 m resolutions, respectively, with the
addition of stereo plotted mass point data in the calculation
(EGM2008 vertical datum).

3.1.6 Aerial photogrammetry

To investigate coastal erosion and PMMs, an unmanned
aerial vehicle (UAV) was used for aerial photogrammetry.
Figure 3 shows the areas of interest. Table 3 lists the sur-
vey schedules, and the equipment used in this study. For
photogrammetry, ground control points (GCPs) were es-
tablished and geolocated using static GNSS measurements
(5700/5800, Trimble, USA) or RTK-GNSS (GRX2, Sokkia,
Japan). Commercially available software (Photoscan Profes-
sional, Agisoft, Russia) was used to process the resulting im-
ages for SfTM-MVS analysis to create a DSM.
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Table 3. Geodetic and aerial photogrammetry survey schedule and equipment.

Year Month Geodetic Total length  Aerial photogrammetry  Total Area  Camera
survey (m) survey (kmz)

2013 8 v 740 - -

2014 3 v 469 - -

2014 8 v 497 - -

2014 12 - v 0.21 DSLR

2015 1 v 512 v 0.91 DSLR

2015 8 v 421 - -

2016 3 - v 0.68 DSC

2016 9 v 399 - -

2017 3 - v 4.08 DIJI Phantom4

2018 7 - v 2.20  DIJI Phantom4

3.1.7 Cross-sectional land survey

To examine changes in the cross-sectional profile of the land,
particularly in the plantation in Meskom Village, a survey
was carried out along a north—south transect (Section A-A’).
Figure 3 displays the transect and Table 3 lists the survey
schedules. A Sokkia GRX2 RTK-GNSS system based on ref-
erence points located in the Bengkalis state polytechnic was
used to perform the measurements.

3.1.8 Sampling and analysis of peat soils

Soil sampling was performed to determine the organic car-
bon content of the peat soil. Figure 3 shows the sampling
points and Table 4 lists the sampling and analysis informa-
tion. A Dutch-style peat sampler (DIK-105A, Daiki Rika Ko-
gyo Co., Ltd., Saitama, Japan) was used to extract samples up
to 6 m below the clay layer. Quantitative sampling was per-
formed to measure the density at the time of collection. The
samples were dried at 105 °C and the organic carbon and ni-
trogen content was analysed using a CHN analyser (JM-10
analyser, J-Science Lab., Kyoto, Japan).

3.1.9 Mooring observations

From 4 November 2019 to 13 January 2020, a pressure-type
memory wave gauge (INFINITY-CTW) was moored approx-
imately 500 m offshore from a coast undergoing significant
erosion to measure wave heights from the temporal variation
in pressure (Fig. 3 (St. M)). Based on these measurements,
significant wave heights were calculated for every two-hour
interval.

3.1.10 Meteorological observations

To elucidate the temporal characteristics of PMMs occur-
rences and the features of coastal erosion, meteorological ob-
servation instruments were installed at Selat Baru and Pera-
pat Tunggal on Bengkalis Island (Fig. 3), and measurements
were conducted. The instruments used were the SESAME II-
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05d (Midori Engineering Institute). This study utilized data
collected from 2014 to 2021.

3.1.11 Water level survey

To investigate changes in water levels within channels in
areas where peat collapse occurs frequently, a water level
gauge was installed at the location shown in Fig. 3 (WP1).
A monitoring well was constructed at the measurement site
using a polyvinyl chloride (PVC) pipe, and the channel water
level was recorded using a HOBO U-20 water level logger.
This study utilized data collected from 1 December 2014 to
31 January 2015.

3.2 Methods
3.2.1 Identification of the timing of PMM occurrence

Time-series NDVI (Normalized Difference Vegetation In-
dex) data were analysed using the Sentinel Hub EO Browser,
with average NDVI values calculated within predefined poly-
gons across a specified temporal range to evaluate vegeta-
tion dynamics (see Appendix B for details). The relation-
ship between NDVI and vegetation cover was also exam-
ined, demonstrating a strong correlation between NDVI val-
ues obtained from Sentinel-2 and Landsat 8 imagery (Ap-
pendix C). These analyses provide a robust framework for
detecting vegetation changes and estimating the timing of
peat mass movements (PMMs). In particular, the occurrence
of PMMs is often preceded by the formation of surface tears—
cracks that appear on the ground surface-leading to a local-
ized decline in vegetation cover. This characteristic reduction
in NDVT serves as a key indicator of the onset of PMMs.
Changes in the land area within the landslide-affected ar-
eas were analysed using Sentinel-1 SAR images acquired be-
tween 22 October 2014 and 30 March 2018. The time-series
data were downloaded as an animated GIF from the EO
Browser, in the region of interest is shown in Fig. 3. The im-
age analysis procedure involved applying a moving average
over three consecutive acquisition intervals and smoothing
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Table 4. Details of the sampling and analysis of peat soil.

H. Kagawa et al.: Estimation of particulate organic carbon export to the ocean

No. Coordinates Date Depth  Layers Land use Analysis items
Latitude Longitude (dd/mm/yyyy) (cm) (50cm)

PO1 1.6019°N  102.0218°E  20-24/08/2014 600 12 Oil palm plantation = Moisture content, Dry density,
Carbon content

P02 1.6025°N 102.0218°E  20-24/08/2014 600 12 Oil palm plantation ~ Moisture content, Dry density,
Carbon content

P03 1.5987°N  102.0216°E  17/09/2017 167 4  Oil palm plantation ~ Moisture content, Dry density,
Carbon content

P04 1.5849°N  102.0090°E  07/09/2016 294 6  Oil palm plantation ~ Moisture content, Dry density,

Carbon content

the coastline using a blurring technique. Subsequently, noise
within the region of interest was removed. After blurring, the
images were binarized to isolate the land areas, thereby re-
vealing changes in the extracted region. The expansion of
this area a characteristic feature of peaty debris fans occurs
following peat mass movement events.

3.2.2 Estimation of coastal retreat using SAR image

Using 359 Sentinel-1 SAR images acquired from 5 January
2018 to 8 January 2022, the average cumulative coastline
retreat was calculated for each land cover type namely, the
mangrove belt, oil palm plantation, and peat swamp forest.
The specific coastlines corresponding to these land cover
types are shown in Fig. 3, and the analytical workflow is il-
lustrated in Fig. 4.

The analysis procedure was as follows. First, a moving
average was applied over three consecutive acquisition in-
tervals (including the day before and after each image) to
smooth the data. Next, the coastline and land areas were sep-
arated by binarization. Noise reduction was then performed,
and the difference between consecutive images was com-
puted to extract the regions undergoing coastline changes.
The area of these regions was calculated, and by dividing the
computed area by the corresponding coastline length for each
land cover type, the average coastline retreat was determined.

For 2018 and 2021, local observations (Fig. 3) of precipi-
tation and wind speed were summarized as annual precipita-
tion and annual maximum wind speed. Furthermore, the rela-
tionship between significant wave height and maximum wind
speed was examined for the period from 4 November 2019
to 13 January 2020 using data from mooring observations. In
analysing maximum wind speed, data recorded at Selat Baru
were used; since the moored observation points differed, a
moving average covering two hours before and after each
observation was applied to better represent the relationship
between significant wave height and maximum wind speed.

Additionally, annual wind roses were generated using 10-
minute interval observations of maximum wind speed and
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direction recorded at Selat Baru and Perapat Tunggal in
2018 and 2021. These combined meteorological and remote
sensing analyses allowed for a comprehensive discussion
of coastal erosion characteristics across different land cover

types.

3.2.3 Estimation of the volume of exported land
slide-induced peat to the ocean

Aerial photogrammetry-derived DSMs were used to estab-
lish the relationship between the area and the loss of the
peat volume by PMMs. This relationship was then used to
estimate the losses in peat volume in areas affected by land-
slides identified in multispectral satellite imagery. Elevations
before and after collapse were obtained by manually digitis-
ing the edges and inside the landslide-affected area within
the GIS software (QGIS ver. 3.20) using orthomosaics and
DSMs resulting from aerial photogrammetry carried out on
4 March 2017 and 29 July 2018, respectively, and within Es-
timation of the volume of export of land slide-induced peat
to the ocean (Fig. Glg, G1h). The landslide-affected areas
were judged by the characteristics of the ground, such as sur-
face tension cracks or the presence of peat blocks. Tension
cracks and irregular peat blocks are some of the characteris-
tic features of peat mass movements (Warburton et al., 2004).
Two digital elevation models (DEMs) were generated using
aerial photogrammetry results. The first DEM was the initial
land surface, which was recreated by interpolation using el-
evations of the points extracted from the edges of the areas
affected by landslides within the DSM (Fig. G1g). The sec-
ond DEM was the post-collapse DEM, which were generated
by sampling elevation data in areas affected by landslides in
the vegetation removed DSM (Fig. G1f, G1h and Gli). The
volume of peat exported to the sea due to collapse was de-
duced by calculating the difference between the first DEM
and the second DEM. The method to calculate the volume of
peat exported by a PMM event is expressed in Eq. (1),

vaM,i=// (h1 (5, y) — ha (1 + At,x, ) dxdy (1)
ALs,i
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where Vpym,; represents the volume of peat exported to the
ocean by a PMM event i (m3), ALs,; represents the area i
affected by the landslide (mz), h1 represents the elevation
before the landslide (m), &, represents the elevation after the
landslide (m), x and y represent the distance (m), ¢ represents
the change in time.

3.2.4 Estimation of the volume of peat exported by the
PMMs using optical satellite images and
UAV-based orthomosaic

Landslide-affected areas were extracted from optical satel-
lite images and orthomosaic based on UAVs (Fig. Gla, G1b,
Glc, G1d and Gle). When landslide-affected areas were ex-
tracted from multispectral satellite imagery, areas with sparse
vegetation were spotted using the true colour image and the
false colour image (Fig. Gla, G1b, Glc, and G1d). The vol-
umes of peat exported by landslide were estimated in these
areas based on a previously determined area—volume/area
relationship. Landslide-affected area: Args,; calculation was
performed in the GIS software. The total amount exported to
the ocean by PMMs: the Vppvis are shown in Egs. (2) and

3.

Vemvs = ) VeMM.i @)
VemMs = Zf (ALs.i) (3

where Aps; represents the area i affected by the landslide
(m?). f represents a function to estimate the volume of the
Landslide-affected area. This study considered traced errors
in landslide-affected areas, which were calculated by man-
ual tracing in GIS software (Fig. H1). We evaluated the er-
rors caused by differences in resolution using satellite im-
ages from Landsat 8 and Sentinel-2 acquired at the same time
(n =T7). To achieve this, we conducted 20 tracings per time
for comparison (Fig. I1).

3.2.5 Calculation of coastal erosion volume

Accurate estimation of coastal erosion volume required de-
tailed land cover classification and the removal of vege-
tation from elevation data. Appendix D outlines the land
cover classification methodology based on machine learn-
ing, employing NDVI (Normalized Difference Vegetation In-
dex) and NDMI (Normalized Difference Moisture Index) de-
rived from Sentinel-2 imagery to differentiate between bare
ground and vegetated areas. Appendix E describes the pro-
cedure for vegetation removal from DEMNAS elevation data
in order to generate a Digital Terrain Model (DTM), thereby
eliminating the influence of tree canopy height on surface el-
evation. These preprocessing steps provided a refined base-
line essential for improving the accuracy of coastal erosion
volume estimation.

To elucidate the area and volumetric magnitude of peat-
land loss due to coastal erosion, we drew coastlines using
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GIS software (QGIS 3.10) based on satellite images, ortho-
mosaic results from aerial photogrammetry, and analysed
their temporal changes. The defining equation to calculate
coastal erosion is shown in Eq. (4).

Vep = f/A (h (5, ) — g (x, ¥) — dei(x, y)) dxdy  (4)
CE

where Vg represents the volume of peat exported by coastal
erosion in each period (m?), & represents the elevation of the
ground before coastal erosion and PMMs (m), &g represents
the thickness of the clay base layer (m), Acg represents the
area eroded by coastal erosion (mz) and dpyM represents the
average elevation drop by a PMM event (m). dpyym is de-
scribed by the following Eq. (5).

VemMm
Ars

dpmm = )
where Vpymm represents the volume of peat exported to
the ocean by a PMM event (m3), and Arg represents the
landslide-affected area (m?).

Multispectral satellite imagery from Table 2 and orthomo-
saic results from aerial photogrammetry were used to plot
the coastlines. For period (c), from 18 September 2013 to 2
April 2015, and (d) from 2 April 2015 to 4 March 2017, the
ground elevations before the erosion were determined using
the DTM derived from the DEMNAS data. During period
(e), spanning from 4 March 2017 to 29 July 2018, ground
elevations were obtained from a DSM generated using aerial
photogrammetry results obtained from the UAV. The DSM of
the UAV photogrammetry was adjusted to remove the height
of the tree prior to use. The process of excluding tree heights
from the DSM was carried out by checking trees on a UAV-
based orthomosaic. Furthermore, the DSM of the UAV was
corrected using the root mean square error (RMSE) values
of the DTM generated from the RTK-GNSS and DEMNAS
data. DTM using DEMNAS data does not consider landslide-
affected areas, so landslide volumes are subtracted, but DSM
from aerial photogrammetry results reflect spilt volumes due
to landslides, so landslide volumes were used as they are,
without subtraction. The volume of peat exported by coastal
erosion, estimated using DTM, and the volume of peat ex-
ported by coastal erosion, estimated using DSM from UAV
photogrammetry, are shown in the Eq. (6).

[ [ (hprv (x,y) — hp (x,y) — dpmm (x, ) dxdy
A

CE
_ (h =hpt™)
YCE=1 1] (huay (v, ) — i (x, ) dxdy ©)
ACE
(h = hyav)

where V(g represents the volume of peat exported by coastal
erosion in each period (m3), hptm represents the elevation of
the ground before coastal erosion and PMMs, that is, the el-
evation of DTM (m), hp represents the thickness of the clay
base layer (m), Acg represents the area eroded by coastal ero-
sion (m2), and dppv represents the average decrease in ele-
vation due to a PMM event (m). hyay stands for the elevation
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of the vegetation-free DSM based on the UAV photogramme-
try (m). This study considered traced errors in coastal erosion
areas, which were calculated by manual tracing in GIS soft-
ware (Fig. H1).

3.2.6 Estimation of POC mass by PMM event and
estimation of specific annual POC export due to
coastal erosions

The mass of the POC by the displacement of peat mass
caused by PMMs and the specific annual POC export due
to coastal erosions were calculated by the spatial distribu-
tions of the loss of the peat volume and depth-dependent
carbon stocks of the peat. The carbon stocks of peat m¢(z)
(tm~2) until the depth z (m) of the peat from the surface of
the ground was calculated using the following Eq. (7),

me(z) = / pactedz (7
0

where pq represents the dry density (t m~3) and o represents
the organic carbon content (—). They were combined from
the results of field surveys with the value of the literature
obtained from Wahyunto et al. (2003); Dariah et al. (2013);
Warren et al. (2012) and Rudiyanto et al. (2018).

The mass of POC caused by a PMM event was calculated
using Eq. (8),

Mpmm = mc (dpmm) ALs (8)

where Mpyu (tC) represents the mass of POC, the variable
dpmmM represents the average decrease of elevation by a PMM
event (m), and Args represents landslide-affected area (m?).
The amount of specific POC export by the PMMs (tC) in
each period was calculated using the Eq. (9),

Mpninvs = Y Mpnm €))

where Mpymm;s (tC) represent the mass of specific POC export
by the PMMs in each period. The mass of POC which is ex-
ported to the ocean caused by coastal erosion in each period
was calculated using the Eq. (10). Equation (10) is divided
into two cases for elevation /& (m) before coastal erosion and
a PMM event: the case using DTM and the case using UAV
aerial photogrammetry results.

[ [ me(hprm (x,y) —hg (x,y)

Ace
_ —dpmm (x, y))dxdy (h = hptm)
MCE= " 1 e (huay (x, y) — hp (x. y)) dxdy (10)
Ace
(h = huav)

where Mcg represents the mass of POC caused by coastal
erosion (tC), hptMm represents the elevation of the ground
before coastal erosion and PMMs, i.e. the elevation of the
DTM (m), hp represents the thickness of the clay base layer

Biogeosciences, 23, 2119-2154, 2026

H. Kagawa et al.: Estimation of particulate organic carbon export to the ocean

(m), Acg represents the eroded area by coastal erosion (m?)
and dpmm represents the average decline of the elevation
by a PMM event (m), and hyay represents the elevation of
the DSM from the UAV photogrammetry was removed tree
height (m). The POC from the displacement of peat mass
caused by PMMs and from fluxes due to coastal erosion were
calculated using Eqgs. (11) and (12), where gpoc (tC m )
represents the POC from the displacement of the peat mass
caused by PMMs. Jpoc (tC m~! yr~!) represents the specific
annual POC export due to coastal erosion, / (m) represents
the coastline distance, At (yr) represents the years of inter-
val for coastal erosion. The POC from the displacement of
peat mass caused by PMMs was not measured by fluxes, as
PMMs are a sudden disaster. Instead, it was calculated based
on the areas that had already collapsed by each date. In gen-
eral, peat mass movements in boreal peatlands only uses the
unit without time such as m> or tons to evaluate the magni-
tudes of these events (Dykes and Warburton, 2007).

qroc = Mpyivis ™! (11)
Jpoc = Mcgl~ ' Ar~! (12)

The calculated POC shows the standard deviation (SD) of
five patterns, including the values from the literature.

4 Results and discussion
4.1 Characteristics of landslide-affected area

An analysis of the correlation between the area and vol-
ume/area of PMMs from 2017 to 2018 in the coastal area of
the oil palm plantation is presented in Fig. 6 and Egs. (13),
(14), where Vpym represents the loss of peat volume by
PMMs (m?), and Apg represents the landslide-affected area
(m?).

Vemm
ALs
f(ALs) =3.0x 1072 A% +0.9121 A5 (14)

=3.0x 107 Ars + 0.9121(R* = 0.2687) (13)

A linear relationship was observed between the landslide
area and volume of the peatlands. If the Vpym/ALs is as-
sumed to be the depth of the landslide-affected area, the
higher the Arg, the deeper the depth of the collapse. When
collapse also occurs, it will be as deep as 1 m. The small-
est collapse had an area of 0.11 x 10* m? and a volume of
491 m>. The largest collapse had an area of 3.70 x 10* m?
and a volume of 85173m3. On average, the landslide-
affected areas measured 1.51 x 10* m? in area and 22 546 m?
in volume. The relationship between the volume exported to
the ocean by peat mass movements (Vpym) and landslide-
affected area (Ars) on Bengkalis Island indicates that the
average reduction in ground level (dpmm = Vpmm/ALs),
which ranged from 0.94-1.93 m (mean value = 1.33 m), in-
creased with the area of landslide-affected area (Ars). The
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Figure 6. Area-Volume/Area relationship of a peat mass movement
event. Where, Ay g is landslide-affected area, Vpyu is the loss of
the peat volume due to a PMM event. There is a linear relationship
between Arg and Vpmm/Ars; If Vemm /ALgs is assumed to be the
depth of landslide-affected area, the greater the Ay g, the deeper the
depth of the collapse. It was found that the ground level drop was
around 0.91 m in small collapses.

ground-level drop was found to be around 0.91 m in small
collapses. The depths of peatland degradation varied, but typ-
ically in boreal peatlands, blank peat degradation occurred
at a depth of 0.6-3m (Warburton et al., 2004). Koyama et
al. (2018) performed geotechnical investigation results in
the northwest of Bengkalis Island and revealed a tendency
for sedimentary peat to be less than approximately 2 m be-
low groundwater level and the penetration strength to de-
cline. Furthermore, the average difference between the pre-
collapse ground elevation and the bottom surface of the peat-
land cracks was 2.01 m, which indicates a possible correla-
tion between the peatland degradation slide surface and sed-
imentary peat location.

4.2 Identification of the timing of peat mass movement
events

Figure 7 shows the temporal changes in elevation along sur-
vey section A—A’. Variations in elevation indicate the occur-
rence of surface tears. In the section corresponding to UTM-
N from 177300 to 177 400 m, the elevation decreased by an
average of 2.01 m between 24 August 2013 and 11 March
2014. UAV-based aerial photogrammetry conducted on 17
December 2014 revealed that a peat collapse had occurred
(Fig. 3c (A1)).

Figure 8 displays an image obtained by SPOT-6 satellite
imagery, UAV-based orthomosaic images and calculating the
Visible Atmospherically Resistant Index (VARI) from UAV-
based orthomosaic image in which only the exposed peat
substrate is delineated. The extent of this PMM was esti-
mated at 8.95 x 10* m? in area, with a volume of 321 940 m3,
an aperture length of 296 m, and a length of 379 m. The
landslide-affected area spans peat swamp forests, oil palm
plantations, and shrublands. Furthermore, since 18 Septem-
ber 2013, the coastline has extended seaward, forming a fan-
shaped deposit of peaty debris.
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Next, the timing of the PMM was determined. In this anal-
ysis, the characteristic discontinuity in surface vegetation re-
sulting from the collapse was used to pinpoint its timing. Fig-
ure 9 presents the time series of vegetation cover for the peat
collapse area identified in Fig. 3c (A1). The vegetation cover
dropped sharply from 0.87 on 27 December 2013 to 0.21 on
13 February 2014, indicating that the collapse occurred be-
tween these dates.

Moreover, along survey section A—A’ in the UTM-N range
from 177000 to 177300 m, the elevation decreased by an
average of 2.07 m between 26 August 2014 and 10 January
2015 (Fig. 7). UAV-based aerial photogrammetry on 10 Jan-
uary 2015 confirmed that this decrease in elevation was due
to a peat (Fig. 3c (A2)). Areas exhibiting fluctuating eleva-
tions indicate the presence of peat rafts—blocks of peat dis-
placed by the collapse (Warburton et al., 2004). Figure 10
shows an image obtained by SPOT-6 satellite imagery, UAV
orthomosaic images and calculating the VARI from UAV or-
thomosaic images, with only the exposed peat substrate de-
lineated. In this case, the PMM was estimated to cover an
area of 14.9 x 10* m? with a volume of 0.068 km3, an aper-
ture length of 303 m, and a length of 554 m. The PMM also
resulted in the formation of a large peaty debris fan, which
had an area of 13.7 x 10* m?, an aperture length of 583 m,
and a length of 268 m; the formation of such an extensive fan
underscores the large scale of the collapse.

The time series of vegetation cover at the landslide-
affected area (Fig. 9) shows that between 27 October 2014
and 16 February 2015 the vegetation cover decreased rapidly
from 0.82 to 0.48, suggesting that the PMM occurred dur-
ing this period. Furthermore, Sentinel-1 satellite imagery in-
dicates that approximately 18.4ha of land area expanded
abruptly between 22 December 2014 and 28 December 2014
(Fig. 9), clearly indicating that a large-scale collapse oc-
curred during this interval.

Figure 11 presents the water level data alongside pre-
cipitation data from Selat Baru at the landslide-affected
area. During the observation period, the maximum precip-
itation recorded was 107.9mmd~' on 23 December and
84.1 mmd~—! on 26 December. Following this record precip-
itation, the water level in the waterway suddenly dropped on
27 December 2014. Although the crest level of the water-
way is 9.00 m, the water level was recorded at 9.124m at
11:10UTC+7 on 27 December 2014 and then fell sharply
to 7.896 m just ten minutes later (Fig. 11). This abrupt de-
crease suggests that a breach of the weir occurred between
11:10 and 11:20 UTC+7 on 27 December 2014, triggering
the PMM. It was also confirmed that the on-site water level
logger had shifted by approximately 30 m. The changes in
coastal topography indicate that, because of the PMM, peat
was exported into the marine environment. At the study site,
continuous precipitation exceeding 20 mmh~! was recorded
from 21 December to 26 December, suggesting that the pre-
cipitation after 21 December may have triggered the collapse
on 27 December.
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Figure 7. The change in temporal elevation in Section A-A’. The elevation decreased due to PMM since 24 August 2013.
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Figure 8. (a) SPOT-6 image (18 September 2013) and (b) UAV-based orthomosaic image (17 December 2014), and (c) anatomy of the
landslide-affected area. The scale of the landslide-affected area is as follows: the affected area is 8.95 x 10* m?, the volume is 321 940 m?,
the length is 379 m, and the aperture length is 296 m. The collapse extended over or into peat swamp forests, oil palm plantations, and shrub

areas.

Boylan et al. (2008) investigated the relationship between
the runout distance and failure volume of 44 recorded peat
landslides in northern parts of the United Kingdom (partic-
ularly the North Pennines) and throughout Ireland (partic-
ularly Connacht and Munster). According to this data, the
runout distance generally increases with failure volume, al-
though there is considerable variability. Larger failure vol-
umes and consequently longer runout distances tend to oc-
cur in raised bogs, which contain deeper and more extensive
peat deposits. The long runout of peat landslides can be trans-

Biogeosciences, 23, 2119-2154, 2026

ported over long distances when they enter rivers and streams
and mix with floodwaters. The runout distance can reach up
to approximately 7000 m, and the failure volume can reach
up to approximately 10000000 m?. Specifically, the PMM
in Fig. 8 is smaller in scale than the peat landslides in boreal
peatlands. However, compared to the boreal peatland land-
slides in Fig. 10, it has a shorter runout distance but a volume
that is 6.8 times larger.

https://doi.org/10.5194/bg-23-2119-2026
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Figure 9. Time series of estimated vegetation covers in landslide-
affected areas. Vegetation covers rapidly decreased from 27 De-
cember 2013 to 13 February 2014, dropping from 0.87 to 0.21
(Fig. 3c (A1)). Similarly, vegetation covers rapidly decreased from
27 October 2014 to 16 February 2015, declining from 0.87 to 0.48
(Fig. 3c (A2)). The land experienced a sudden extension, increas-
ing by approximately 18.4 x 10% m2 between 22 and 28 December
2014 (Fig. 3c (A2)).

4.3 Estimation of coastal retreat

Based on the long-term changes observed in SAR imagery,
along with local meteorological and mooring observations,
the actual state of coastal erosion along the northern coast of
Bengkalis Island was elucidated using land cover informa-
tion and meteorological conditions. Figure 12 shows the cu-
mulative retreat of the coastline by land cover type from 2018
to 2021, as derived from Sentinel-1 data, alongside concur-
rent meteorological observations. Although coastal erosion
has progressed in all land types including mangrove area, oil
palm plantations, and peat swamp forests the erosion rate in
oil palm plantations is more than twice that observed in man-
grove area and peat swamp forests. Moreover, between 2018
and 2021, coastal erosion in oil palm plantations proceeded
at an average rate of 3.5m per 30d, exceeding the typical
average during Indonesia’s rainy season, with the highest
rate recorded at 24.8 m per 30d in January 2020. These re-
sults suggest that elevated wave heights induced by seasonal
winds may accelerate the erosion process.

Figure 13 illustrates the relationship between significant
wave height and maximum wind speed, demonstrating that
higher wind speeds correspond to greater significant wave
heights.

Along the northern coast of Bengkalis Island, the lateral
degradation of the mangrove areas has exposed the underly-
ing peat substrate to coastal processes. Under the prevailing
tidal and wave conditions, three types of erosion and pro-
gressive failure namely, toppling failure, rotational sliding,
and cantilever failure have been documented (Basir et al.,
2024). Consequently, during seasons characterized by dom-
inant high wind speeds, increased wave heights may further
accelerate coastal erosion.

https://doi.org/10.5194/bg-23-2119-2026
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4.4 Lateral degradation process of tropical peatland
coasts

In tropical coastal areas, coastal erosion is accompanied by
PMMs. A common characteristic of coastal land collapses
is the spontaneous release of peat masses from the inland to
coastal regions due to concentrated rainfall, which forms a
peaty debris fan-shaped terrain. This article presents a one-
year interval field observation study reporting the occurrence
of a PMM event accompanied by coastal erosion. Figure 14
shows the annual changes in the area affected by landslides
in the northwest area of Bengkalis Island. Following the
PMM event, continuous coastal erosion resulted in traces
of collapse. The land area initially increased after the PMM
event but subsequently decreased during coastal erosion. Fig-
ure 14a shows a high-resolution satellite image (SPOT-6)
captured on 18 September 2013, which depicts the state be-
fore the PMM event. At the concerned site, the southern part
consists of an oil palm plantation, and the northern part con-
sists of a peat swamp forest. Although the state of the PMM
event after capture is uncertain, given the consistent coastal
erosion in this area since 1972, according to Landsat images,
coastal erosion could have occurred after the collapse. Fig-
ure 14b shows the area affected by the landslide after the
PMM event photographed by UAV on 17 December 2014.
Peat masses migrated from inland to the coast and formed
a peaty debris fan. The fan extended offshore beyond the
coastline on 18 September 2013. The area of the peaty debris
fan formed is 0.80 ha. Further inland, pull-apart cracks were
observed, which could have been caused by the gushing of
peat toward the coast. From 18 September 2013, coastal ero-
sion has continued in non-cracked coastal areas. This phe-
nomenon indicates continued coastal erosion even before any
coastal PMM event. Figure 14c shows the conditions cap-
tured by the UAV on 10 January 2015. A larger PMM event
occurred on the western side of the coastal PMM event, as
identified in the previous year. UAV observations resulted in
the identification of a larger, peaty debris fan-shaped struc-
ture that was not confirmed on 17 December 2014. The struc-
ture of the peaty debris fan-shaped land formed by the move-
ment of peat masses was observed to have changed, although
no significant changes were observed in the PMM event on
17 December 2014. Figure 14d shows the UAV results from 5
March 2016. The peaty debris fan-shaped land caused by the
large-scale PMM event in the west on 10 January 2015, had
disappeared. The peaty debris fan-shaped land formed due to
the PMM event on 17 December 2014, notably disappeared
on 10 January 2015. Between 10 January 2015 and 5 March
2016, the peaty debris fan was gradually eroded from the east
by waves (Fig. 14d). Figure 14e shows the UAV results for
4 March 2017. The peaty debris fan-shaped land that jutted
out from the coastline on 18 September 2013, formed due to
the PMM event on 17 December 2014, had completely dis-
appeared by 4 March 2017, and the coastline retreated from
its original position on 18 September 2013. Figure 14f shows

Biogeosciences, 23, 2119-2154, 2026
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Figure 11. Water level of the water way at WP1 and precipita-
tion at Selat Baru station during the peat mass movement event on
27 December 2014. The major precipitation before the event were
107.9mm d~! (23 December) and 84.1 mmd~! (26 December).
Subsequently, the water level of the water way dropped suddenly
on 27 December 2014. The top height of the weir was 9.00 m, but
the water level was recorded at 9.124 m at 11:10 UTC+7 on 27 De-
cember 2014, followed by a sudden drop to 7.896 m just 10 min
later.

the UAV results from 29 July 2018. The coastline has receded
considerably since 18 September 2013, due to progressive
coastal erosion. From 18 September 2013 to 29 July 2018,
the coastline receded by approximately 90 m, averaging an
annual retreat of approximately 18 m. As shown in this chap-
ter, when a PMM event occurs in the coastal zone, a peaty
debris fan is formed, leaving a collapse scar in the hinter-
land. The coastal erosion then proceeds until peat cliffs are
formed.

Peat failures in boreal peatlands are known to cause sub-
stantial losses of peat and associated carbon (Evans and War-
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burton, 2007). When a landslide occurs, large volumes of
organic-rich peat and mineral sediments are mobilized and
transported downslope or into adjacent watercourses, result-
ing in significant carbon export from the peatland system.
These failures therefore represent an important pathway for
the removal and displacement of peat materials from the
landscape.

Figure 15 summarizes the overall sequence of lateral
degradation processes occurring along tropical peatland
coasts. The process begins with the loss of mangrove belts,
which reduces wave attenuation and promotes coastal ero-
sion, ultimately leading to the formation of peat cliffs. Once a
peat cliff develops, surface tearing at the head scarp can initi-
ate a PMM, forming a peaty debris fan that extends seaward.
Subsequent erosion of both the debris fan and the landslide-
affected area results in the direct export of POC to the ocean
(Yamamoto et al., 2019a). As erosion continues, the coastal
peat cliff is gradually rebuilt, eventually allowing another
PMM to occur and thereby completing a cyclic pattern of
lateral degradation.

4.5 Analysis of soil sampling results: distribution of
dry density, carbon density, and moisture content

Figure 16 shows the vertical distributions of dry density, car-
bon density, and moisture content. Under the groundwater
level, a high moisture content, low dry density, and low car-
bon density were observed. High values of dry density and
carbon density may have been observed on the surface of
groundwater due to oxidative decomposition.

The accumulated organic carbon content was calculated
vertically downward from the surface. The accumulated or-
ganic carbon content derived from the field survey results
and literature values (Wahyunto et al., 2003; Dariah et al.,

https://doi.org/10.5194/bg-23-2119-2026
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Figure 12. Monthly precipitation (top) and monthly maximum wind speed (middle) at the Selat Baru and Perapat Tunggal stations on
Bengkalis Island. Cumulative coastline retreat by land cover type from 2018 to 2021 based on Sentinel-1 data (bottom) are shown. The
x-axis of the bottom figure represents the cumulative number of days since 1 January 2018 (where 1 January 2018 is day 0).

2013; Warren et al., 2012; Rudiyanto et al., 2018) is shown
in Fig. 17. The accumulated organic carbon content was ap-
proximated by Eq. (15), using peat obtained from the field
survey where m(z) represents the carbon stocks (t m_z), and
z represents the depth of the peat layer from the ground sur-
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face (m).

me (z) = 0.0982z%67° (R? = 0.9636) (15)

The results of peat sampling during the field survey could be
approximated by the power approximation curve. The higher
carbon stocks to a depth of 2m is due to the groundwater
table being present at a depth of 2m, the environment be-
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Figure 13. Relationship between maximum wind speed and signif-
icant wave height at the offshore of the Bengkalis Island (St. M). A
significant positive relationship (p<0.05, ¢-test) indicates that the
regression is not a random coincidence.

ing conducive to oxidative decomposition at the surface, and
consolidation results in a higher bulk density. The outflow
of particulate organic carbon into the sea due to coastal ero-
sion and peatland degradation was estimated using the power
approximation curve relationship described in this section.

4.6 Estimation of POC export to the ocean from lateral
degradations

This study quantifies the export of POC to the ocean result-
ing from coastal erosion and PMMs. Figure 18 shows the
annual changes in coastal erosion and landslide-affected ar-
eas. The estimated amounts of specific annual POC export to
the ocean are shown in Fig. 19 and Tables 5 and 6. The av-
erage flux of POCs to the ocean due to coastal erosion along
the study area of Bengkalis Island was estimated to be in the
range of 2.06 to 7.60tC m~" yr~!. The average POC from the
displacement of peat mass caused by PMMs was estimated
to be in the range of 1.43 to 5.41 tCm™', with an average in-
crease of 2.23tCm~! from 2010 to 2018. In absolute terms,
the mean POC export due to coastal erosion ranged from 6.46
to 24.03 ktC yr~!, while that associated with PMMs ranged
from 4.45 to 17.10ktC yr~!.

Such fluxes, particularly from coastal erosion, far exceed
those observed in natural river systems. The specific annual
POC export due to coastal erosion in the studied catchment
area (6.41 km?) was estimated at 1.01-3.74 ktC km 2 yr !,
which is up to 1089 times greater than the average POC ex-
port from tropical wet regions (0.00343 ktC km~2 yr—!; Lud-
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wig et al., 1996). This underscores the significant role of
coastal erosion in tropical peatland carbon dynamics.

In boreal peatlands, particulate organic carbon (POC) ex-
port has been attributed to gully erosion, with reported fluxes
ranging from 0.0299 to 0.0319ktCkm~2yr~!' (Evans and
Lindsay, 2010). In comparison, the specific annual POC ex-
port associated with coastal erosion in the present study
area is substantially higher, exceeding these boreal values
by a factor of approximately 34 to 83. This contrast empha-
sizes both the spatial disparity in lateral carbon export and
the underrecognized role of coastal erosion in tropical sys-
tems. Ongoing coastal erosion continuously discharges car-
bon into the ocean. On Bengkalis Island, 1 m of coastal ero-
sion resulted in POC loss equivalent to annual CO2 emis-
sions from 0.41-1.52 x 10* m? of degraded peatland (Hirano
et al., 2014), underscoring the climate relevance of lateral
specific annual POC export. The POC associated with PMMs
was equivalent to emissions from 0.29-1.08 x 10*m? per
metre of coastline. This indicates that coastal specific annual
POC export may rival or surpass emissions from degraded
inland peatlands. Tables 7 and 8 present the POC export as-
sociated with coastal erosion and peatland mass movements
along a 3152 m coastline when converted to absolute terms.
On a peatland coast with an average length of 3152 m, the
estimated specific POC export to the ocean due to PMMs
ranged from 5.07 to 7.02ktC yr~!, while that from coastal
erosion ranged from 6.46 to 24.03ktC yr—!. Together, these
processes constitute a dual mechanism of carbon loss that al-
ters the carbon balance of tropical coastal peatlands.

Figure 20 illustrates the fate pathways of particulate or-
ganic carbon (POC) exported from the northern coastal peat-
lands of Bengkalis Island, representing the source-to-sink
or export processes toward the adjacent ocean. In sum-
mary, our results indicate that the coastal peatlands consti-
tute the primary source of POC directly discharged into the
Malacca Strait. Along a 3152m coastline, coastal-erosion
processes export an estimated 6.46-24.03ktCyr~!, while
peat mass movements (PMMs) contribute an additional
5.07-7.02ktC yr~!' of POC to the Strait. Following its re-
lease, the exported POC may follow three possible fate path-
ways.

First, a portion of the POC may remain suspended in the
surface ocean or eventually settle on the seafloor, functioning
as a long-term carbon sink. However, this pathway remains
highly uncertain, and further investigation is required to con-
strain the magnitude and stability of this potential sink.

Second, as reported by Yamamoto et al. (2019b), part of
the exported peat material may accumulate to form peat-
derived tidal flat of 1.46km?, where regenerated mangrove
stands facilitate substantial carbon storage. Yamamoto et al.
(2019b) estimated that such tidal flat can store approximately
10.8ktCyr~!, suggesting that peat deposited in these envi-
ronments may undergo reduced oxidative decomposition.

Third, peat-derived beach deposits (peat beaches) may de-
velop along the coast, where enhanced microbial activity

https://doi.org/10.5194/bg-23-2119-2026
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Figure 14. Annual changes at the landslide-affected area in the northwestern part of Bengkalis Island. (a) Initial status of the focus area with
a peat cliff coastline (SPOT-6, 18 September 2013). (b) The immediate aftermath of a peat mass movement; a peaty debris fan was confirmed
outside the initial coastline, with many tears observed on the ground surface of the hinterland (UAV-based orthomosaic, 17 December
2014). (c) A larger peat mass movement occurred in the western area, creating a second peat fan, while the first peat fan remained (UAV-
based orthomosaic, 10 January 2015). (d) The second peaty debris fan in the west area completely disappeared, while the first peaty debris
fan remained (UAV-based orthomosaic, 5 March 2016). (e) Gradually, the first peaty debris fan eroded and decreased in area (UAV-based
orthomosaic, 4 March 2017). (f) The first peaty debris fan disappeared, and the coastline receded approximately 90 m from the initial status
on average, returning to a peat cliff (UAV-based orthomosaic, 29 July 2018).

Table 5. The estimated volume of the eroded peat by the events of coastal erosion in each period. Changes in time in the estimated amount of
POC from flows due to coastal erosion. SD indicates the standard deviation of the specific annual POC export calculated using the results of
five patterns of carbon stocks calculations, including values from the literature. Where period (a) is 2 February 2010 to 23 July 2011, period
(b) is 23 July 2011 to 18 September 2013, period (c) is 18 September 2013 to 2 April 2015, period (d) is 2 April 2015 to 4 March 2017 and
period (e) is 4 March 2017 to 29 July 2018.

Period Term  Coastline Coastal erosion
Area ‘ Volume ‘ Specific annual POC export
min  manually-traced max ‘ min  manually-traced max ‘ min  manually-traced max
‘ ‘ Average = SD (n =5)
days m x 10% m? ‘ Mm3 ‘ tCm~!yr!

(2)2010-2011 536 309 1.8 97 200 | - - - | - - -
(b)2011-2013 788 3313 82 130 186 | - - - | - - -
(c) 2013-2015 561 3120 168 170 188 | 0.4 043 053 | 1.13£0.56 559+£1.08 6.17+£1.27
(d) 2015-2017 702 3162 184 185 188 | 0.64 075  0.80 | 5.46£1.09 7.60£1.60 7.65+1.69
(e) 2017-2018 512 3140 9.6 98 9.9 | 0.130 0.136  0.138 | 2.02£0.45 2.06£0.46 2.09+0.47
Total 3099 54.8 68.0 86.1 | 1.01 132 147 |
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Table 6. The landslide-affected area and the estimated volume of the eroded peat by the events of peat mass movements in each period.
Changes in time in the estimated amount of POC from peat mass displacement caused by PMMs. SD indicates the standard deviation of the
specific POC export calculated using the results of five patterns of carbon stocks calculations, including values from the literature.

Date Coastline PMMs
(dd/mm/yyyy) Area | Volume | Specific POC export

min  manually-traced max ‘ min  manually-traced max ‘ min  manually-traced max

‘ ‘ Average +SD (n =5)
m x 10% m? ‘ Mm3 ‘ tCm~!

2/2/2010 3096 4.8 7.4 14.7 0.06 0.10 022 | 1.25+£0.33 2.11+£053 4.65+1.12
23/7/2011 3313 3.9 11.8 24.1 0.02 0.14 0.34 | 0.334+0.13 2.02+£052 4.74+1.15
18/9/2013 3120 7.8 8.8 9.8 0.14 0.15 0.16 | 1.284+0.29 1.43+0.33 1.57£0.36
2/4/2015 3162 21.0 21.3 21.6 | 0.395 0.400 0.404 | 534+1.17 541+£1.18 547+1.20
4/3/2017 3140 16.0 16.2 16.3 | 0.228 0.230 0.232 | 2.51£0.61 254+£0.62 2.56£0.62
29/7/2018 3085 16.5 16.9 17.3 | 0.275 0.280 0.285 | 4.26+0.98 434+1.00 4.42+1.02
Total 70.0 824 1038 | 1.12 130 1.64 |

Table 7. The mean particulate organic carbon (POC) export attributable to coastal erosion ranged from 6.46 to 24.03 ktC yr—

'in absolute

terms. Where period (a) is 2 February 2010 to 23 July 2011, period (b) is 23 July 2011 to 18 September 2013, period (c) is 18 September
2013 to 2 April 2015, period (d) is 2 April 2015 to 4 March 2017 and period (e) is 4 March 2017 to 29 July 2018.

Period Term  Coastline Coastal erosion
Absolute terms (POC)
min  manually-traced max
Average +SD (n =5)
days m ktCyr~!
(a) 2010-2011 536 3096 - - -
(b) 20112013 788 3313 - - -
(c) 2013-2015 561 3120 3.53£1.75 17.43£3.36 19.25+3.94
(d) 2015-2017 702 3162 17.26+£3.44 24.03£5.07 24.17+5.36
(e) 20172018 512 3140 633+£142 6.46£1.45 6.55+1.48
Total 3099

could accelerate peat decomposition, as suggested by Mat-
suo et al. (2025).

Collectively, these findings highlight that coastal peatlands
act as major POC sources to the Strait of Malacca, while the
subsequent carbon fate is partitioned among multiple path-
ways with varying degrees of uncertainty. Understanding the
relative contributions of these pathways is essential for con-
straining regional carbon budgets and assessing the long-
term implications of tropical peatland degradation.

Approximately 145000km? of global tropical peatlands
are located at or below 5 m elevation, making them vulnera-
ble to future sea-level rise (Whittle and Gallego-Sala, 2016).
Sea-level rise poses significant threats to low-lying tropi-
cal peatlands, particularly in Southeast Asia, including Kali-
mantan and Sumatra (Whittle and Gallego-Sala, 2016). In

Biogeosciences, 23, 2119-2154, 2026

addition to sea-level rise, lateral degradation has also been
observed across peatlands worldwide (Table B1 and Ap-
pendix A). Regarding coastal erosion, the coastline of the
study area is retreating at 34 myr—! (Kagawa et al., 2017),
which is dozens of times faster than erosion rates observed
in boreal peatlands (The observed coastal erosion rates in bo-
real peatlands are 0.56-10myr~!; Appendix A). In addition
to coastal erosion, PMMs represent another form of lateral
degradation as shown in this study. Although erosion rates
are particularly high here, sea facing peatlands globally may
face similar threats. Furthermore, considering that peat de-
composition leads to land subsidence, the situation becomes
even more critical (Umarhadi et al., 2022). Considering the
above situations, tropical peatlands are increasingly threat-
ened by both lateral and vertical degradation processes. How-
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Table 8. The mean particulate organic carbon (POC) export attributable to PMMs ranged from 4.45 to 17.10 ktC in absolute terms.

Date (dd/mm/yyyy) Term  Coastline PMMs
Absolute terms (POC)
min  manually-traced max
Average +£SD (n =5)
days m ktC
2/2/2010 3096 3.88+1.01 6.53+1.64 14.39+£3.47
2/2/2010-23/7/2011 536 3313 1.09+£0.45 6.68+1.72 15.72£3.81
23/7/2011-18/9/2013 788 3120 4.00+0.92 445+1.03 4.89+1.13
18/9/2013-2/4/2015 561 3162  16.89+3.69 17.10£3.75 17.28 £3.79
2/4/2015-4/3/2017 702 3140 7.89+191 7.97+193 8.03+1.95
4/3/2017-29/7/2018 512 3085 13.15+3.01 13.394+3.07 13.65+3.13
Total (2010-2018) 3099 43.02+£9.98 49.59+11.50 59.57+13.81
Annual (2010-2018) (ktC yr—1) 5.07+1.18 5.84+1.35 7.02+1.63

Schematic illustration of morphological changes in coastal peatlands
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Figure 15. Conceptual diagram illustrating the lateral degradation
processes in tropical peatlands. (a) shows the conditions around
the 1960s, when the loss of mangrove belts reduced wave attenu-
ation and initiated coastal erosion, resulting in the formation of peat
cliffs. (b) illustrates a peat mass movement (PMM) triggered at the
head scarp, where surface tears developed and a peaty debris fan
extended seaward. Subsequent stages (c)—(e) depict the progressive
erosion of the debris fan and the landslide-affected area, leading to
the direct export of particulate organic carbon (POC) to the ocean.
(f) shows the stage at which the coastal peat cliff has been rebuilt by
ongoing erosion, allowing a new PMM to occur and thereby com-
pleting the cyclic process of lateral degradation.
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Figure 16. Vertical distribution of dry density of peat, carbon den-
sity, and moisture content by peat core analysis in Bengkalis Island.

ever, the fate of the exported peat remains unclear. Clarifying
whether exported peat serves as a carbon sink or a source of
carbon emissions is essential for understanding its role in the
global carbon cycle.

This study is one of the first cases to quantify specific an-
nual POC export from tropical coastal peatlands driven by

Biogeosciences, 23, 2119-2154, 2026
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Figure 17. Carbon stocks relative to depth. Literature values
sourced from Wahyunto et al. (2003); Dariah et al. (2013); War-
ren et al. (2012) and Rudiyanto et al., 2018. The literature values
from Wahyunto et al., 2003 were calculated using average values
for the bulk density and carbon content of Hemic peat. Literature
values from Dariah et al. (2013) were calculated using a function to
estimate carbon stocks according to the depth of the peat layer. The
literature values from Warren et al. (2012) were calculated using a
function to estimate carbon stocks from average bulk density. Liter-
ature values from Rudiyanto et al. (2018) estimated carbon stocks
from average carbon content and bulk density.

both coastal erosion and PMMs. By combining erosion data
with microbial and biochemical evidence from redeposition
zones, this study provides a more comprehensive picture of
lateral carbon dynamics in tropical coastal peatlands. These
findings provide a foundation for incorporating coastal car-
bon export processes into peatland carbon budgets and high-
light the urgency of protecting vulnerable shoreline peatlands
from further degradation.

5 Conclusions

In this study, we have identified the conditions under which
a chain of coastal erosion and peat mass movement events
(PMMs) occur on tropical peatland islands with peat-formed
coasts, and we have estimated the export of POCs to the
ocean resulting from these processes. In coastal areas of trop-
ical peatlands, coastal erosion promoted peat mass move-
ments and vice versa. This chain of events of coastal erosion
and peat mass movements proceeds as follows; When peat
mass movement events first occur on a coastal peatland, peat
is exported from the coast into the ocean, forming a peaty
debris fan. Subsequent erosion causes the peaty debris fan
to disappear, leaving the peat cliffs and the area affected by
landslides. Long-term progression of coastal erosions has af-
fected carbon export to marine environments from the peat-
land. The carbon export rate due to coastal erosion in the
study watershed was estimated as 2.0-7.5 times higher than
the carbon emissions due to biodegradation of peatland. The
rates of coastal erosion were affected by the land cover. The
coastal erosion rates of oil palm plantations exceeded those
of mangrove or peat swamp forests by more than double.
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Figure 18. History of coastal erosion and landslide-affected area
within the region of interest (0.68 km?2). This figure shows that the
coastal erosion and peat mass movements occurred by turn and the
landslide-affected area had been expanding towards the hinterland.

Strong winds correspond to high wave heights, emphasising
the role of wind-induced wave activity in coastal processes,
contribute significantly to the acceleration of coastal erosion.

PMMs also resulted in substantial peat loss and coastal ge-
omorphic changes. Heavy precipitation played a crucial role
in the triggering of PMMs. The carbon export rate through
PMMs contributed to surplus carbon export, depending on
the frequency of the PMMs. On a peatland coast with an
average length of 3152 m, the amount of additional carbon
export due to PMMs was estimated to range from 5.07-
7.02ktC yr~—!, while it ranged from 6.35 to 23.9ktC yr~! due
to coastal erosion. Compared to the typical specific annual
POC export from tropical wet regions via riverine transport,
these lateral carbon fluxes in this watershed (6.41 km?) cor-
respond to approximately 295 to 1089 times greater. Con-
sequently, these lateral carbon exports on tropical peatland
coasts add another route for carbon export to the ocean, in ad-
dition to general POC discharges from rivers. Further studies
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Figure 20. Estimated annual particulate organic carbon (POC) flux
around the studied peatland watershed (6.41 km?) in Bengkalis Is-
land. Biodegradation was referred to Hirano et al. (2014). The coast-
line along the peatland watershed was 3.1 km and the area of the
tidal flat in Bengkalis Island where the sedimentation happened was
1.46 km?.

need to clarify, the fate of exported peat particles in marine
environments and emission of the carbon dioxide from ex-
posed peat cliff formed by coastal erosion.

Appendix A: The global distribution of peatlands
Peatlands are distributed across subarctic, arctic, and trop-

ical regions (Fig. Al). Throughout the Holocene, they have
functioned as persistent carbon sinks. Globally, peatlands are

https://doi.org/10.5194/bg-23-2119-2026

estimated to have sequestered more than 600 GtC at a rate ex-
ceeding 5 GtC per century (Kleinen et al., 2010; Yu, 2011).

The total peatland area is estimated to range from 3.97
to 4.26 million km?, accounting for approximately 3.05 % to
3.28 % of the Earth’s land surface (Osaki and Tsuji, 2016;
Ministry of the Environment, 2002). Despite this limited spa-
tial extent, peatlands are estimated to store about 6 % of the
global soil carbon stock (Page et al., 2011; Scharlemann et
al., 2014).

1. Bykovsky Peninsula, Siberia (Fig. Ala)

Annual erosion rates vary significantly on interannual
and decadal scales (Lantuit et al., 2011). Sediment ac-
cumulation can reach 5.00myr_1, with coastal retreat
rates up to 10.00myr~!. From 19862006, the average
erosion rate was 1.09 m yr~!, with a peak of 2.06 m yr~!
from 1975-1981. Storms (zl()ms_l for >6h) oc-
curred on average 13.6 times per year between 1958 and
2006, but erosion did not correlate directly with storm
frequency due to a “lag effect” (Lantuit and Pollard,
2008).

Beaufort Sea Coastline (Fig. Alb)

Yunker et al. (1991) divided the coastline from Cape
Dalhousie to the Alaska border into 776 segments, cal-

Biogeosciences, 23, 2119-2154, 2026
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culating coastal retreat and estimating peat flux into the
sea by multiplying retreat rates with peat thickness.

3. Elson Lagoon, Alaska (Fig. Alc)

From 1949 to 2000, retreat rates increased from
0.56myr~! (1948-1979) to 0.86myr~' (1979-2000),
resulting in a 47 % increase and 2.8 x 10°m? land
loss. Erosion is restricted to the ice-free season (3—
4 months yr~!). Regional retreat rates range from 2 to
6myr~!, with maxima exceeding 10myr~! (Rachold
et al., 2002).

4. Baltic Sea Coastal Peatlands (Fig. Ald)

Coastal low-lying peatlands cover ~ 0.16-0.2km?>
(Lehfeldt and Milbradt, 2000). Coastal erosion and
storm abrasion have exposed peat layers by removing
overlying sand. Saltwater intrusion affects ~ 1800 km?
of wetlands (Sterr, 2008), and ~ 3km of wetland has
been lost in the southern Baltic Sea since peat forma-
tion began. Coastal wetlands face multiple stressors, in-
cluding sea-level rise, flooding, submergence, and in-
frastructure restrictions on inland migration (Nicholls
and Cazenave, 2010; Wong et al., 2014; Chambers et
al., 2019).

5. Amazonian Peatlands and Coastal Erosion (Fig. Ale)

Research in Amazonian peatlands began in the 1950s
and has expanded significantly since 2009, shifting
from carbon dynamics to degradation and conserva-
tion (Malpica-Pifieros et al., 2024). The Amazon Basin
spans nine countries, with most peatland studies con-
centrated in Peru. High-altitude peatlands are found
in the Andes, Guiana Shield, and Brazilian Shield. In
Guiana, coastal erosion such as beach retreat has been
observed (Chevallier et al., 2023).

6. Boreal Peatlands and Peatland Failures (Fig. Alf)

Peat mass movements (PMMs) in boreal regions in-
clude bog bursts, bog slides, and peat flows (Dykes and
Warburton, 2007). Common triggers include heavy rain-
fall, drainage, and snowmelt. Failures have been doc-
umented since the 16th century in northern England
and Ireland (e.g., Bowes, 1960; Warburton et al., 2004;
Dykes and Jennings, 2011). Most failures occur on 2—
3 m thick peat over slopes of 4-8°, but steeper failures
also occur. Consequences include fish kills (McCahon
et al., 1987) and drainage disruptions (Alexander et al.,
1986).

7. Coastal Wetland Vulnerability
(Fig. Alg)

and Degradation

Biogeosciences, 23, 2119-2154, 2026
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Figure Al. Global distribution of the lateral degradation in peat-
lands (Based on data from the Global Peatland Database, compiled
by the Greifswald Mire Centre (2024)).

According to Chambers et al. (2019), low-lying coastal
wetlands are undergoing degradation due to com-
bined climatic and anthropogenic stressors, resulting
in reduced ecological health and shrinking spatial ex-
tent. These wetlands, located within the intertidal eco-
tone between marine and terrestrial environments, face
multi-directional threats.

8. Tropical Peatland Failures (Fig. Alh)

Documented cases of PMMs in tropical peatlands are
rare. The only known cases include: A suspected land-
slide on the Tutoh River, Malaysia in 1966 (Wilford,
1966).

Appendix B: Comparison of carbon export studies in
Boreal and Tropical peatlands

Table B1 provides an overview of previous studies reporting
carbon emissions from peat and peatland systems in boreal
and tropical environments.
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Appendix C: Time series of NDVI data viewed and
analysed in Sentinel hub EO browser

EO Browser was utilized as a web-based platform for pro-
cessing remote sensing data in a cloud computing environ-
ment. Sentinel images were obtained from Sentinel Hub,
which is connected to EO Browser via API, and statisti-
cal analysis of the Normalized Difference Vegetation Index
(NDVI) was conducted within EO Browser. The procedure
for NDVI statistical analysis in EO Browser is as follows:
First, the acquisition period for the Sentinel images was se-
lected, and polygons from a KML file created in a GIS en-
vironment were imported into EO Browser. The statistical
analysis of NDVI allowed for the calculation of average val-
ues within the selected polygons and the assessment of tem-
poral changes over the specified period. To minimize the im-
pact of cloud cover, the analysis was conducted with cloud
coverage set to 0 %. Since erroneous data were occasionally
included, the exported CSV files were reviewed, and any er-
roneous data were manually removed.

Appendix D: Relationship between NDVI and
vegetation cover

Time-series changes in NDVI were analysed using Landsat8,
while Sentinel-2 imagery was employed to examine the rela-
tionship between NDVI and vegetation cover. Consequently,
we first established the relationship between NDVI values
from Landsat8 and Sentinel-2.

Landsat 8 OLI images from 9 March 2017 to 19 February
2022 were used. The target site is indicated in Fig. 3c (ROI1).
Landsat 8 was launched in 2013 and provides high-quality
multispectral images at a resolution of 30 m and a revisiting
time of 16d.

Sentinel-2 multispectral imagery captured on 22 March
2017, was used for land cover classification. Sentinel-2B pro-
vides 13 bands of multispectral imaging at a resolution of
10 m. Sentinel-2B was launched on 7 March 2017. Part of a
European fleet of satellites aimed at delivering core data to
the European Commission’s Copernicus programme, a pro-
gramme whose services address six thematic areas: land, ma-
rine, atmospheric, climate change, emergency management,
and security. In a sun-synchronous orbit at a mean altitude of
786 km above the Earth’s surface, MSI samples 13 spectral
bands in the visible-near infrared (VNIR) and short-wave in-
frared (SWIR) spectral range at three different spatial resolu-
tions (10, 20, and 60 m) and allows for a 290 km swath width
with a high revisit frequency of 10d. Data were obtained
from USGS EarthExplorer (https://earthexplorer.usgs.gov/).

An oil palm plantation was selected as the target for com-
parison (Fig. 3¢ (ROI2)). To determine whether NDVI vari-
ation is related to vegetation coverage, VARI (Visible At-
mospherically Resistant Index) images were generated from
UAV aerial photogrammetric data acquired on 4 March 2017.

Biogeosciences, 23, 2119-2154, 2026
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The VARI images were binarized using a threshold of 0, and
a scatter diagram was constructed to compare the binarized
VARI values with the NDVI data. Pixel sizes were matched
to facilitate the correlation analysis between vegetation cov-
erage and NDVI. NDVI (Landsat 8), NDVI (Sentinel-2) and
VARI were calculated using Eq. (D1), Eq. (D2) and Eq. (D3).

B5—B4
NDVI= — (D1)
B5+B4
B8 — B4
NDVI= —— (D2)
B8+ B4
G-R
VARI = —— (D3)
G+R-B

where B5 represents the NIR with 30 m resolution (wave-
length: 850-880 nm); B4 represents the red band with 30 m
resolution (wavelength: 640-670 nm); B8 represents the NIR
with 10 m resolution (wavelength: 842 nm); B4 represents
the red band with 10 m resolution (wavelength: 665 nm). G
stands for the green band; R stands for the red band; B stands
for the blue band.
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Changes in NDVI and vegetation cover were plotted as a
time series to highlight where the vegetation became discon-
tinuous. Figure D1a illustrates the relationship between veg-
etation cover and NDVI which exhibits a clear correlation,
as expressed by Eq. (D4) (with VC representing vegetation
cover and NDVIgeptinel-2representing NDVI of Sentinel-2).
Additionally, a strong correlation was observed between the
NDVI values from Landsat 8 and Sentinel-2; this relation-
ship is shown in Fig. D1b and expressed by Eq. (D5), where
x is the NDVI apgsarg from Landsat 8 and NDVIgenginel2 iS
that from Sentinel-2.

VC = 1.5692NDVIsentine-2 — 0.3817

(R?> =0.8582) (D4)
NDVIsentinel-2 = 1.2578NDVI} andsars — 0.2349
(R? =0.9571) (D5)
(b) :,0028039 iy
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Figure D1. (a) Relationship between Sentinel-2 NDVI and vegetation cover. (b) Relationship between Landsat 8 NDVI and Sentinel-2
NDVI, and Both figures show a linear relationship. A significant positive relationship (p<0.05, z-test) indicates that the regression is not a

random coincidence.
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Appendix E: Land cover classification using machine
learning

To extract bare land from oil palm plantations in satellite
images, we used the normalised difference vegetation in-
dex (NDVI), and the normalised difference moisture index
(NDMI) derived from Sentinel-2 imagery to classify the land
cover. NDVI and NDMI were calculated using Egs. (D2) and
(E1), respectively. For machine learning, Support Vector Ma-
chine (SVM) algorithms were used to classify the oil palm
tree plantations from the other landcovers. The UAV images,
taken on 4 March 2017, 29 July 2018, and 5 November 2019,
were used as the ground truth of the land cover. The precision
of the land cover classification was evaluated by calculating
the true positive rate, recall, specificity, precision, negative
predictive value and F-score based on the confusion matrix.
The dividing lines were calculated with palm oil plantation
vegetation as true positives (TP) and other types of land cover
as false negatives (FN).
BS8A —BI11
NDMI = ——— (ED)
B8A +Bl11

where BSA represents the NIR with 20 m resolution (wave-
length: 865 nm); B11 represents the SWIR with 20 m reso-
lution (wavelength: 1610 nm). According to Mandanici and
Bitelli (2016), the Pearson correlation coefficient and the
slope of the linear relationship between the reflectance and
index values of the multispectral instrument (MSI) and the
TMS5 bands are as close to 1 as possible, with the intercept
close to 0. Therefore, the machine learning model for land
cover classification created for Sentinel-2 images was ap-
plied directly to Landsat5 images.

As aresult of the machine learning of the landcover classi-
fication using NDVI and NDMI, we got the partition line sep-
arating vegetation area and bare land area given by Eq. (E2).
Validation results of the machine learning were as follows:
true positive rate, 0.8804; recall, 0.6940; specificity, 0.9950;
precision, 0.9885; negative predictive value, 0.8410; and F-
score, 0.4077.

NDMI = 0.5198NDVI 4 0.7505 (E2)

Appendix F: Vegetation removal from DEMNAS data

Because DEMNAS is a DSM that contains the tree height
(vegetation), we removed the tree height from the DSM to
make DTM. First, the bare lands in the research area in Land-
sat 5 image taken on 2 February 2010 were identified by the
classifier that was established in 3.2.1 and binarized. The bi-
narized bare land area and DEMNAS data were combined to
extract elevation values for bare land. During this process,
the peat swamp forest and adjacent bare road and a radius
of 200 m from the coastline that were flagged as anomalies
were masked (Fig. Fla). The 200 m radius DEMNAS data
depicted collapsed terrain, which would not need to remove

https://doi.org/10.5194/bg-23-2119-2026

tree heights; therefore, these areas were excised. The DEM-
NAS derived coastline, which the points of the altitudes of
Om at 100 m intervals were extracted (Fig. F1b). An approx-
imation of the polynomial curve of the extracted coastline
was calculated, and a 2km offshore measurement line was
constructed centred on the coast (Fig. Flc). The radius of
1 km from the coastline was set as a buffer area for buffer
analyses in GIS to obtain elevation of the bare land (Fig. F1d
and Fle). For any point in which statistical values were not
attainable, linear interpolation was applied between adjacent
points. The elevation difference from the median bare land
elevation was considered as tree heights and the difference
was subtracted to calculate the bare land elevation. Values
above Om elevation were used to interpolate by kriging to
generate a DTM with an 8 m resolution.

Figure F2 shows the differences in the DEMNAS before
and after vegetation removal. The median elevation values
of the bare land within 1 km from coastline were used in the
vegetation removal from the DEMNAS data. Comparison be-
tween ground surface geodetic survey results by Real Time
Kinematic-Global Navigation Satellite System (RTK-GNSS)
and DEMNAS data after vegetation removal are presented in
Fig. F3. The RMSE of the ground elevation obtained from
the RTK-GNSS and DEMNAS data after vegetation removal
was 0.6951 m. The RMSE was subtracted from the DSM ob-
tained from the UAV aerial photogrammetry to match the
DEMNAS elevation. This elevation difference can be caused
by the skewness by the elevation decline because of the wa-
terway.
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RMSE of removing the landslide-affected area was 0.6951 (m).

Appendix G: Comparison of optical satellite images and
UAV-based orthomosaic and estimation methodology of
the volume of the land slide-induced exported peat to the
ocean

In this study, optical satellite imagery and UAV-based or-
thomosaic were used to identify landslide-affected areas
and coastlines. A comparison of Landsat8 imagery, which
has a resolution equivalent to Landsat5, the lowest resolu-
tion of the optical satellites used, and UAV-based orthomo-
saic Landslide-affected areas at the same location is shown
(Fig. Gla, G1b, Glc, G1d and Gle; described in Sect. 3.2.4
and 3.2.6). Errors due to tracing were considered to vary
depending on the resolution of the imagery, such as low-
resolution satellite imagery, high-resolution satellite imagery
and UAV-based orthomosaic, as the landslide-affected area
and coastline cannot be identified unless the zoom is adjusted
so that a wide area is visible, depending on the resolution of
the imagery (Fig. Gla, G1b, Glc, G1d and Gle; described
in Sect. 3.2.4 and 3.2.6). The process in GIS software of es-
timated the volume of peat exported to the ocean is shown
(Fig. Gle, Gl1f, Glg, G1h, and G1i; described in Sect. 3.2.3).
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Figure G1. Comparison of optical satellite images and UAV-based orthomosaic and the process in GIS software of estimating the volume
of peat exported to the ocean. (a) Landslide-affected area identified by wide-area visibility and UAV-based orthomosaic (4 March 2017) in
Landsat 8 false colour image (9 March 2017). (b) Landslide-affected area identified by wide-area visibility and UAV- based orthomosaic
(4 March 2017) in Landsat 8 true colour image (9 March 2017). (¢) Landslide-affected area identified by zoomed-area visibility and UAV-
based orthomosaic (4 March 2017) in Landsat 8 false colour image (9 March 2017). (d) Landslide-affected area identified by zoomed-area
visibility and UAV-based orthomosaic (4 March 2017) in Landsat 8 true colour image (9 March 2017). (e) Landslide-affected area identified
by UAV-based orthomosaic (4 March 2017). (f) DEM was post-collapse DEM, which were generated by sampling elevation data in the
landslide-affected areas of vegetation removed DSM.(g) Elevation points at the edge of the DSM of the landslide affected area extracted to
recreate the initial land surface. (h) Elevation points (4516 points) inside the DSM of the landslide-affected area extracted to recreate the
DEM after collapse. (i) Shape of the collapse site with the vegetation removed.

Appendix H: Error evaluation method for traced
coastal erosion areas and landslide-affected areas in GIS
software

This study considered traced errors in coastal erosion areas
and landslide-affected areas, which were calculated by man-
ual tracing in GIS software. The concept of an error evalu-
ation method for traced coastal erosion areas and landslide-
affected areas on GIS software is presented in Fig. H1. When
considered at the scale of one pixel in the image, it was as-
sumed that the manually traced lines would have trace errors
within one pixel. Therefore, the traced error will depend on
the resolution. Here, for the case where Google Earth was
used, it was assumed that a tracing error equivalent to that
of Landsat5 would occur, as the resolution was not opened.
For cases where low-resolution images are used, the trac-
ing errors are greater because the landslide-affected area and
the coastline cannot be identified without scaling the scale
(Fig. Gla, G1b, Glc, G1d and Gle). Errors in tracing planes
also affect the calculation of volumes. Traced errors were
also reflected in volume calculations.
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Figure H1. Concept of the error evaluation method for traced
coastal erosion areas and landslide-affected areas in the GIS soft-
ware. Manual tracing errors tend to be resolution dependent.
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Appendix I: Evaluation of resolution-induced errors
using Landsat 8 and Sentinel-2 imagery

We evaluated the errors caused by differences in resolution
using satellite images from Landsat 8 and Sentinel-2 ac-
quired at the same time (n =7). To achieve this, we con-
ducted 20 tracings per time for comparison. Using Landsat 8
with a 30 m resolution and Sentinel-2 with a 10 m resolution,
landslide-affected areas captured at the same time were man-
ually traced, and the error was evaluated (Fig. I1). Larger col-
lapses exhibited greater tracing errors, with an overall RMSE
of 0.608 x 10* m? the results also indicate that tracing vari-
ability is greater with Landsat 8, which has a lower resolu-
tion.
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Figure I1. Evaluation of resolution-induced errors using Landsat 8
and Sentinel-2 imagery. A significant positive relationship (p<0.05,
t-test) indicates that the regression is not a random coincidence.

Appendix J: Wind rose derived from field observations

Annual wind roses for Perapat Tunggal and Selat Baru for
2018 and 2021 are presented in Fig. J1. In Perapat Tunggal,
both years exhibit dominant winds from the west and north-
west throughout the year, with westerly winds accounting for
16.39 % of the observation. In contrast, in Selat Baru, winds
from the east and northeast predominated in both years; in
2018, easterly winds were most frequent at 15.20 %, and in
2021 a maximum wind speed of 20.3 ms~! was recorded.
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Figure J1. Annual wind rose diagrams for Perapat Tunggal and Selat Baru in 2018 and 2021.
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