3D mapping of lowland coastal peat domes in Indonesia
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SUMMARY

Extent and thickness of peat deposits in Indonesia are poorly constrained although both are important factors
in regulating peat use and in planning peat conservation. Innovations for mapping the extent and thickness of
peat deposits were developed and tested on two highly disturbed peat domes on the islands of Sumatra and
Kalimantan (Borneo), Indonesia. Peat dome surface topography was mapped by transforming radar Digital
Surface Models (DSM) to Digital Terrain Models (DTM) using ortho-photogrammetric techniques and
cadastral standard Ground Control Points (GCPs). Soil core samples were collected along gradient transects
to determine the peat base topography. A digital peat base model (DPBM) was generated by fitting a surface
to the peat base elevation points in soil cores. Combining the peat surface DTM with the peat base DPBM
provides a three-dimensional model of peat extent and thickness. Maps derived from these models can inform
a ‘whole of dome’ approach to resolving competing land use goals, reducing regional smoke hazard and
mitigating greenhouse gas emissions. The DPBM makes a critical contribution to accurate peat dome mapping
and successful peat management on Indonesia’s coastal peatlands and in any other locations where peat has

formed on an undulating irregular soil surface.
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INTRODUCTON

Indonesia’s extensive peatlands store a substantial
fraction of terrestrial carbon (Neuzil 1997, Page et al.
2011). Current uncertainties in the size of the
Indonesian peat carbon pool are due to coarse
estimations of both its extent - published areas range
from 122,000 km?to 265,000 km? (Uda et al. 2017) -
and its thickness (Wahyunto & Suryadiputra 2008,
Page et al. 2011, Warren et al. 2017). The current
extent and thickness of each peat dome reflects
millennia of regional peat formation, decades of local
land use change and years of site-specific burning.
As much as 80 % of western Indonesia’s peat
deposits, including both of the study sites discussed
in this article, lie on coastal lowlands at elevations
(altitudes) within a few metres of current mean sea
level (Supardi et al. 1993, Dommain et al. 2014,
Vernimmen et al. 2020). The topography of their
bases undulate unpredictably, due to the interaction
of climate and sea level fluctuations during the
formation of those surfaces. For more than 100,000
years during the last glacial period, sea level was

>120 m below current mean sea level. At that time
the coastal lowlands of today were relatively
elevated, inland and sub-aerially exposed. A
combination of deposition, erosion and other soil
forming processes shaped their surface soils (Supardi
et al. 1993, Neuzil 1997, Dommain et al. 2014).
Between ~6,000 and ~4,000 years ago, post-
glacial sea level rise peaked at ~5 m above current
mean sea level, and this was accompanied by warmer
and wetter weather in western Indonesia (Dommain
et al. 2014). Today’s coastal lowlands would have
been almost entirely inundated, resulting in
reworking and erosion of the previous soil surface.
Sea level subsequently dropped and the local climate
combined high annual rainfall (>2.5 m yr?) with
short dry seasons (< 3 months with rainfall ~100 mm
month) (Neuzil 1997, Dommain et al. 2014, Gaveau
et al. 2014). These conditions supported peat
deposition on coastal lowlands as falling sea levels
exposed them (Supardi et al. 1993, Neuzil 1997,
Dommain et al. 2014, Nasrul et al. 2020). Basal peat
in coastal western Bengkalis Island has a radiocarbon
date of 5860 cal BP (Dommain et al. 2011). Basal

Mires and Peat, Volume 27 (2021), Article 04, 18 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2019.0MB.StA.1912

(@0



E.C. Saxon et al.

peat deposition at Rasau Jaya, 30 km northwest of
Kubu Raya, has five radiocarbon dates ranging from
~4500 cal BP to ~4300 cal BP (Ruwaimana et al.
2020).

Peatlands in Indonesia were largely undisturbed
through the mid-1900s (Thorburn & Kull 2015), and
Bengkalis Island was almost completely forested as
recently as 1972 (Vernimmen et al. 2020). Following
large scale land use change in the past four decades,
these peatlands now support economic activities
including industrial scale oil palm plantations, timber
extraction and wood pulp production (Koh et al.
2011, Thorburn & Kull 2015, Miettinen et al. 2016,
Uda et al. 2017), as well as smallholdings with
coconuts, rubber and subsistence crops (Hergoualc’h
& Verchot 2014, Thorburn & Kull 2015, Miettinen et
al. 2016).

This has had collateral adverse effects (Thorburn
& Kull 2015, Hergoualc’h et al. 2018). Natural
undisturbed peat domes are waterlogged; the water
table is near the surface of the peat and may fluctuate
by a few tens of centimetres in response to the
seasonal variations in rainfall (Dommain et al. 2010).
Oil palm and acacia plantations thrive best when the
water table is lowered to 50-75 cm below the peat
surface throughout the year (Hooijer et al. 2015).
This can be achieved only by artificial drainage,
which rapidly deflates the peat and changes its
surface topography (Hooijer et al. 2015, Evans et al.
2019, Tata 2019). Clearing peatland forests imperils
wildlife (Posa et al. 2011, Husson et al. 2018).
Draining and burning peatlands (Page et al. 2009,
Miettinen et al. 2017) emit globally significant
greenhouse gases (Gaveau et al. 2014, Hergoualc’h
et al. 2018). Extensive peat fires produce stifling air
pollution with airborne particulates that are a health
hazard to humans and wildlife at a regional scale
(Marlier et al. 2013, Crippa et al. 2016), and the
dense lingering smoke has had substantial economic
impacts over the entire region (Tacconi 2016, Lin et
al. 2017).

The small area of remaining undisturbed peatland
(Miettinen et al. 2016) plays a critical role in the
conservation of peat swamp forest biodiversity (Posa
et al. 2011, Husson et al. 2018).

Management of peatlands to achieve diverse goals
- including economic development, regional air
quality, community  welfare, biodiversity
conservation and mitigation of greenhouse gas
emissions - requires detailed knowledge of the extent,
shape, structure and condition of each peat dome.
Government regulation of individual land holdings
(Agus et al. 2012, Menteri Lingkungan Hidup dan
Kehutanan 2017) on peatlands is especially difficult
because each peat dome is a single, internally
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connected hydrological unit; actions that alter the
water table in one part of the dome affect the whole
dome (Jaenicke et al. 2010, Evans et al. 2019, Tata
2019) with severe long-term consequences (Hooijer
et al. 2015, Wijedasa et al. 2017). Consequently, a
‘whole of dome’ approach (KFCP 2009, page 23) is
needed to ensure that interventions which alter
hydrology in one part of the dome do not have
unintended adverse consequences elsewhere (Ichsan
et al. 2013, Seymour & Samadhi 2018).

‘Whole of dome’ peatland management for
multiple land uses requires detailed mapping of each
peat dome’s three-dimensional structure: its extent,
thickness and stratification (Nasrul et al. 2020). The
following five peat mapping methods - alone or in
combination - are those most frequently implemented
in Indonesia, with varying degrees of reliability:

e local schematic diagrams derived from soil
profiles (Supardi et al. 1993, Agus et al. 2011);

e island-wide maps for Sumatra and Kalimantan,
prepared from satellite imagery (Wahyunto &
Suryadiputra 2008);

e topographic and land cover maps at scales of
1:50,000 and 1:250,000 prepared from air
photographs (BIG 2018);

e regional maps prepared by combining surface
topography from Light Detection and Ranging
(LiDAR) strip sampling with soil core sample
data to delineate the base topography comprising
a lenticular rim and a flat centre (Hooijer &
Vernimmen 2016, Siegert et al. 2018); and

e maps of individual peat domes derived from
coarse digital elevation data and multi-temporal
satellite imagery (Rudiyanto et al. 2018, Illés et
al. 2019).

The conversion of peatlands from swamp forest to
plantation cropping at the two study sites investigated
here has altered the profile of each peat dome
(Figure 1), creating challenges for mapping peat
domes. Elevation data must be current, because peat
dome topography changes rapidly in response to
deforestation, peat surface levelling for plantations
and deflation due to drainage and fires. Remote
sensing data must be timely and processing
techniques must be able to distinguish the peat soil
surface from the clutter of vegetation, log piles,
buildings, road embankments and drainage channels
in order to determine the extant peat surface.

In this study, we developed a new method that
creates detailed 3D maps of individual peat domes by
combining radar remote sensing data, ground control
points (GCPs) and strategic soil sampling along
gradient  transects. Interferometric  Synthetic
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Figure 1. Schematic partial transect of a peat dome
showing its original surface (dotted line), current
surface (solid line) and peat base (long dashes).
The location of isopachs (contours of equal peat
thickness) are shown before (dotted line with
arrows) and after (solid line with arrows) clearing,
draining and crop planting. Deflation has increased
the extent of peat <3m deep - where regulations
allow conversion of peatland. Roads and drains are
indicated by vertical bars above and below the peat
surface. Vertical exaggeration x1000. Distances
are measured from the edge of the peat dome
(0.40 m isopach).

Aperture Radar (IFSAR) is a well-established remote
sensing technology for obtaining high-resolution
elevation data and corresponding ortho-rectified
radar images of the earth’s surface from airborne and
space-borne platforms (Carswell 2013, Zakaria
2017). Unlike Landsat and LiDAR remote sensing
systems operating at visible or near-infrared
wavelengths, IFSAR systems use energy at
microwave wavelengths to collect information about
the terrain. This allows IFSAR to penetrate cloud
cover, which is especially important in the tropics.

Our methodology was used to test assumptions
underlying the five peat mapping methods currently
in use. The 3D maps generated by this method can
potentially be employed by the scientific community
to reduce uncertainty in estimating the peat carbon
pool, by government regulators to establish
management boundaries based on peat thickness, and
by planning officials to weigh options for mitigation
of peatland fires, greenhouse gas emissions, peatland
loss and flooding.
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METHODS

Study sites

Two peat domes were mapped (Figure 2). The
Bengkalis site occupies 55,800 ha in the eastern half
of the Pulau Bengkalis Kesatuan Hidrologis Gambut
(KHG) (= Peatland Hydrological Unit (PHU)) on
Bengkalis Island, Riau Islands Province, adjacent to
Sumatra. The Kubu Raya site comprises the entire
Sungai Kapuas - Sungai Terentang KHG in
Kabupaten Kubu Raya, West Kalimantan Province.
It occupies a 23,400 ha island in the delta of the
Kapuas River, Indonesia’s longest river.

At both sites, the original forest cover has been
lost due to logging, clearing and burning. Current
land uses form a concentric pattern reflecting peat
thickness. Small settlements and smallholder crop
plots occupy the perimeter. Senescent coconut and
rubber plantations occur on shallow peat. Industrial
scale pulpwood and oil palm plantations extend
across the deepest peat.

Digital terrain model (DTM) of the peat surface
At Bengkalis, Interferometric Synthetic Aperture
Radar (IFSAR) data had been collected by Intermap
Technologies, Inc. from an airborne platform in
2011, shortly after the natural tree cover was removed
and uniform canopy plantations were established.
These (X-band, 3 cm wavelength) data were suitable
for post-processing into DTMs with a final pixel
spacing of 5 m.

At Kubu Raya, Advanced Land Observing
Satellite (ALOS) optical data were captured in 2014.
These data have a 0.52 um-0.77um wavelength
(Tadono et al. 2014) and the resulting elevation
models have a pixel size of 30 m (Takaku et al. 2016).
Intermap Technologies, Inc. utilised its Intelligent
Resolution Improvement System (IRIS™) Digital
Elevation Model (DEM) enhancement techniques
(Mercer et al. 2018) to create a DSM elevation
surface at a 5m pixel spacing to emulate the
resolution obtained from X-band IFSAR at Bengkalis.

IFSAR systems use two antennae separated by a
fixed baseline to image the earth’s surface by
transmitting radar pulses toward the terrain. The
reflected energy is recorded by both antennae
simultaneously, providing the system with two
Synthetic Aperture Radar (SAR) images (containing
amplitude and phase data) of the same point on the
ground, separated only by the phase difference
created by the space between the two antennae. The
phase difference between the antennae for each
image point - along with range, baseline, GPS and
navigation data - is used to infer the topographic
height of the terrain being imaged. This enables the
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creation of an interferogram (depicting the phase
difference) from which the first-surface DSMs and
Ortho-rectified Radar Images (ORIs) are derived
(Richards 2007).

Unlike visible light, radar’s microwave energy
interacts with multiple layers in a vegetation canopy.
Consequently, further processing is required to
generate a bare soil DTM (Mercuri et al. 2006).
Vegetation, buildings and other cultural features
were digitally removed from the DSM to create the
DTM in a semi-automated process using Intermap's
proprietary 3D editing platform and software suite,
leaving just the underlying terrain (Intermap
Technologies, Inc. 2016, Rizaldy & Mayasari 2016).
This method has been validated to have DTM
accuracies of a similar order of magnitude to the
DSMs, up to 1Im RMSE in unobstructed areas with

|
0 10km
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slopes <10 degrees (Intermap Technologies, Inc.
2016).

Several features of deforested Indonesian peat
domes lend themselves to such editing. The peat
surface is virtually flat after draining and levelling for
plantations, rectilinear plantations with irregular
canopy heights have adjacent flat areas at regular
intervals, narrow linear features such as drains and
roads can be excluded from surface-fitting
interpolation and artefacts such as log dumps and
buildings are readily identifiable.

Trimble Global Navigation Satellite System
stations with Trimble Zephyr Geodetic 2 antennas
were deployed to establish new permanent geodetic
survey stations within government precincts in the
towns of Bengkalis (August 2016) and in Pontianak
(August 2017), near the Bengkalis and Kubu Raya

Figure 2. Extent of peat, bounded by the 0.40 m peat thickness isopach (yellow line), at the Bengkalis (left)
and Kubu Raya (right) sites in Indonesia. At Kubu Raya, peat deflation following drainage and small
cropping created a highly convoluted boundary. Elsewhere, the boundary is not aligned with any land use

or land cover distinction visible in the satellite imagery.
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study sites. Each station was referenced to
Indonesia’s national geodetic network with a
horizontal accuracy of 0.01 m and vertical accuracy
of 0.03 m. The same equipment was used to establish
temporary GCPs in regularly spaced arrays across
each site; 20 at Bengkalis and 26 at Kubu Raya
(Figure 3). The location of each temporary GCP was
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determined by reference to geo-stationary satellites
and to the new permanent geodetic survey station
nearby. Wherever possible, a field GCP was
established on an elevated bridge, culvert or building
and offsets were measured to the adjacent peat
surface. If no permanent landmark was available, the
GCP was established on dry peat soil in a plantation

® GCP
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Figure 3. Ground Control Points (GCPs), peat surface elevation (m), peat extent at each surface elevation
level (km?) and mean surface elevation (red line) at Bengkalis (left) and Kubu Raya (right). At Bengkalis,
coastal erosion has removed peat below 4 m. Bengkalis DTM is derived from airborne IFSAR. Kubu Raya
DTM is derived from satellite SAR for higher elevations and from ortho-photogrammetric data at lower

elevations (within dashed lines).
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area, avoiding areas of obvious recent subsidence
associated with drainage or fire.

The GCPs were used both to tie the draft DTM to
national mapping standards and to update the
provisional DTM, as follows:

- GCPs were used as reference points to assist in the
removal of non-terrain surfaces such as stockpiled
tree trunks, buildings and other cultural features
observed in the radar data;

- GCPs in forested areas were referenced to assist in
the estimation of local canopy height for the
transformation from DSM to DTM; and

- GCPs in open areas were referenced to ensure the
DTM was hydrologically sound for the peat surface
DTM mapping.

Finally, during the re-edit of the DTM, any
artefacts introduced during the automated DTM
terrain-building process (e.g. swales beside drainage
canals and abrupt break lines due to non-terrain
surfaces) were removed. Statistics for the accuracy of
the final DTM at each site are provided in Tables Al
and A2 in the Appendix.

Peat thickness in soil core samples

At Bengkalis, soil core samples were collected at 42
locations during two weeks in August-September
2016 and 52 locations during two weeks in April
2017. Additional data from 116 sites, sampled in
2014 for the Indonesian Department of Environment,
were provided by the Badan Informasi Geospasial
(BIG; Geospatial Information Agency). During two
weeks in August 2017, soil core samples were
collected at 152 locations at Kubu Raya (Figure 4).

In order to maximise information gained by each
additional soil sample, soil core samples were
obtained along multiple gradient transects running
continuously from the deepest to the shallowest peat
(Gillison & Brewer 1985). Each gradient transect
followed the shortest feasible line, subject to the
constraints of on-ground access and the interests of
land owners and community members. Gradient
transects were widely distributed across each site to
capture variation in topography, edaphic factors and
soil stratigraphy.

Soil core samples were obtained using stainless
steel gouge augers (Eijkelkamp Soil & Water,
Netherlands). On mineral soils adjacent to the peat
domes, samples were obtained to a depth of 1.20 m
to confirm that there was no shallow buried peat
within sediments that may have encroached on the
peat dome. On peat soil, sampling continued until
mineral soil was encountered at the base of the peat.
The thickest peat sampled was 10.40 m deep. Each
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peat layer in each soil core sample was characterised
as saprist, hemist or fibrist according to the degree of
decomposition of its organic matter content (FAO
2018). Representative soil samples were archived.

Digital peat base model (DPBM)

The elevation of the base of the peat at each soil core
sample was determined by subtracting peat thickness
from elevation of the peat surface in the DTM.
ArcGIS Topo Point to Raster tool (ESRI, Redlands
CA, USA) was used to interpolate a continuous,
hydrologically sound raster grid from the peat base
elevation point data (Figure 4). While both the peat
surface DTM and the soil samples were time-
consuming and expensive to obtain, digital
processing of these data to create a peat base DPBM
required neither significant preparation time nor cost.

3D model

Peat thickness was modelled as the difference
between the continuous surface DTM and the
continuous base DPBM. The extent of the peat dome
was truncated where the difference between the
upper and lower modelled surfaces was 0.4 m,
following the standard soil classification protocol
(FAO 2018).

Two error terms were calculated for the model:
surface fitting error and sampling error. Surface
fitting error is the discrepancy between peat thickness
measured at the soil sampling points and peat
thickness calculated in the model at the same points.
Sampling error is the difference between average
peat thickness at soil sampling points in the model
and average peat thickness across the entire surface
interpolated from those points.

RESULTS

Peat thickness in soil core samples

Peat thickness in the soil core samples links the peat
surface DTM with the peat base DPBM. The
thickness, surface elevation, base elevation and
internal stratification of the soil samples can be
visualised simultaneously as a 3D model, viewable
from any angle (Figure 5). The core samples confirm
that peat thickness varies unpredictably and does not
necessarily conform to the conventional lenticular
model. For example, peat is very deep at the
southwest edge of the Bengkalis peat dome. In
narrow sections linking sub-domes, it can be either
deep (e.g. Bengkalis) or shallow (e.g. Kubu Raya).
Consequently, simple peat models that extrapolate
peat thickness from distance to the edge of the peat
dome would be invalid at these sites.

Mires and Peat, Volume 27 (2021), Article 04, 18 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2019.0MB.StA.1912

(@0



E.C. Saxon et al.

Digital terrain model (DTM) of the peat surface
Sub-metre elevation accuracy of the IFSAR peat
surface DTM after adjustment to the GCPs was
achieved at both Bengkalis (RMSE = 0.229 m)
(Table Al) and Kubu Raya (RMSE = 0.074 m)
(Table A2). Reliance on existing IFSAR, ALOS and
ortho-photogrammetric data allowed this study to
compile peat surface DTMs rapidly at low cost.
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Digital peat base model (DPBM)

Sub-metre elevation accuracy of the peat base DPBM
was achieved at both Bengkalis (RMSE = 0.129 m
among 121 core samples with peat) and Kubu Raya
(RMSE = 0.024 m among 109 core samples with
peat). At both sites, the average elevation of the base
in deep peat (peat >3.0 m thick) was found to be
lower than in shallow peat (peat 0.40-3.0 m thick)
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Figure 4. Soil sample points, peat base elevation (m), peat extent at each base elevation level (km?) and
mean peat base elevation (red line) at Bengkalis (left) and Kubu Raya (right). At Bengkalis, peaks in the
frequency of peat base area at distinct intervals may indicate extensive mud flats on the pre-deposition
surface due to coastal erosion and sea level fluctuations.
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(Table 1), consistent with the conventional lenticular
model of a peat dome. However, elevation of the peat
base is highly variable, reflecting the relict
topography before peat was deposited (Nasrul et al.
2020). Mapping the extent of the peat base that is
currently below or slightly above mean sea level
provides a basis for estimating risk of anaerobic peat
deflation compared to fire and aerobic peat deflation
in areas significantly above mean sea level.
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3D model
Subtracting the peat base DPBM from the peat
surface DTM allows peat area and volume to be
calculated (Table 2) and mapped (Figure 6). Sub-
metre RMSE was obtained for surface fitting error
(Table A3). Sub-metre RMSE and low z-scores were
obtained for sampling error (Table A4).

Variations in base topography (Figure 4), due to
the combination of sub-aerial formation and marine

Figure 5. 3D Visualisations of peat base elevation (see Figure 4 for legend) at Bengkalis (above), with
measured peat thickness in soil cores and at Kubu Raya (below), with measured thickness of individual
saprist, hemist or fibrist peat soil strata observed in core samples).
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Table 1. Average elevation (m above MSL) of the  Table 2. Peat extent and volume for shallow peat
peat base with shallow peat (0.4-3.0 m thick) and  (0.4-3.0 m thick) and deep peat (> 3.0 m thick) based

deep peat (> 3.0 m thick) in soil cores. on the 3D Model.

. Peat No. of Average . Peat Peatarea Peat volume
Location thickness cores elevation Location thickness (ha) (1,000,000 m3)
Benakalis shallow 34 3.02+0.76 Benakalis shallow 3,783 69

g deep 88  -0.24+2.26 g deep 34,763 2,657
shallow 60 201+1.45 shallow 9,672 143

Kubu Raya Kubu Raya ’
WURDYE eep 49 121+0.76 WURYE - eep 5,690 276

<=

0 10km

A A & P
3 2 1km? 1 2km?

Figure 6. Peat thickness (m), peat extent at each thickness level (km?) and mean thickness (red line) at
Bengkalis (left) and Kubu Raya (right). At Kubu Raya, drainage, levelling and deflation have created a
higher ratio of shallow peat to deep peat compared with Bengkalis.
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transgressions, reflect drainage patterns established
before peat formation. Variations in surface
topography (Figure 5), are due to a combination of
levelling, draining, planting, deflation and burning,
reflecting highly localised patterns of recent land use
and land use change. Given their different formation
periods and formative processes, there is no
correlation between the elevations of the two surfaces
(Bengkalis R? = 0.000 in 111 cores, Kubu Raya
R?2=0.011 in 109 cores). In combination, the
uncorrelated base relief and surface relief create
noisy frequency patterns in the distribution of peat
thickness within sites and distinctive differences
between them (Figure 6).

DISCUSSION

The detailed measurements at Bengkalis and Kubu
Raya demonstrate inconsistencies with several of the
assumptions currently used to simplify the tasks of
mapping peat extent and thickness, estimating carbon
content of peatlands and prioritising sites for
protection and restoration of peat swamp forests.

Peat maps based on distance from the nearest
water body (Giesen et al. 2013) or based on soil
transects (Agus et al. 2011) allocate half the observed
peat thickness to above the elevation of the
surrounding mineral soil and half to below-ground.
Our 3D maps at Bengkalis and Kubu Raya show that
the surface DTM and the peat base DPBM are not
symmetrical (Figure 3, Figure 4).

Peat maps based on satellite or air photographic
observation of land cover assume that boundaries
between land cover types are associated with the
boundary between mineral and peat soils and the
boundary between shallow and deep peat,
respectively the 0.4 m and 3.0 m isopachs (Wahyunto
& Suryadiputra 2008). Our methodology, confirmed
by on-ground observations, demonstrates that
boundaries between natural land cover and areas with
commercial plantations or small-scale crops are not
aligned with peat thickness isopachs at Bengkalis
(Figure 7).

Peat maps based on detailed surface elevation
data, combined with a limited set of soil thickness
measurements, rely on the simplifying assumptions
that the peat surface is lenticular and that the peat
base is lenticular at its margin, but otherwise flat and
at a consistent average elevation in relation to sea
level (Hooijer & Vernimmen 2016, Siegert et al.
2018, Vernimmen et al. 2020). At Bengkalis and
Kubu Raya, neither of these assumptions is valid.

Given our findings that the average elevation of
the peat base in deep peat (>3.0 m thick) was lower
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than in shallow peat (0.4-3.0 m thick), any maps
based on the average peat base elevation of the entire
dome would under-estimate the thickness and
volume of deep peat and over-estimate the thickness
and volume of shallow peat. Under-estimation of the
thickness of deep peat creates erroneous mapping
extensions of shallow peat on which government
regulations allow conversion of peat swamp forest to
plantations.

Accurate mapping of the peat surface is critical for
managing and monitoring peat deflation. When
natural peat swamp forest is disturbed drastically by
logging, drainage and plantations, there will be an
ongoing net loss of peat, even under best
management practices (Wijedasa et al. 2017). Peat
collapse, compaction, decomposition and fire lower
peat surface elevation, eventually reaching a slope
gradient <0.2 m km™. At that point, peat no longer
drains; it becomes permanently inundated (Hooijer et
al. 2015) and unsuitable for plantation crops. Some
smallholding crops, for example sago, may be viable
in these conditions (Thorburn & Kull 2015, Tata
2019). 3D mapping detected extensive areas of
surface deflation at both sites, where drained
plantations had been burned and abandoned. Such
occurrences near sea level on the coast are subject to
tidal flooding, salt water intrusion (Hooijer et al.
2015, Thorburn & Kull 2015) or rapid erosion of the
remaining peat layer (Sutikno et al. 2017).

Detailed topographic maps of the peat base reveal
the geomorphology of a fossil land surface from the
time when peat formation halted any erosion,
deposition and other soil forming processes that
previously shaped it (Supardi et al. 1993, Nasrul et
al. 2020). 3D topographic mapping of this buried pre-
peatland surface (Figure 4) revealed relict formations
created by interactions among sub-aerial processes,
drainage, tidal forces and marine transgressions.

Where a combination of disturbances lowers the
peat surface below high tide levels and the peat base
is below current mean sea level, the depressions
formed are especially susceptible to salt water
intrusion, elevating the concentrations of dissolved
salts and sulfates in the peat. Such a change in
chemical conditions damages crops and may enhance
methane emissions through anaerobic peat decay
(Inubushi et al. 2003) or ultimately create acid sulfate
soils unsuitable for agriculture (Andriesse & Van
Mensvoort 2006). Furthermore, even slightly
lowered topographic depressions and drainage
pathways on the peat surface can become permanent
shallow open water areas in the near term, through a
combination of sea level rise, tidal-driven coastal
erosion and deflation of the peat surface (Hooijer et
al. 2015).
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Plantations and drainage canals increase peat
degradation at the peat surface and near canals
(Nasrul et al. 2020), and thus lower the hydraulic
conductivity. In combination, they can reduce the
rate of rainfall infiltration into peat. Since water flow
in peat domes is gravity driven (Dommain et al.
2010), knowledge of the elevation of the peat surface
and of the individual layers within the peat are critical
for predicting water flow paths and drainage rates
through and out of a peat dome. Hydraulic
conductivity of tropical peat may range from >400 m
d? in fibrous peat to as low as <0.5 m d* in sapric
peat (Dommain et al. 2010, Hooijer et al. 2015).
Within the peat domes at Bengkalis and Kubu Raya,
layers with different degradation vary in both
thickness and elevation. Mapping this internal
structure  provides critical information  for
management practices needed to maintain a
minimum depth to the water table in order to break
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the feedback processes that accelerate loss of carbon
stocks (Wijedasa et al. 2017, Hergoualc’h et al.
2018) through peat deflation, fire, coastal erosion and
enhanced anaerobic loss due to salt water intrusion.

It is likely that the enhanced DTM editing
techniques, specifically relevant to peatland
mapping, that were developed during this study can
be applied to other remotely sensed data. Radar
remote sensing data are becoming more widely
available with satellites such as Sentinel-1 C-band
and the Radarsat Constellation Mission (Zan &
Guarnieri 2006, Dabboor et al. 2018). Wherever
interferometric pairs of radar satellite images are
available, DSMs can be generated and the DTM
generation techniques employed here for peatland
mapping can be utilised.

The combination of a detailed peat surface DTM
with a detailed peat base DPBM provides maps of the
peat dome’s 0.4 m and 3.0 m isopachs (contours of

Figure 7. Comparison of the 0.40 m isopach (solid red line, perimeter of shallow peat) and the 3.0 m isopach
(dashed red line, perimeter of deep peat) from this study with peat swamp (A), oil palm plantation (A’),
mixed crops (B), settlements and roads (C), bare land (D) and mangroves (E) from the 1:50,000 scale
topographic map (BIG 2018) (left) and Landsat 8 OLI 15 m multi-temporal Pansharpened Natural Color

image (ESRI 2019) (right).
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equal peat thickness), respectively the shallow peat
boundary and the deep peat boundary under
Indonesian peatland regulations.

Our methodology captures within-dome variation
in elevation and peat thickness at a greater level of
detail than conventional maps extrapolated from
surface topography and limited soil sampling,
particularly on coastal peat domes. These are less
amenable to generalised modelling, given their
combination of an irregular peat soil base (formed by
post-glacial marine transgressions) with an irregular
peat soil surface (formed by multiple, recent, drivers
of peat loss). Integrating data from multiple sources
(remote sensing of topography, geodetic surveys and
gradient transect soil samples) delivers 3D mapping
with sub-metre accuracy and quantified error terms.
Since all parts of a peat dome are hydrologically
connected, this level of detail is needed for effective
management of the diverse processes that drive
degradation, fires and greenhouse gas emissions from
different parts of each peat dome. Without this level
of detailed peat dome mapping, interventions and
regulations may fail to deliver their intended
outcomes and may also create unintended and
irreversible collateral damage.
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Appendix

Table Al. Accuracy of the DTM at Bengkalis by comparison with surveyed Ground Control Points (GCPs);
(1) after standard processing from an IFSAR DSM and (2) after further processing to include ongoing peat
surface dynamics and exclude man-made structures.

UTM zone 6N | GC | () DTMusing IFsAR standards | (gt p T LT £ T T
Easting  Northing Elevation Elevation Error Elevation Error
(m) (m) (m) (m) (m) (m) (m)
328318 9952484 5.25 9.29 4.05 5.33 0.08
328334 9954576 4.49 10.97 6.49 451 0.02
331230 9954557 3.97 3.30 -0.67 3.80 -0.17
333636 9954766 451 9.09 4.58 4.48 -0.03
336613 9954737 7.29 7.19 -0.10 7.19 -0.10
339695 9954693 7.63 7.90 0.27 7.58 -0.05
336622 9952484 4.26 8.71 4.45 4.35 0.09
328298 9950657 3.81 4.94 1.13 3.82 0.01
325048 9951555 2.60 0.43 -2.18 2.54 -0.06
323083 9953430 2.26 1.62 -0.64 2.26 0.00
325328 9956026 2.32 0.68 -1.64 2.28 -0.04
328359 9956824 3.32 0.81 -2.51 3.26 -0.06
332189 9955828 3.21 3.30 0.10 3.30 0.09
336620 9956873 7.30 7.13 -0.17 7.32 0.02
339201 9958133 4.53 3.62 -0.90 4.48 -0.05
326741 9959060 3.44 2.61 -0.83 3.42 -0.02
339599 9950338 2.54 2.38 -0.16 2.58 0.04
333678 9949903 2.36 2.56 0.20 2.41 0.05
333437 9952470 3.10 2.79 -0.30 3.05 -0.05
321289 9950217 3.14 2.41 -0.73 3.08 -0.06
342083 9961530 2.82 3.57 0.75 2.92 0.10
345291 9956972 2.32 3.58 1.26 2.39 0.07
330604 9951379 2.28 2.45 0.17 2.14 -0.14
342509 9953442 1.97 1.26 -0.71 1.86 -0.11
342392 9957239 5.55 8.15 2.60 5.59 0.04
344113 9959155 2.56 3.25 0.69 2.48 -0.08
M 3.80 4.38 0.59 3.79 -0.02
SD 1.61 3.02 2.14 1.62 0.07
RMSE 2.22 0.07
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Table A2. Accuracy of the DTM at Kubu Raya by comparison with surveyed Ground Control Points (GCPs);
(1) after standard processing from an IFSAR DSM and (2) after further processing to include ongoing peat
surface dynamics and exclude man-made structures.

UTM Zonedss | GCR | (VDT using IFSAR standerds | (i o or e tenures
Easting  Northing Elevation Elevation Error Elevation Error
(m) (m) (m) (m) (m) (m) (m)
201774 159211 2.62 3.72 1.10 2.63 0.01
199634 168325 3.16 3.60 0.44 3.19 0.03
217814 156210 2.15 2.37 0.22 2.16 0.01
207764 159871 2.55 3.58 1.03 2.72 0.17
211578 165250 6.99 6.96 -0.03 6.90 -0.09
216046 161534 2.49 1.71 -0.78 2.48 -0.01
220723 149748 2.45 2.60 0.15 2.52 0.07
221701 139588 2.42 3.51 1.09 2.50 0.08
203695 164412 8.02 8.97 0.95 8.01 -0.01
204417 154128 5.55 6.53 0.98 5.56 0.01
209537 147601 1.78 1.66 -0.12 1.86 0.08
211483 154767 7.89 9.58 1.69 8.08 0.19
204408 158942 4.08 3.59 -0.49 3.58 -0.50
201955 156847 3.37 3.69 0.32 3.74 0.37
216456 143384 3.30 3.52 0.22 3.52 0.22
214539 160777 3.57 3.67 0.10 3.72 0.15
210224 159584 3.39 3.89 0.50 3.63 0.24
210734 162165 3.65 3.36 -0.29 3.14 -0.51
219920 161936 3.00 2.86 -0.14 3.19 0.19
218966 164097 3.98 3.57 -0.41 3.59 -0.39
M 3.82 4.15 0.33 3.84 0.02
SD 1.80 2.11 0.63 1.79 0.23
RMSE 0.71 0.23
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Table A3. Surface fitting error in the 3D peat models.

3D MAPPING OF LOWLAND COASTAL PEAT DOMES IN INDONESIA

Average peat

Average peat thickness

RMSE between

Location Pgat thickness measured in the 3D model at measured and modelled
thickness . - . . .
in soil cores (M) soil core sites (m) peat thickness (m)
shallow 1.28+0.73 1.37+0.72 0.16
Bengkalis
deep 8.12+2.32 8.10+2.29 0.11
shallow 1.40+0.88 1.39+0.88 0.09
Kubu Raya
deep 540+1.19 539+1.21 0.07

Table A4. Sampling error in the 3D peat models.

Peat Average peat Average peat thickness Difference between
Location . thickness measured across the entire measured and modelled

thickness S .

in soil cores peat model peat thickness
(m) (m) (m) (z-score)

shallow 1.28+0.73 1.82+0.76 -0.54 0.71
Bengkalis

deep 8.12+2.32 7.64+£2.34 0.48 0.21

shallow 1.40 £ 0.88 1.48 £0.74 -0.08 0.11
Kubu Raya

deep 540+1.19 486+ 1.24 0.54 0.44
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