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Tropical peatland condition across southeast Asia is deteriorating as a result of
conversion to agriculture and urban zones. Conversion begins by lowering the
water table, which leads to peat decomposition, subsidence and increased risk of
large-scale forest fires. Associated changes in mechanical peat properties impact
the magnitude and timing of changes in peatland surface motion, making them a
potential proxy for peatland condition. However, such a relationship is yet to be
observed in a tropical peatland setting. This study aimed to establish whether
patterns of tropical peatland surface motion were a function of peat condition at
North Selangor Peat Swamp Forest in Selangor, Malaysia. Results showed that
subsidence was greatest at fire-affected scrubland sites, whilst the lowest mean
water table levels were found at smallholder oil palm sites. Peat condition and
magnitude of tropical peat surface oscillation were significantly different between
peat condition classes, whilst peat condition differed with depth. More degraded
tropical peats with high bulk density throughout the peat profile due to high
surface loading and low mean water table levels showed greater surface
oscillation magnitudes. The dominant peat surface oscillation mechanisms
present at all sites were compression and shrinkage from changes in water
table level. Mean water table level and subsidence rate were related to surface
oscillation magnitude. However further work towards measuring surface and
within-water table range bulk densities and surface loading is required to
better understand the controls on surface oscillation magnitudes.
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1 Introduction

Tropical ombrotrophic peatlands are biodiverse ecosystems
(Posa et al., 2011) and globally-significant carbon stores (Rieley
and Page, 2016). In undisturbed conditions, tropical peatland
carbon accumulation rates range from 24 to 300 g C m-2 year-1

(Ribeiro et al., 2021), which is overall higher than boreal and
temperate peatlands (2–271 g C m-2 year-1: Olefeldt et al., 2012;
Renou-Wilson et al., 2019). Tropical peatlands typically form in
coastal locations with poor drainage and high precipitation,
resulting in high water tables, low pH and high organic matter
accumulation. The interaction between biomass (both living and
dead) and hydrology maintains the water table at or near the peat
surface. This is critical to maintain peat accumulation and peatland
resilience in response to varying climatic conditions. The success of
this interaction is apparent with the persistence of southeast Asian
peat domes through the climate variability of the Late Holocene
(Dommain et al., 2011).

Low bulk density and high porosity are characteristic of
undisturbed tropical peatland soils, resulting in overall high
hydraulic conductivity (Page et al., 1999; Wösten et al., 2008).
The water table fluctuates with the balance between high rainfall,
high evaporation rates and groundwater flow, leading to higher
magnitude and frequency of water table variation and higher
hydraulic conductivity than in temperate or boreal peatlands
(Kelly et al., 2014; Baird et al., 2017). In response to water inputs
and outputs, the tropical peat surface swells and shrinks relative to
the height of the water table. Low latitude peatlands are typically
subject to biannual seasonal cycles of rainfall; during the dry season,
hydraulic conductivity reduces as the peat shrinks due to lack of
water inputs, reducing water loss by lateral flow. When the wet
season returns, water tables rise, and hydraulic conductivity
increases as the peat swells due to water inputs. This mechanism
called ‘mire-breathing’ promotes resilience in tropical peatlands
from medium-term moisture stresses allowing the peat swamp
surface to track the water table limiting oxidation and water loss
(Dommain et al., 2010).

Tropical peatlands are at risk from urbanisation, agricultural
conversion, fires, and climate change (Page et al., 2002; Cobb et al.,
2017; Setiawan et al., 2017; Tonks et al., 2017; Mishra et al., 2021;
Page et al., 2022), all of which result in changes in hydrological
patterns and therefore surface response. Further, these land use
changes lead to degradation of physical peat properties such as
increased bulk density, which lowers the hydraulic conductivity of
the peat matrix and alters the response of the peat surface to water
inputs and outputs (Howie and Hebda, 2018), resulting in poorer
peat condition. The example of agricultural conversion to oil palm
illustrates this; after deforestation of the peat swamp forest, canals
are dug out to drain the peat and lower the water table for planting
crops, inducing peat surface subsidence, whereby oxidation,
compaction and consolidation of the physical peat structure
occurs (Wösten et al., 1997; Hooijer et al., 2012). This reduces
peat elasticity through pore shrinkage, compromising hydraulic
conductivity and therefore the response of the peat surface to
water table changes (Howie and Hebda, 2018). The chemical
decomposition of tropical peat is also induced: oxidation due to
drainage results in the rapid loss of labile carbon and therefore
overall increased thermal stability of the peat due to the greater

proportion of recalcitrant carbon remaining in the peat matrix
(Tonks et al., 2017; Yule et al., 2018).

In this way, tropical peat surface oscillation patterns could act as
a fingerprint for tropical peat condition. This concept has already
been explored in recent studies based on raised and blanket
peatlands in temperate zones (Howie and Hebda, 2018;
Alshammari et al., 2020; Bradley et al., 2022), whereby peat
surface oscillation patterns were a function of disturbance, land
use and ecology. Such a relationship is yet to have been observed in a
tropical peatland setting, limiting the confidence in the use of surface
motion as an indicator of peat condition in such environments.

The three main causes of peat surface oscillation in peatlands
are: flotation, consolidation/compaction and gas accumulation.
Each is driven by the opposing forces of gravity and material
stress and result in peat volume change. Flotation of the peat
surface occurs when upward forces exceed the tensile stress of
the peat, leading the air-filled and less dense saturated peat
surface to detach and float at the surface of the water (Kellner
et al., 2005). Compaction and consolidation occur when pores
collapse: compaction occurs above the water table, whereby pore
water pressure above the water table reduces, increasing effective
stress on the peat matrix and peat shrinkage; consolidation takes
place below the water table, where the peat matrix collapses from the
weight of unsaturated peat above the water table. Above-ground
biomass surface loading also increases consolidation; the greater
mass of secondary forest and established oil palm crops in tropical
peatland settings is expected to have a greater consolidation impact
than the lower loading of grasses, mosses and sedges in boreal or
temperate peatlands. Gas accumulation and release (ebullition)
within the peat profile results in surface elevation changes
occurring independently of water table level change (Glaser et al.,
2004) and is likely more common with higher temperatures in the
tropics, although this is yet to have been observed.

This study aimed to quantify seasonal surface oscillation
patterns and peat condition across North Selangor Peat Swamp
Forest using ground-based methodologies. We define ‘peat
condition’ as the extent to which the peat matrix has been
degraded due to oxidation, compaction or consolidation. The
specific Research Objectives were.

1. To identify differences in peat condition between four different
land cover classes (degraded forest, fire-affected scrubland,
recovering forest, and smallholder oil palm).

2. To determine the peat surface oscillation mechanisms and
magnitudes of different land covers at North Selangor Peat
Swamp Forest using subsidence poles and automated cameras.

3. To investigate relationships between peat surface oscillation
magnitude and peat condition properties such as bulk density,
water table level and thermal stability.

2 Materials and methods

2.1 Study site

North Selangor Peat Swamp Forest (North Selangor) is a large
tropical peatland system located in North Selangor, Peninsular
Malaysia on a flat coastal plain (Figure 1). It is the largest
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remaining peatland in Peninsular Malaysia, comparable to the size
of Singapore (81,304 ha) (Selangor State Forestry Department,
2014), and is therefore becoming increasingly recognised as a
globally-important terrestrial carbon store (Prentice, 2011). Peat
formation began about 5,000–7,000 years ago after the saline coastal
mangroves were replaced with freshwater peatland vegetation after
the last Holocene interglacial marine incursion. This resulted in the
deposition of acidic peat up to 5 m deep on top of marine clay (Yule
and Gomez, 2009).

Historically, North Selangor was extensively cleared for agricultural
(paddy and oil palm plantation) and industrial (tin mining)
developments (Ng et al., 1994). In 1990, North Selangor was
designated reserve status, before which it was subject to extensive
logging for 30 years (Selangor State Forestry Department, 2014). As
a result, vast areas of the peat swamp forest were left severely degraded
from selective timber harvesting and associated drainage from digging
an extensive canal network. Consequently, the above-ground biomass
cover now consists mostly of secondary forest of varying density, height
and condition (Brown et al., 2018). Peat swampwaters contribute to the
irrigation of neighbouring rice paddies and oil palm plantations, leading
to decreased water levels in the already degraded peatland (Selangor
State Forestry Department, 2014).

The canal network is slowly being infilled since gaining reserve
status in 1990 (Kumari, 1996). In 2007, the Selangor state
government declared a 25-year moratorium on timber harvesting

for the entire state (Selangor State Forestry Department, 2014).
Subsequently, an Integrated Management Plan was put in place at
North Selangor until 2023, with the Global Environment Centre at
the centre of involvement. Restoration measures included drain
blocking to raise water tables, replanting of native tree species in
burned and degraded locations and the development of a fire
prevention scheme through a forecasting system that is shared
with local forestry departments (Selangor State Forestry
Department, 2014).

Despite reserve status, North Selangor remains under continuous
threat from encroaching agricultural conversion, road construction and
forest fires (Tonks et al., 2017). More recently, potential reservoir
development bordering the southeast of the reserve was proposed by
the federal government who are seeking to increase and secure water
supplies for the state of Selangor (Nagarajan Rengasamy, Global
Environment Centre, personal communication, April 2018).

North Selangor experiences annual rainfall between 1,359 and
2,480 mm yr⁻1, mean temperature of 27°C and mean relative
humidity of 79.3% (Selangor State Forestry Department, 2014).
Whilst high temperatures are maintained all year round, rainfall
varies seasonally, with dry periods from January to February and
May to September, and wet periods between March to May and
October to December (Wong et al., 2016). During the dry period, the
peat swamp loses more water to evapotranspiration than it receives
from rainfall and the atmosphere.

FIGURE 1
A map showing the location of North Selangor Peat Swamp Forest within Malaysia and southeast Asia. Peatland extent and the North Selangor
reserve boundary (NSPSF boundary) are also shown. Photographs illustrating the four peat condition classes included in this study are also provided,
including degraded forest, fire-affected scrubland, recovering forest, and smallholder oil palm (Photo credits: MJL).
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2.2 Field methods

2.2.1 Experimental design
Peat surface oscillations were measured using a total of

288 subsidence poles (manual) and three automated cameras
clustered across fourteen sites in North Selangor. The fourteen
sites represented four different peat condition classes, including
degraded forest (n = 3), fire-affected scrubland (n = 3), recovering
forest (n = 3) and smallholder oil palm (n = 5) (Figure 1; Figure 2).

Peat condition classes were determined based on expertise on site
histories and management from the forest rangers of Raja Musa and
Sungai Karang Forestry Departments (personal communication)
and information from the IntegratedManagement Plan produced by
the Global Environment Centre (Selangor State Forestry
Department, 2014; Table 1).

Figure 3 illustrates the timeline of measurements obtained for
the experimental design. Five measurements of all subsidence poles
for peat surface level and PVC piezometers for water table level were

FIGURE 2
Map of North Selangor and location of poles and automated sites (A), including more detailed maps of: (B) smallholder oil palm sites; (C) recovering
forest sites; (D) degraded forest sites; and (E) fire-affected scrubland sites.
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collected over the course of July 2018 to January 2020, covering three
whole seasons. Automated time-lapse camera measurements took
place fromMarch 2019 to January 2020, covering approximately one
and a half seasons. Automated water table level was also measured
over this period. Two peat depth measurements were taken from
each site in July 2018 and January 2020 to mark the start and the end
of the measurement period for the subsidence poles and
piezometers. Peat profile sampling for analysis of degree of peat
decomposition at each site was conducted in January 2020.

2.2.2 Subsidence poles for detecting surface
oscillations

The fourteen sites were originally equipped with 16 aluminium
subsidence poles and 1 to 3 piezometers randomly located within an
area of 50 m radius (Supplementary Figure S1), with a bias towards

peat hollows for piezometer locations. This provided good coverage of
measurement for peat surface elevation within the local area and
allowed for average characterisation of surface motion at each site
given the heterogenous surface of hummocks and hollows at some
sites. A bias towards hollows for water table level existed because we
experienced problems inserting the width of the corer and piezometer
into the peat hummocks that were matted and embedded with thick
tree roots.

Peat surface elevation was determined bymeasuring the distance
between the top of each pole and the peat surface. Subsidence poles
were inserted vertically into the peat and anchored into the
underlying mineral substrate (marine clay) by attaching a bar to
the base of each pole. Assuming that the substrate did not experience
volume change, this ensured that poles remained static whilst the
peat moved vertically with seasonal hydrological changes, therefore

TABLE 1 Descriptions of each peat condition class.

Peat condition class Number of sites Site history

Degraded forest 3 Close proximity to forest boundary with encroachment of industrial and smallholder oil palm plantations. Medium forest
stand height of approximately 30 m tall (Selangor State Forestry Department, 2014). Medium fire risk. Subjected to
selective logging, with emerging trees in the middle and lower storeys of the forest stand. Dominant tree species include

Koompassia malaccencis, Shorea uliginosa, Xylopia fusca, Santiria sp. and Syzygium sp. (Selangor State Forestry
Department, 2014). Hummocks and hollows present on the peat surface

Fire-affected scrubland 3 Subject to frequent fire occurrences since 1996 (Ainuddin and Goh, 2010). Likely due to extensive drainage and
prevalence of more flammable vegetation types with degradation such as grasses. Very little open peat soil due to the
dominance of grass. Canal blocking implemented to raise water tables and reduce fire risk. Very few hummocks and

hollows present on the peat surface

Recovering forest 3 Subjected to selective logging previously, now a designated ecotourism zone targeted for forest regeneration. Raised water
tables by blocking of ditches and canals. Medium forest stand height of approximately 30 m (Selangor State Forestry
Department, 2014). Low fire risk. Dominant tree species include Koompassia malaccencis, Shorea uliginosa, Zylopia

fusca, Santiria sp. and Syzygium sp. Hummocks and hollows present on the peat surface

Smallholder oil palm 5 Established around the year 2000. Encroached within the North Selangor reserve boundary. Oil palm planted approx.
8 m apart, intercropping of new old and new crops 8 years apart. No hummocks and hollows due to broad compaction of

the surface using machinery

FIGURE 3
A schematic showing timings of manual measurements from July 2018 to January 2020, alongside TRMM 3B42 satellite rainfall estimates for North
Selangor (mm day-1; Tropical Rainfall Measuring Mission, 0.25° resolution, from http://giovanni.gsfc.nasa.gov/giovanni/). The black markers represent
timings of manual measurements. The yellow bar represents the time span of automated data.
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any changes in the measurement of the exposed poles was a measure
of vertical motion of the peat surface only. Any intact leaf litter was
removed from the surface around the subsidence poles for
uniformity of surface measurement, as depth of leaf litter is
inconsistent. In flooded conditions when the peat surface was
more difficult to define due to lack of visibility and greater
surface buoyancy, the peat surface was identified by resting the
palm of the hand flat on the peat surface without compression and
measuring from the bottom of the palm of the hand. Visits were
infrequent (shortest time period between visits: 4 months), therefore
there was minimal disturbance of measurement sites and limited
compaction from footfall. During measurements, localised
compaction and trampling around subsidence poles was
minimised by not stepping within a 1 m radius of the poles.

Changes in peat elevation over time (surface oscillations) were
calculated by subtracting each peat elevation measurement in the
time series from the first measurement taken. After a data quality
check to discard anomalous readings or poles that were clearly
impacted by error during installation, data recording or damage
from hunters or wildlife, an average peat surface oscillation time
series was derived for each site. Due to the prevalence of damaged
poles throughout the measurement period and at particular sites, a
study on surface oscillation variability for individual poles within
sites was deemed inappropriate due to lack of confidence in the
magnitude of measurement for these poles. Instead, deriving
averages from remaining unimpacted subsidence poles for each
site was decided upon as the most responsible use of the data to
minimize the impact of measurement error on results.

Relative water table level was measured at the same time as peat
surface using PVC piezometers as the difference between the height of
exposed pipe and the distance between the top of the pipe and the
surface of the water table. Changes in relative water table level over time
were calculated by subtracting each measurement in the time series
from the first measurement taken. For the entire measurement period,
the water table range was calculated as the difference between the
minimum water table level (relative to peat surface) and the maximum
water table level. Piezometers were closed off at the bottom end before
anchoring into the substrate so that the pipe would not become blocked
up by peat, and small holes were drilled into the pipe to allow water to
pass in and out of the piezometer freely. Fewer piezometers were
installed relative to subsidence poles because installation involved
removal of the peat profile and was therefore more destructive.

Peat surface oscillation and water table fluctuations occur within
a much shorter time frame than the frequency of measurement
carried out in this study, even on a sub-daily basis with diurnal
rainfall patterns in the tropics. It is therefore possible that the real
maximum and minimum were not captured within this period,
particularly with the presence of a weak El Niño period during the
time frame of this study, bringing about drier conditions than usual.

2.2.3 Automated cameras for detecting surface
oscillations

For higher temporal resolution measurements, three automated
cameras were installed at a degraded forest site, a fire affected site
and a smallholder oil palm site (automated sites) (Supplementary
Figure S2), in line with the methodology outlined by Evans et al.
(2021) and Sulaeman et al. (2022). This system used commercially-
available and low-cost time lapse cameras (Wingscapes Timelapse

Cam Pro WCB-00121, Alabaster, Alabama, United States), which
have been successfully implemented in similar environments to
monitor wildlife (Cheyne et al., 2016).

Each camera was attached to a metal stool and within a metal
casing to provide a stable base for the camera whilst the stool moved
vertically with the peat surface. The camera was positioned so that a
horizontal strip could be seen within the field of view; this acted as a
measurement level within photographs. The camera stool was then
placed around a previously inserted subsidence pole anchored into
the marine clay substrate, with a 1 m ruler attached to the exposed
pole. This was also positioned within the camera field of view and
behind the measurement level, so that the change in vertical motion
could be measured. The camera focus was set to 18 cm, in
accordance with the distance between the camera lens and the
ruler. The bottom 10 cm of the camera stool legs had screws
attached to anchor the stool to the peat surface. These screws
were adjusted until the camera and stool top were horizontal.
The complete camera system (Supplementary Figure S2A;
Supplementary Figure S2B) therefore moved vertically with peat
surface motion, taking pictures of the measurement level, subsidence
pole and attached ruler (Supplementary Figure S2C). It also ensured
that in flooded conditions, the camera remained anchored to the
peat surface and its position was unaffected. Horizonal motion was
minimised by imposing a 1 m step-free radius around each camera
so that the peat surface was minimally impacted.

Pictures were taken daily at midday. Automated water loggers
were set up within PVC pipe dip wells alongside each time-lapse
camera (Heron Instruments Dipper Log and Diver® water level
loggers) to create a detailed time series of hourly water table levels.
Originally, six automated cameras were installed around North
Selangor, including within the fourth peat condition class,
recovering forest, however three camera systems were either
stolen or water damaged, resulting in very limited data collection
at these sites which therefore were removed from the data analysis.

2.2.4 Peat depth and sample collection
Peat depth was measured twice at the same randomly selected

location at each site using an Eijkelkamp Russian peat corer, from
which an average site value was calculated to use in the analysis. The
dimensions of the peat corer were 50 cm length and 5.2 cm diameter.
Both peat depthmeasurements were conducted in the dry season, when
the peat would have been subject to compaction and consolidation and
therefore potentially leading to underestimation of peat depth.

In January 2020, entire peat profiles from the surface to the
underlying mineral substrate (marine clay) were sampled in 0.5 m
sections (according to peat corer dimensions). Samples were split
into 10 cm sections and sealed in plastic bags immediately in the
field to avoid any peat mass or moisture loss. Samples were
subsequently dried and ball milled at University of Nottingham
Malaysia prior to being transported for Rock-Eval 6 pyrolysis at the
British Geological Survey, UK.

2.3 GIS-derived variables

The distance of each site from the peat boundary and nearest
major canal was measured using the ‘near’ function in ArcMap
10.4.1. Above-ground biomass stocks covering North Selangor were
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obtained from Brown et al. (2018). This data included ground-based
estimates of secondary forest using allometric equations which were
extrapolated to the whole reserve using cloud-free Sentinel-2
imagery from 13/02/2018 (Brown, 2020). As such, values derived
for sites categorised as degraded forest and recovering forest are
likely to be more accurate than those derived for fire-affected
scrubland and smallholder oil palm. Above-ground biomass
estimates were calculated by taking the average value of all pixels
that overlapped with each field site. Wherever modelled above-
ground biomass values were not available for sites that were not
located within the reserve boundary, sites with comparable land
cover were identified nearby and used as an estimation for above-
ground biomass stocks at the site of interest.

2.4 Laboratory methods

Descriptors of physical peat properties (gravimetric water
content and bulk density) were calculated for entire peat core
profiles at 10 cm intervals. Gravimetric water content was
determined by oven drying the peat samples at 105°C for 48 h.
The peat samples were weighed before and after drying to determine
the water mass lost (expressed as a percentage loss). Bulk density was
calculated as the oven dried mass divided by total sample volume (g
cm-3). Total sample volume in this case was 212.37 cm3, in line with
the Eijkelkamp Russian peat corer dimensions.

Rock-Eval 6 pyrolysis was used to derive indices and parameters
reflective of peat organic matter composition, thermal stability
degree of decomposition (Disnar et al., 2003; Newell et al., 2016).
It is an established tool for geochemistry screening in the petroleum
sector (Behar et al., 2001) but has increasingly been used for organic
geochemical analysis of peat soils (Upton et al., 2018; Cooper et al.,
2019; Girkin et al., 2019; Garcin et al., 2022). A range of Rock-Eval
parameters was generated in the analysis, but this research
specifically used the parameters listed in Supplementary Table S1
for assessing organic geochemistry, including S1 and S2 (measures
of the thermal stability of carbon present in the sample), HI
(measure of the concentration of plant tissue and other
polysaccharide-rich materials) and OI (measure of the oxidative
loss of the soil due to aeration).

A subset of samples was brought forward for Rock-Eval analysis
and samples were chosen before and after clear changes in bulk
density along the peat profile to best capture events with the greatest
magnitude of change. Powdered peat samples from ball milling were
heated at 200°C for 3 min to determine the S1 parameter. The
temperature was then increased at intervals of 25°C per minute up to
650°C in an inert N2 atmosphere to calculate the S2 parameter. After
this, residual carbon was oxidised at intervals of 20°C per minute
from 300°C to 850°C. A flame ionisation detector was used to
measure the number of hydrocarbons released within these two
stages of the pyrolysis process. Infrared detectors measured the
amount of CO and CO2 released from thermal cracking of the
organic matter.

Alongside HI and OI, the immature organic matter index
(I-index) and the refractory organic matter index (R-index) are
used in this study as measures of the intrinsic organic matter stability
of the peat (Sebag et al., 2016). The I-index is calculated using the
lower temperature zones representing more labile organic matter

compounds. Alternatively, the R-index is calculated used higher
temperature zones that reflect more thermally refractory organic
matter compounds. These indices are calculated using the following
equations:

I − index � Log10 A1 + A2( )A3( )
R − index � A3 + A4( )/100( )

Whereby A1, A2, A3 and A4 are deconvolutions of
S2 pyrograms into temperature nodes of 200°C–340°C (A1),
340°C–400°C (A2), 400°C–460°C (A3) and >460°C (A4). Node
A1 corresponds to labile, fresh plant matter, whilst node A2 is
representative of lignin and cellulose. A3 and A4 nodes are more
thermally stable and are therefore reflective of highly humidified and
mature recalcitrant peat soil organic matter (A3) or charcoal (A4)
(Saenger et al., 2013; Newell et al., 2016).

2.5 Statistical analysis

Prior to statistical analysis, subsidence rates were calculated by
fitting a trendline to the manually measured peat surface elevation
values for each subsidence pole (five time points from each), then
calculating the difference in the trendline value between the start of
the measurement period and the end of the measurement period.
The average subsidence rate for each of the fourteen sites was then
calculated from individual pole subsidence rates located within each
site. This approach reduced the impact of any potential anomalies
on subsidence rates. After this, average peat surface elevation values
for each of the fourteen sites (five time points) were detrended by
subtracting the linear trend from the data before calculating surface
oscillation magnitude so that seasonal patterns could be observed
without a trended bias of uplift or subsidence. The average surface
oscillation magnitude for each site was calculated from the
detrended data by subtracting the minimum peat surface
elevation value from the maximum peat surface elevation value.
Manual peat surface elevation measurements were infrequent and
irregular (Figure 3), so surface oscillation magnitude could not be
measured for each season individually. Instead, a single maximum
and minimum was taken across all three seasonal cycles after
detrending the manual peat surface elevation datasets.

Surface oscillation magnitude was also calculated for the three
automated peat surface level datasets by fitting a trendline to the peat
surface level time series, subtracting this linear trend from the
automated peat surface level data, then subtracting the minimum
peat surface elevation measurement from the maximum peat surface
elevation measurement.

Mean water table level was calculated from manual water table
measurements by averaging the values obtained for each piezometer.
Water table range was calculated by subtracting the maximumwater
table level from the minimum water table level for each piezometer.
At sites where more than one piezometer was present, an average of
the mean water table level and water table range was calculated to
produce a site average.

The peat profile was split into the following sections to explore
changes in peat decomposition with depth: 0–50 cm, 50–100 cm
and >100 cm. After checking both manual and automated water
table datasets, depths between 0–50 cm were generally above the
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water table and therefore represent surface peats, 50–100 cm is
within the zone of water table fluctuation, and >100 cm is mostly
continuously waterlogged.

R software (version 4.0.2) was used to conduct all statistical
analysis using the base package. Non-parametric statistical
methods were used in this research because datasets were not
normally distributed according to the Kolmogorov-Smirnov test.
As such, the median values per peat condition class were reported
rather than mean values because they are less affected by skewed
datasets.

To address Research Objective 1, the Kruskal-Wallis test (with
Bonferroni adjustment to correct for familywise error) was used to
determine if statistically significant differences existed for peat
condition descriptors between peat condition classes (degraded
forest, fire-affected scrubland, recovering forest and smallholder
oil palm). Pairwise Wilcoxon tests were run to establish which peat
condition classes were significantly different from other classes.
Graphs depicting changes in bulk density with depth of the peat
profile were also plotted to illustrate whether differences in peat
properties with depth and between classes existed. Additionally,
correlations between Rock-Eval indices (R-index and I-index) and
parameters (HI and OI) were run to observe differences in
degradation patterns with depth and between peat condition
classes.

Research Objective 2 was fulfilled firstly by establishing
statistically significant differences in manual peat surface
oscillation magnitudes between peat condition classes using
Kruskal-Wallis tests. Linear regressions between time-lapse
camera surface measurements and automated water table
measurements then established the relationship between water
table level and peat surface elevation. Next, scatter plots of the
same data were produced to examine hysteresis of the peat surface
relative to water table over the course of one seasonal rainfall cycle.
Hysteresis plots were used to inform the dominant peat surface
oscillation mechanism present in peat, as well as peat condition
based on its capacity to retain water. As such, the shape of the
hysteresis loop is determined by the pore structure of the peat. This
enabled identification of the peat surface oscillation mechanisms
present at North Selangor.

Finally, Spearman’s rank correlation tests were performed with
Bonferroni adjustment to find significant correlations between peat
surface oscillation magnitude and 27 other variables descriptive of
peat condition and water content (Supplementary Table S2),
satisfying Research Objective 3.

3 Results

3.1 Peat condition at North Selangor

Subsidence rate and mean water table depth were significantly
different between peat condition classes (subsidence rate: Kruskal-
Wallis chi-squared = 9, d. f. = 3, p = 0.03; mean water table depth:
Kruskal-Wallis chi-squared = 10.77, d. f. = 3, p = 0.01). Subsidence
rate was greatest at fire-affected scrubland, whilst growth rates were
highest at smallholder oil palm. Contrastingly, mean water table
depth was deepest at smallholder oil palm and shallowest at fire-
affected scrubland (Table 2). Water table range was greatest at
degraded forest sites, followed closely by smallholder oil palm.
The lowest water table range was found at recovering forest.
There were no significant differences between specific peat
condition classes for either subsidence rate or mean water table
depth using pairwise Wilcoxon tests with Bonferroni adjustments
due to a small number of observations within each group.

Significant differences in peat condition at different depths were
also tested for. Within the 0–50 cm layer, bulk density was
significantly different between peat condition classes (bulk
density: Kruskal-Wallis chi-squared = 9.72, d. f. = 3, p = 0.02)
(Table 3). Smallholder oil palm sites had the highest bulk density,
lowest I-index and highest R-index values overall (Table 3).

At depths between 50–100 cm, bulk density, I-index and
R-index were significantly different between peat condition
classes (bulk density: Kruskal-Wallis chi-squared = 9.91, d. f. = 3,
p = 0.02; I-index: Kruskal-Wallis chi-squared = 9.27, d. f. = 3, p =
0.03; R-index: Kruskal-Wallis chi-squared = 10.15, d. f. = 3, p = 0.02).
Like the 0–50 cm layer, smallholder oil palm sites had the highest
bulk density, lowest I-index values and highest R-index values
overall (Table 3).

For peat deeper than 100 cm, bulk density and I-index were
significantly different between peat condition classes (bulk density:
Kruskal-Wallis chi-squared = 10.86, d. f. = 3, p = 0.01; I-index:
Kruskal-Wallis chi-squared = 7.83, d. f. = 3, p = 0.05) (Table 3). In
these deepest peat sections, bulk density was highest at recovering
forest sites, I-index values were lowest at smallholder oil palm sites
and R-index was equally highest at degraded forest, fire-affected
scrubland and smallholder oil palm sites. Results exploring
differences at different peat depths should be approached
cautiously due to the differing sampling intervals with depth
between bulk density (every 10 cm) and Rock-Eval parameters
(intermittent maxima and minima in bulk density throughout

TABLE 2 Median and interquartile range (IQR) of mean subsidence rate (cm yr-1), mean water table depth (cm) and mean water table range (cm) for each site from
manual measurements for the four peat condition classes. Significant differences between peat condition classes using Spearman’s rank correlation are denoted
with an asterisk (*). Pairwise comparisons between peat condition classes were not possible due to the low number of sites per class (n = 3). Negative values
represent surface subsidence; positive values represent surface uplift.

Peat condition class n Subsidence rate* Mean water table depth* Water table range

Median IQR Median IQR Median IQR

Degraded forest 3 −0.5 1.4 −42 5 67 18

Fire-affected scrubland 3 −1.5 1.4 −20 10 25 52

Recovering forest 3 −0.6 7.4 5 12 26 17

Smallholder oil palm 5 5.8 0.5 −71 23 64 16
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the depth profile). In this way, mean and median values may not be
directly comparable per depth layer.

Bulk density changes with depth of the peat profile showed that
smallholder oil palm and recovering forest sites had the highest
median bulk density values throughout the peat profile (smallholder
oil palm: 0.08 g cm-3; recovering forest: 0.11 g cm-3; Figure 4).
Further, all sites showed an overall reduction in bulk density
with depth from the peat surface, except for recovering forest
sites, which exhibited the highest bulk density values at the
bottom of the peat profile (Figure 4). This is likely due to mixing
with the clay substrate beneath the peat.

Peat decomposition trends can be visualised with an I-index
vs. R-index diagram (I/R diagram). Samples from within the
peat core profile generally exhibited the expected decomposition
trend from surface peat to deeper peat; a decrease in the proportion
of immature labile carbon (I-index) and increase in the proportion
of refractory carbon (R-index) with depth (Figures 5, 6). For
some shallower peat cores there was an overlap of values
between samples from the 50–100 cm layer and >100 cm layer
(Figure 5).

Overall, smallholder oil palm sites were most degraded with the
highest overall R-index values and lowest overall I-index values
(median R-index: 0.95; median I-index: −0.59) and showed
progressive decomposition from the surface to the peat base.
Further, peat core samples collected from smallholder oil palm
sites did not show the same patterns of decomposition with peat
depth as fire-affected scrubland, degraded forest or recovering forest
sites (Figure 5A). At these peat condition classes, samples from
50–100 cm depth (Table 3) displayed on average the highest
R-index values (median: 0.96) and lowest I-index values (median:
−0.63) compared to the 0–50 cm and >100 cm and were therefore
more thermally stable and more mature. Samples from recovering
forest sites also followed this trend in the I-index only, with a median

of −0.44 compared to −0.32 at the 0–50 cm depth and −0.39 in the
samples deeper than 100 cm.

The HI vs. OI diagram (Van Krevelen diagram) showed
moderate to high HI and OI values across all samples (HI:
168–499 mg HC g TOC-1; OI: 101–189 mg CO2 g-1 TOC-1;

TABLE 3 Median and interquartile range (IQR) of mean bulk density (g cm-3), mean I-index and mean R-index for the 10 cm samples between peat depths of
0–50 cm, 50–100 cm and >100 cm depth for the four peat condition classes. Significant differences between peat condition classes within different depths using
Spearman’s rank correlation share the same superscript letter. Pairwise comparisons between peat condition classes were not possible due to the low number of
sites per class (n = 3).

Peat condition class Peat depth (cm) n Bulk density I-index R-index

Median IQR Median IQR Median IQR

Degraded forest 0–50 3 0.10a 0.01 −0.34 0.04 0.92 0.005

50–100 3 0.07b 0.01 −0.45d 0.06 0.94f 0.007

>100 3 0.07c 0.08 −0.48e 0.12 0.94 0.007

Fire-affected scrubland 0–50 3 0.11a 0.02 −0.32 0.09 0.91 0.03

50–100 3 0.06b 0.004 −0.44d 0.04 0.94f 0.009

>100 3 0.04c 0.02 −0.39e 0.04 0.94 0.005

Recovering forest 0–50 3 0.08a 0.03 −0.32 0.13 0.92 0.02

50–100 3 0.03b 0.007 −0.41d 0.04 0.92f 0.008

>100 3 0.16c 0.01 −0.46e 0.02 0.93 0.006

Smallholder oil palm 0–50 5 0.16a 0.01 −0.45 0.02 0.94 0.01

50–100 5 0.08b 0.006 −0.63d 0.03 0.96f 0.005

>100 5 0.09c 0.004 −0.59e 0.09 0.94 0.02

FIGURE 4
Bulk density plotted against depth for exemplar sites
representing each peat condition class. Red dotted lines represent
boundaries between 0–50 cm layer, 50–100 cm layer and >100 cm
layer. Square points represent samples from within the water
table (WT) range, circular points represent permanently saturated
samples from below the WT range.
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Figure 5B). Samples from 0–50 cm depth generally displayed higher
HI and OI values relative to peat samples from 50–100 cm depth
and >100 cm depth. Smallholder oil palm sites exhibited the lowest
and least variable HI and OI values for all peat depths overall. This
reflected the more degraded plant material and increased
humification of soil organic matter at these sites and supported
the trends seen in the I/R diagram (Figure 5A).

3.2 Peat surface oscillation magnitudes and
mechanisms at North Selangor

The surface oscillation magnitude determined from the
subsidence poles differed significantly between peat condition
classes (W = 9.27, d. f. = 3, p < 0.05). The largest surface
oscillation magnitudes were found within the smallholder oil

FIGURE 5
(A) I/R diagram for different peat depth categories for all sites. Greater R-index values represent more decomposed samples; more negative I-index
values represent more decomposed samples. (B) Van Krevelen diagram. HI represents the concentration of plant tissue and other materials rich in
polysaccharides; low values therefore represent more decomposed peat. OI represents the amount of oxygen relative to the amount of organic carbon
present in a sample; the lower the value, the higher the oxidative loss of the soil from aeration. Each data point represents themean valuewithin each
depth category for each site.

FIGURE 6
Boxplots of mean I-index and mean R-index values for each peat condition class at different depth categories.
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palm class, which exhibited at least twice the surface oscillation
magnitude of other classes (Table 4). Surface oscillation magnitudes
derived from subsidence pole data were corroborated by the
automated camera magnitude at the fire-affected scrubland site,
which fell within the interquartile range of the subsidence pole
values. Despite not falling within the interquartile range, the
automated camera magnitude for the smallholder oil palm site
was highest across all peat condition classes (4.7 cm), in line with
median subsidence pole magnitude (6.1 cm). However, at the
degraded forest site, the automated camera magnitude was at
least twice the magnitude of the median subsidence pole
measurements and beyond the interquartile range (Table 4).

Peat surface oscillation was clearly associated with seasonal
changes in water table. Peat surface elevation was highest in the
wet season (October to November 2019) when water table levels
were closer to the surface of the peat (or above the surface, in the case
of the fire-affected scrubland and degraded forest sites) (Figures 7A,
C, E). Similarly, peat surface elevation was lowest in the dry season
(June to September 2019) when water table levels were at their
lowest. Correlations between peat surface elevation and water table
level (Figures 7B, D, F) showed strong and statistically significant
relationships for all sites (degraded forest: R2 = 0.74, p < 0.001; fire-
affected scrubland: R2 = 0.66, p < 0.001; smallholder oil palm: R2 =
0.94, p < 0.001). For an extended period, the water table at the
automated degraded forest site was below the peat profile and within
the marine clay substrate beneath; these observations are depicted in
grey in Figure 7B.

Normalised peat surface oscillation is presented as the
oscillation coefficient, whereby peat surface oscillation range is
divided by water table range. If the relationship between peat
surface elevation and water table level is near linear, the
oscillation coefficient represents the slope of the relationship. The
higher the oscillation coefficient, the greater the magnitude of peat
volume change per unit of water table level change. The fire-affected
scrubland site had the highest oscillation coefficient (0.04), followed
by smallholder oil palm (0.03), followed by degraded forest (0.02)
(Figures 7B, D, F). These figures could be indicative of the amount of
above-ground biomass loading, where fire-affected scrubland had
low density herbs and shrubs (107.1 Mg ha-1; Supplementary Table
S3), smallholder oil palm had medium-density oil palm crops
(85 Mg ha-1; Supplementary Table S3) and degraded forest had
the highest density secondary forest cover (318.9 Mg ha-1;
Supplementary Table S3). Greater loading results in suppression
of volume change per unit change in water table due to increased
mass and compaction at the surface, resulting in a lower oscillation

coefficient seen in the degraded forest. A significant positive
correlation between above-ground biomass loading and the bulk
density of peat >100 cm depth (Spearman’s rho = 0.66, S = 155.34,
p = 0.01; Supplementary Figure S3) supported this, showing
that higher above-ground biomass loading resulted higher soil
bulk density in the deeper peat layers at North Selangor. A
significant relationship was not found between bulk density and
above-ground biomass loading at other peat depths (0–50 cm and
50–100 cm).

A hysteretic effect was observed for surface elevation relative to
water table depth, which was most apparent in the degraded forest
site (Figure 8A). For a particular water table depth, the peat surface
was higher during the dry period (June 2019 to September 2019)
than during the wet period (April 2019 to June 2019) suggesting
retention of water in the peat during the dry period at the degraded
forest site. Contrastingly, the fire-affected scrubland (Figure 8B) and
smallholder oil palm (Figure 8C) sites showed relatively little
hysteresis, meaning that water was being lost during the dry
period as quickly as it was being gained in the watering up
period. At the fire-affected scrubland site, the peat surface
remained at approximately the same elevation once the water
table was fluctuating above the surface of the peat (Figure 8B).
The smallholder oil palm site showed evidence of longer-term
consolidation of the peat profile at the end of the drying out
period once the water table reached its sustained lowest point
(Figure 8A).

3.3 Relationship between peat surface
oscillation magnitude and peat condition

For the fourteen sites measured, surface oscillation magnitude
did not have a significant relationship with most variables
descriptive of peat condition after Bonferroni adjustment (peat
depth, water table range, Rock-Eval 6 parameters and indices and
above-ground biomass), except for mean water table depth
(Spearman’s rho = −0.81, S = 658, p = 0.001) and subsidence
rate (Spearman’s rho = 0.81, S = 86, p < 0.001) (Figures 9A, C).
The lowest mean water table depths were documented in
smallholder oil palm sites (Figure 9B). Smallholder oil palm sites
also exhibited the largest surface uplift rates (Figure 9D). Overall,
smallholder oil palm sites showed the least variability in
measurements between sites for mean subsidence rate and
surface oscillation magnitude within this peat condition class
(Figures 9B, D).

TABLE 4 Median and interquartile range (IQR) for the mean surface oscillation magnitude (cm) within each peat condition class for subsidence poles and
automated camera traps. An IQR is not possible for automated camera data because only one camera was available for each peat condition class.

Peat condition class Subsidence poles Camera traps

Number of sites Magnitude (median, cm) IQR Number of sites Magnitude (cm)

Degraded forest 3 1.1 1.0 1 2.7

Fire-affected scrubland 3 1.5 0.5 1 1.9

Recovering forest 3 2.8 1.4 - -

Smallholder oil palm 5 6.1 0.8 1 4.7
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4 Discussion

4.1 Peat condition at North Selangor

At North Selangor, decomposition of organic material increased
with depth, corresponding with prior findings from Brown et al.
(2023) in North Selangor, and by Hoyos-Santillan et al. (2015),
Upton et al. (2018) in Panama and Garcin et al. (2022) in the central
Congo Basin (excluding a ‘Ghost Interval’ of anomalous high
decomposition). High HI values are typical for peats consisting
of leaves and other materials that are rich in polysaccharides
(Marchand et al., 2008), therefore the moderate to high HI
values exhibited at North Selangor reflected large quantities of
leaf litter input from the overlying vegetation to the peat surface.

The decrease in HI and OI values with depth reflected more
degraded plant material and increased humification of soil
organic matter (Hetényi et al., 2006; Carrie et al., 2012; Sebag
et al., 2016).

Between peat condition classes, significant differences in levels
of degradation existed (Tables 2–4). There was greatest thermal
stability of surface peat at smallholder oil palm sites compared to
degraded forest and recovering forest sites, which corresponded with
results from Cooper et al. (2019) at North Selangor. Smallholder oil
palm sites were frequently managed, leaving the peat surface largely
clear of leaf litter (Figure 1), reducing leaf litter inputs to the peat soil
profile. This was reflected in the overall low HI and OI values for
smallholder oil palm sites for all depth categories (Figure 5). These
sites were also the most heavily drained and compacted for

FIGURE 7
Time series plots and linear regressions of peat surface elevation relative to datum (cm) and water table level relative to datum (cm) from automated
camera and water logger data from three of the four peat condition classes investigated in this study: degraded forest (A, B)); fire-affected scrubland (C,
D)); and smallholder oil palm (E, F)). Blue time series represent water table levels. Grey points in the degraded forest plot (A) represent surface elevation
points that took place when the water table was lower than the entire peat profile. Areas shaded yellow in the time series plots represent the dry
season from June to September 2019.
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agriculture. Lowering of the water table enhances the diffusion of
oxygen into the deeper layer of peat and is responsible for enhanced
degradation of organic matter at these depths (Couwenberg et al.,
2010). As such, greater proportions of recalcitrant carbon existed at
smallholder oil palm sites compared to other peat condition classes.
Overall, with the most consistent measurements as the most
degraded and with the least variability between sites in the class,
smallholder oil palm sites likely contributed to the significant
difference in peat condition between peat condition classes.

Smallholder oil palm sites exhibited an anomalous relationship
between direction of surface motion and mean water table level in
this study, showing overall growth of the peat volume over time
despite the lowest average water table level (Figure 9). It is possible
that this was due to the particularly intense wet season that occurred
in the latter part of the monitoring period (Figure 3), leading to an
illusion of overall growth. Sites with relatively deeper peat and lowest
water tables have the greatest amount of peat available in the aerated
zone with potential for swelling with high rainfall input after the dry
season. Therefore, sites such as smallholder oil palm sites in this

study are expected to respond with the highest growth rates in
response to such an event.

Evidence for restoration impacts was inconclusive. Whilst some
recovering forest surface peats displayed the highest I-index and
lowest R-index, and therefore least degraded samples in the whole
study (Figure 5A), differences in the I- and R-index for surface peats
were not statistically significant between peat condition classes. A
review of tropical wetland soil bulk densities featuring a variety of
peat conditions found that values ranged from 0.03 to 0.57 g cm-3

with a mean of 0.13 g cm-3 (Warren et al., 2012). More recent
publications since this review have reported ranges of 0.08–0.16 g
cm-3 (Lampela et al., 2014), 0.12–0.22 g cm-3 (Könönen et al., 2015)
and 0.01–0.2 g cm-3 (Sinclair et al., 2020). Site average ranges of
0.02–0.23 g cm-3 and a mean of 0.09 g cm-3 at North Selangor
corresponded with these ranges, therefore North Selangor
exhibited typical bulk densities of tropical wetlands with a range
of peat conditions. Overall, progress on restoration could not be
concluded upon without measurement of an intact peat site as a
benchmark and without understanding of its initial condition.
Future work should seek a site with documented lack of
disturbance so that the true extent of degradation of peat quality
can be quantified.

4.2 Peat surface oscillation magnitudes at
North Selangor

Alongside significant differences between peat condition classes
for peat degradation, significant differences in surface oscillation
magnitude also existed at North Selangor. Smallholder oil palm sites
exhibited greatest magnitudes overall (median: 6.1 cm). Therefore,
the most degraded sites with the highest bulk densities throughout
the peat profile showed the greatest surface oscillation magnitudes.

Surface oscillation magnitudes of tropical peat at North Selangor
were within the bounds of those reported for both disturbed and
undisturbed temperate peatlands (1–10 cm) (Fritz, 2006). However,
oscillation coefficients vary, with North Selangor oscillation coefficients
ranging from 0.02 to 0.04, which was lower than the range of
0.04–1 presented in the temperate peatland literature review (Fritz,
2006). This difference in oscillation coefficients between tropical and
temperate peat may be due to consolidation from the greater mass and
stabilising effect of roots from secondary forest and established oil palm
crops. For example, smallholder oil palm peatlands with high surface
loads and regular agricultural activity will decrease the storage capacity
of the peat. Therefore, the same amount of rainfall will produce a greater
change in the water level and hence high amplitude motion, however
the amount of motion per unit change will be relatively low, as reflected
in the data from North Selangor. Similarly, the least consolidated and
compacted fire-affected scrubland showed the largest movement per
unit change due to the presence of less stiff material and lack of above-
ground biomass loading. The impact of loading is likely a more
influential factor for determining bulk density measurements and
peat volume change in tropical settings than in temperate settings,
which are typically colonised with grasses, mosses and sedges with low
above-ground biomass and lower loading on the peat surface.

Water table ranges were more variable across North Selangor
than for temperate sites within the same literature review conducted
by Fritz (2006), which showed water table ranges of 0.18 m–0.75 m,

FIGURE 8
Relationship between peat surface elevation and water table
elevation in metres relative to datum during one seasonal event from
April 2019 to September 2019 for (A) degraded forest, (B) fire-affected
scrubland, and (C) smallholder oil palm. Axis scales between plots
do not match because these plots aim to display the hysteretic effect
(or lack of) clearly at each site.
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narrower than the ranges measured at North Selangor
(0.09 m–1.25 m; Supplementary Table S3). Peat depths at the
sites monitored in North Selangor were shallow (0.34 m–3.25 m;
Supplementary Table S3) relative to those documented by Fritz
(2006) (0.5 m–12.5 m) and were located near the peat boundary. All
of the above would result in oscillation coefficients of smaller
magnitude due to less material being subjected to compaction
and consolidation (also documented by Howie and Hebda
(2018)), as well as greater loading from secondary forest and
established oil palm stands compared to herbaceous vegetation
that exists on temperate peatlands. A study from Padang Island,
Indonesia documented water table ranges of 0.5 m–1.3 m over an
equivalent time period and across a range of land uses (Ismail et al.,
2021), which mostly overlaps with the ranges found at North
Selangor and suggests that water table conditions are typical of
tropical peatland settings with a range of peat conditions.
Additionally, Ismail et al. (2021) showed that water table range
was highest at a site situated closest to plantations, which is also true
of smallholder oil palm sites at North Selangor (Table 2), as well as
and degraded forest sites which were closely situated to large-scale oil
palm plantations (Figure 2D). A review study of peatland geology
found that largest peat depths had been reported up to 20 m in
Rajang, Sarawak (Omar et al., 2022), with greater peat depths
generally found across Borneo and Sumatra compared to the
Malay peninsula. This indicates that there is greater potential for
large volume change and surface oscillations at other sites in

southeast Asia, particularly with the widespread threat of
agricultural encroachment resulting in more variable water tables.

Inconsistent measurements over the period of three seasons
meant that this study was unable to capture the dynamics of each
season individually. This meant that temporal patterns of surface
oscillation could not be determined. Spatially, subsidence pole sites
and corresponding peat sampling sites ranged from 0.34 m to 3.25 m
peat depth (Supplementary Table S3), which was below the average
recorded peat depth for North Selangor (3.6 m) (Selangor State
Forestry Department, 2014). This was due to the selection of sites
close to the peat boundary due to inaccessibility of the dense tropical
peatland forest, as well as the practicality of returning to sites on a
semi-regular basis for repeated surface displacement measurements.
All forest sites were located 0.5–1 km from the forest boundary. As
such, there was limited representation of the surface oscillation
patterns of the interior of the peatland system at North Selangor, as
well as the condition of the deepest peats across the reserve. With the
above in mind, future experimental design should incorporate more
widespread use of automated cameras and water table loggers to
complement manual measurements of peat surface displacement.
This will enable characterisation of the temporal dynamics of
tropical peat surface oscillation, as well as the magnitude. This
overcomes the inconvenience of measuring a large network of
subsidence poles on a regular basis, as well as the problem of
potential aliasing of surface motion patterns from inconsistent
measurement.

FIGURE 9
Correlations betweenmean surface oscillationmagnitude and variables associatedwith peat condition, presented as: (A) scatter plot betweenmean
surface oscillation magnitude (m) andmean water table (WT) depth (m); (B) boxplots of meanWT depths within each peat condition class, where median
and IQR are displayed; (C) scatter plot between mean surface oscillation magnitude (m) and mean subsidence rate (m yr-1); (D) boxplots of subsidence
rates within each peat condition class, where median and IQR are displayed.
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4.3 Peat surface oscillation mechanisms at
North Selangor

The magnitude of peat surface oscillations is dependent on the
dominant peat surface oscillation mechanism (Fritz, 2006). For
example, compaction or consolidation of peat results in
substantially lower surface level changes than the flotation
mechanism for an equivalent change in water table level (Roulet,
1991). Therefore, with relatively smaller surface oscillation
magnitudes, peat surface oscillation dynamics at North Selangor
were likely dominated by compaction and consolidation
mechanisms. This was supported by the significant positive
correlation between above-ground biomass loading and bulk
density of peat >100 cm deep (Supplementary Figure S3), which
illustrated that greater surface loading could result in increased bulk
density at deeper peat layers through compaction and consolidation.
We anticipated that ebullition would be more likely to occur in
tropical peatlands than in boreal and temperate peatlands due to
higher temperatures all year round, however we did not observe peat
surface level change occurring independently of water table level
change during this period at North Selangor that could be attributed
to this mechanism.

Change in water table level alters the effective stress (as defined
by Terzaghi (1943), whereby pore water pressure and total stress
holds the soil particles together), inducing changes in peat volume.
However, a delay in the response of peat volume change at the
degraded forest site suggested that cause (water table fluctuations)
and effect (peat volume change) in this system operated on different
time scales. Whilst water tables in ombrotrophic tropical peatlands
experience diurnal fluctuations, hysteresis loops showed that it took
days until the forces imposed on the peat matrix reached
equilibrium through peat volume change. Greater hysteretic
response is found in peat that is dominated by compaction and
consolidation mechanisms (Fritz, 2006); further evidence that these
were the dominant controls of peat surface oscillation at North
Selangor.

A hysteretic response of peat surface elevation to water table
level change was found seasonally and episodically with daily
automated monitoring at the degraded forest site; as the water
table rose from the within the marine clay substrate to reach the
peat profile (34 cm water table depth), the peat surface uplifted
accordingly after a lag period of about 4 days. When the water table
dropped below the peat profile and into the substrate, the peat
surface level also dropped. In contrast, almost no hysteretic effect
was detected at the fire-affected scrubland site (Figure 8B). Peat
flotation is attributed as the main peat surface oscillation mechanism
when no hysteresis is present because the peat surface moves
correspondingly with water table level change without lag
(Fechner-Levy and Hemond, 1996; Fritz, 2006). However, this is
not believed to be the case at the fire-affected scrubland site, where
no breaks in the peat profile were detected when the peat profile was
sampled. Instead, this is attributed to surface water, which was
present for the majority of the monitored period at the fire-affected
scrubland site, and no peat surface uplift was detected when the
water table was fluctuating above the peat surface due to full
saturation of the peat profile (Figure 7C; Figure 8B).

It is important to determine whether the peat surface oscillations
measured are purely a product of volume change within the peat

profile alone. There was evidence from the automated results at the
degraded forest site that volume changes in the marine clay layer
below the peat profile may also have contributed to surface
oscillation patterns. The water table logger data at this site
showed that as the water table level dipped below the peat profile
(only 35 cm deep) and into the marine clay substrate, more rapid
subsidence of the peat surface occurred compared to when the water
table level was within the peat profile (Figure 7B). Whilst this could
be lagged shrinkage of the peat, the underlying marine clay may have
also swelled and shrank in response to water inputs and outputs.
This could result in the documentation of greater magnitudes of peat
surface oscillation at sites where the water table dropped below the
bottom of the peat profile than was truly occurring. As such it is
important to establish whether the water table is fluctuating within
the peat profile when interpreting surface oscillation magnitude as
an indicator for peat condition.

4.4 Relationship between peat surface
oscillation magnitude and peat condition

Results from this study indicate that water table measurements,
monitoring presence of surface water or subsidence measurements
could be used to infer peat surface oscillation magnitudes in tropical
peatlands (Figure 9). Whilst degradation indices differed between peat
condition classes and at different depths, they were not significant for
determining peat surface oscillation magnitude because all sites were
still highly degraded. In such circumstances, only mean water table
depth and subsidence rate had a relationship with peat surface
oscillation magnitude, whereby the higher the water table, the less
variable the surface, and the greater the subsidence rate, the less variable
the surface. These outcomes were anticipated, since high water tables
reduce the amount of peat subject to compaction, and the degradation
of organic matter results in reduced elasticity, resulting in reduced
surface oscillation magnitudes.

Further evidence of water table levels dictating surface
oscillation magnitude was the significant relationship between
water table elevation and peat surface height from the automated
data (Figure 7). Over the course of three seasonal cycles of study, the
peat surface at all sites was highest during the wet season and lowest
at the end of the dry season. Despite this relationship, water table
range did not have a strong relationship with surface oscillation
magnitude. This is likely due the impact of flooding on some sites
whereby the peat remains fully saturated independently of how deep
the water is on top of the peat. It could also be due to the influence of
volume change in the underlying marine clay compounding peat
volume change at sites with very shallow peat where the water table
dipped below the peat profile. This phenomenon will have resulted
an inflation in the surface oscillation magnitudes of the degraded
forest sites in the results. Future work should collect marine clay
samples for analysis to determine the structure of the clay and
whether it is capable of volume change with water inputs. This will
determine whether surface oscillation patterns can be attributed to
peat volume change alone.

Almendinger et al. (1986) hypothesised a positive relationship
between peat depth and surface oscillation magnitude. This is
because there is more peat available to be subject to compaction
and consolidation, compounding peat volume change. Whilst this
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was evident at the smallholder oil palm sites, this study also suggests
that additional processes may be at play in degraded tropical
peatlands, where the depth relationship with surface motion was
not observed, mainly because fire-affected scrubland sites exhibited
small peat surface oscillation magnitudes despite having the deepest
peat profiles. This relationship was likely masked by sustained high
water tables with low fluctuations at the fire-affected scrubland sites,
resulting in peat that was permanently wet with limited oscillations.
Where peat depth did not vary where significant degradation had
occurred (as was the case for sites selected in North Selangor), then
the control of peat depth on surface oscillation magnitude may have
been overtaken by other tropical peatland variables such as mean
water table or subsidence rate.

5 Conclusion

Results from this study showed that peat condition and
surface oscillation magnitudes were significantly different
between peat condition classes and within classes at different
depths at North Selangor. Links between peat condition and
surface oscillation magnitude were made, whereby the most
degraded tropical peats with the highest bulk densities
throughout the peat profile from high surface loading and low
average water tables had greater surface oscillation magnitudes,
however this was attributed to anomalously large water table level
rises at these sites. The dominant peat surface oscillation
mechanisms present at all sites were compaction and
consolidation. Mean water table level and subsidence rate were
the significant variables that controlled surface oscillation
magnitude, however this study recommends further
investigation towards surface and within-water table range
bulk density measurements and surface loading to explore the
full range of controls on compaction and consolidation in
tropical peatland environments. Overall, the impacts of
disturbance across North Selangor were clearly documented
with analysis of peat condition, however, evidence for
restoration was inconclusive. Nevertheless, tropical peatland
restoration is important in the face of climate change, where
increased variability in seasonality is projected (Feng et al., 2013).
Methods should focus on ways to promote water retention by
improving water storage capacity by raising water tables, the
planting and maintenance of native species that promote peat
growth, and fire prevention. A peat profile in good condition with
large depth facilitates greater peat surface oscillation, whereby
peat compaction and consolidation move the peat surface slightly
closer to the water table level during moisture stress periods. This
in turn decreases the saturated hydraulic conductivity of the peat,
reducing water loss by lateral flow (Price, 2003). This function is
fundamental for increased water storage capacity in anticipation
of changing seasonality at low latitudes (Feng et al., 2013).
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