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SUMMARY

The expansion of oil palm plantations is one of the greatest threats to carbon-rich tropical peatlands in
Southeast Asia. More than half of the oil palm plantations on tropical peatlands of Peninsular Malaysia are
smallholder-based, which typically follow varied cropping systems, such as intercropping. In this case study,
we compare the immediate biogeochemical impacts of conversion of an oil palm and pineapple intercropping
to an oil palm monocropping system. We also assess how these changes affect the subsequent temperature
sensitivity of greenhouse gas (GHG) production. We found that peat bulk density is unchanged, while organic
matter content, pH and temperature is slightly yet significantly altered after conversion from oil palm
intercropping to monocropping. Both in-situ and ex-situ CO, emissions and temperature sensitivity of CO, and
CH, production did not significantly vary between conversion stages; however, in-situ CO; emissions in
monocropping system exhibited a unigque positive correlation with moisture. The findings show that some of
the defining peat properties, such as bulk density and organic matter content, were mostly conserved
immediately after conversion from intercropping to oil palm monocropping. However, there were signs of
deterioration in other functional relationships, such as significantly greater CO, emissions observed in the wet
season to that of the dry season, showing moisture limitation to CO, emissions in monocropping, post-
conversion. Nevertheless, there is a need for further research to identify the long-term impacts, and also the
sustainability of intercropping practices in mature oil palm plantations for the benefit of these peat properties.
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INTRODUCTION

The expansion of oil palm plantations is one of the
biggest threats to carbon rich tropical peatlands in
Southeast Asia (Wijedasa et al. 2018). It is not a
coincidence that the rapid expansion of oil palm
plantations in recent decades occurred at the same
time as when Southeast Asia witnessed the greatest
extent of deforestation in the 21% century (Miettinen
et al. 2012, Hansen et al. 2013, Dhandapani 2014).
Recent estimates show that smallholder oil palm
plantations make a substantial contribution to land-
use changes in Southeast Asia (Wijedasa et al. 2018).
Smallholding plantations also play a major role in oil
palm expansion outside Asia in Africa and South
America (Sayer et al. 2012, Bennett et al. 2019).
Smallholder plantations are known to follow less
intensive management practices compared to
industrial plantations (Azhar et al. 2011) and follow
varied cropping systems such as intercropping or

polyculture (Azhar et al. 2015, Azhar et al. 2017,
Dhandapani et al. 2019a, Dhandapani et al. 2020a).
It is particularly relevant for peatlands in Peninsular
Malaysia, where smallholder oil palm plantations
cover almost as much area as industrial oil palm. The
conversion of natural peatlands to oil palm
monocultures increases peat temperature, pH and
bulk density, and greatly decreases peat moisture
(due to accompanying drainage), organic matter and
carbon (C) contents (Cooper et al. 2019, Srisunthon
& Chawchai 2020). This affects two of the major
ecosystem services provided by the peatlands — C
storage and hydrological regulation through water
storage (Tonks et al. 2017). However, intercropping
systems have been found to reduce some of the
negative effects on defining peat properties, such as
carbon content and bulk density, and maintain peat
functional relationships such as the negative
relationship between peat moisture and peat CO;
emissions (Dhandapani et al. 2019a).
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In addition to changing land-use, tropical
peatlands are expected to undergo 3 — 4 °C warming
by 2100 (IPCC 2013), with warming predicted to be
a major driver of future tropical peatland carbon
dynamics (Loisel et al. 2017). The impact of
temperature on soil GHG emissions can be defined
by calculating the temperature sensitivity factor, Quo
(Oertel et al. 2016). As GHGs trap heat and increase
atmospheric temperature, there is a strong potential
for positive feedback effects, resulting in ongoing
increases in GHG emissions and atmospheric
temperature (Conant et al. 2011). However, in a
natural environment such feedbacks are complex,
and are moderated by interactions among multiple,
highly variable, biotic and abiotic factors (Briones et
al. 2014, Oertel et al. 2016, Jackson et al. 2017),
which makes it harder to study and infer the impacts
of one particular variable such as temperature on
GHG emissions in-situ. Kirschbaum (1995) suggest
that positive feedbacks in the tropics may be less
severe than temperate regions, as the C
decomposition rate and ecosystem productivity
become similar at higher temperatures, while the
temperature dependency of decomposition decreases
with increasing temperature. Therefore, with
controlled studies being scarce for tropical peatlands
(Sjogersten et al. 2018, Girkin et al. 2020b), there are
considerable disagreements with the above positive-
feedback hypotheses, and there is no clear consensus
on this feedback effect (Davidson & Janssens 2006,
Conant et al. 2011).

Irrespective of the validity of the feedback
hypotheses, if the C stored in the peat is transferred
to the atmosphere at faster rate, it would drastically
affect the global climate, unless there is an increased
rate of C uptake from the atmosphere by plants,
though this is still a less stable C pool than the more
stable peat C store (Strack 2008). This is more
complex in degraded tropical peatlands that are
naturally submerged systems but are exposed to
aerobic  conditions by  drainage through
anthropogenic disturbance. In addition to aerobic
conditions in oil palm plantations inhibiting any peat
formation, it is plausible that easily degradable
homogenous organic matter inputs from oil palm lack
the chemical complexity required for tropical peat
formation (Kerdraon 2018), when even leaf litter
from some forest species lack the required chemical
complexity (Yule & Gomez 2009). Soil carbon inputs
represent a combination of decaying stem, leaf and
root debris (Davidson & Janssens 2006) as well as
root exudates (Girkin et al. 2018a, Girkin et al.
2018b). The release of C from the soil is generally in
the form of gas through carbon dioxide (CO;) and
methane (CH.) emissions, or in the form of fluvial

leaching. CO; in peat is produced by a combination
of root respiration, CH, oxidation and microbial
decomposition, which together is commonly known
as soil/peat respiration (Oertel et al. 2016, Girkin et
al. 2020a, Dhandapani et al. 2021b). Root
contribution to soil respiration in young oil palm
plantations, in particular the sites used in this study,
were insignificant (Dhandapani et al. 2019b).
Nevertheless, any changes in land-use that alter
prevailing environmental conditions and microbial
community structure (Dhandapani et al. 2019c) will
significantly affect in-situ heterotrophic soil
respiration through the regulation of complex
biogeochemical interactions (Couwenberg et al.
2010, Oertel et al. 2016, Dhandapani et al. 2021a).
However, it is unclear how changes in peat
properties, in particular those driven by management,
affect the temperature sensitivity of GHG fluxes.

Previous studies of the temperature response of
GHG fluxes ex-situ have shown variation amongst
peats of contrasting botanical origins (SjOgersten et
al. 2018). These same peats feature significant
differences in peat chemistry (Upton et al. 2018), and
microbial community structure (Troxler et al. 2012,
Girkin et al. 2020c), likely a key driver of these
differences. The significant changes in properties
driven by the conversion from intact forest to oil palm
monocropping and intercropping managements may
therefore have a significant effect on both fluxes and
their response to changes in prevalent environmental
conditions, including warming. It is important to
understand greenhouse gas emission responses to
increased temperature in these C rich ecosystems.

In general, recent studies on land-use change in
tropical peatlands of Peninsular Malaysia show that
the conversion of forest to agricultural landscapes
affects the belowground microbial ecosystem
(Dhandapani et al. 2020b) and depletes soil carbon,
along with driving changes in soil chemical and
physical properties, which are difficult to reverse
(Tonks et al. 2017, Dhandapani et al. 2019a,
Dhandapani et al. 2021a). However, the effect of
conversion between different agricultural systems in
tropical peatlands is not known. This is important,
because smallholder oil palm plantations are known
to practice intercropping in the initial stage of oil
palm plantation, which provide them with some
income during the non-productive young years of the
oil palm lifecycle (Adila et al. 2017, Saadun et al.
2018, Dhandapani et al. 2020a). In North Selangor
peatlands, it has been observed that such
intercropping is practiced in the early years of the
second-generation of the oil palm life cycle
(Dhandapani et al. 2019a, Dhandapani & Evers
2020), but then converted back to monocropping
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when oil palm becomes mature and the canopy
closes. These conversions from intercropping to
monocropping in the region were always
accompanied by additional drainage, possibly to
avoid potential lower yields (Hashim et al. 2019).
Despite this common practice, the changes in peat
properties that accompany conversion from
intercropping to monocropping and accompanying
additional drainage is not documented or known.

In this study, we aim to evaluate the direct impacts
of conversion of an oil palm intercropping system to
a monocropping system, and to understand the
impact of this conversion on the regulation of GHG
production. We hypothesise (i) that the conversion of
an intercropping to a monocropping system
significantly reduces surface peat organic content,
increases bulk density, and significantly impacts
other surface peat properties due to disturbance
associated with drainage, harvesting and killing of
intercrops that covered most of the surface of the site;
(i) that conversion reduces total CO, emissions from
peat because of the removal of autotrophic root
contributions from intercrop; (iii) that conversion
reduces peat CH. emissions due to increased
drainage; (iv) that functional relationships between
peat properties and CO, emissions are maintained
from before conversion, cohering to common
observations in different peat land-uses in the region;
(v) that peat after conversion to monocropping has a
greater temperature sensitivity, considering that
labile carbon input via root exudation from the oil
palm monoculture is less than intercropping systems
with greater vegetation cover.

METHODS

Study site

The study site used in this research is the same as that
reported in Dhandapani et al. (2019a) and
Dhandapani et al. (2019b). The site is in the North
Selangor peatlands, the second largest peatland area
in Peninsular Malaysia. The site is roughly 2 ha in
size. The site was converted from the forest around
late 1980s to early 1990s. This location on the
southern edge of North Selangor peatlands is of
historical importance, as it is adjacent to
Thennamaran region where oil palm was first
commercially planted in Malaysia.

The oil palm (Elaeis guineensis Jacg.) and
pineapple intercropping site (3° 25' 20.6" N, 101° 19'
56.6" E; Figure 1) in Kampung Raja Musa was in the
second-generation that consisted of approximately
one- to two-year old oil palm plants in rows with
pineapple (Ananas comosus (L.) Merr.) planted

densely between the oil palm rows. There were two
drainage ditches along the border on the either side of
the site, but none within the site. There was stagnant
water of 1 to 2 cm over most of the site during wet
season measurements. Some open regions without
any stagnant water were covered with grass. During
dry season measurements, the pineapple plants were
fully grown and covered any remaining open spaces
between pineapple rows and there was no stagnant
water at the surface. The depth of the peat is roughly
between 1.5 to 2 metres. This site is referred to as
‘Pineapple intercropping’.

The intercropping existed in this second-
generation oil palm plantation for approximately
three years before being converted to monocropping
after the pineapples were harvested. During the
conversion to monocropping, two additional drainage
ditches were dug to further drain the land. The
surface of the converted site was covered with dried
pineapple leaves, indicating that biomass from the
pineapple crop were not removed from the site The
site was also fertilised with animal manure after
conversion to monocropping, which is a common
practice in smallholder ~mature oil palm
monocultures. The animal waste is usually added in
sacks near the mature oil palm stems, with a small
opening in each sack pointing towards each oil palm
stem. After conversion, no stagnant water was
observed during either season of the measurements,
and some grass cover was observed in the field during
both wet and dry season measurement. The oil palm
plantations are older (3 to 4 years of age) in the
monocropping system. After conversion, this site is
referred to as ‘Converted monocropping’.

Sampling strategy

The sampling strategy and other methodologies used
for this study are the same as Dhandapani et al.
(2019a) and Dhandapani et al. (2019c¢).

Sampling was carried out during both wet and dry
seasons from November 2016 to December 2018,
with only the measurement for wet season 2017-18
missing due to logistical limitations. The conversion
to monocropping also happened during this missing
season. The wet season sampling was carried out
during November 2016 to January 2017, and dry
season sampling was carried out during July 2017 for
Pineapple intercropping. The site was visited three
times each season. After the Pineapple intercropping
was converted to oil palm monocropping, the site was
visited during July 2018 and December 2018 for dry
and wet season measurements, respectively. The
conversion to monocropping happened earlier in the
year 2018, though the exact month for this land-use
conversion is not known.
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Figure 1. Site location.

The pineapple plants were killed off using a
herbicide and left to decompose in the field, which is
a typical practice for conversion from intercropping
to monocropping by smallholders in the region
(Global Environment Centre, personal
communication, Aug 2018).

Mean weather data for each sampling period for
Kampong Raja Musa, the village where the study site
is located, are provided in Table 1 (World Weather
Online 2022).

During each site visit, samples were collected
from 25 random points distributed over the site.
Complete random sampling (except areas with
vegetation such as oil palm, pineapple and grass) as
described in Dhandapani et al. (2019b) was used over
other sampling methods to quantify the impact of
ecosystem or land-use type as a whole, as opposed to
identifying any specific effects such as autotrophic
contributions from different crops and sampling
locations. However, Dhandapani et al. (2019b) show
that young oil palm and pineapple crop do not
significantly contribute to increase in total peat
respiration, and only autotrophic contributions from
mature oil palm (>10 years old) significantly increase

total peat CO, emissions. At each sampling point,
greenhouse gas fluxes were measured, and the
surface peat (0-5 cm) was collected for laboratory
analyses. This resulted in 150 independent sampling
points per site, with 75 samples from each season for
pineapple intercropping. For converted
monocropping, the sample number totalled 50, with
25 samples from each season. Of these, 10 random
samples from each season were used for C and N
analyses.

In-situ greenhouse gas measurements

CO, and CH4 emissions from soil surface were
measured using a Los Gatos® (San Jose, USA)
ultraportable greenhouse gas analyser. The gas
analyser works on the principle of laser absorption
spectroscopy. The instrument gives readings of CHa,
CO; and H20O (ppm) and gas temperature (°C). The
measurements were made using closed chamber
method using an opaque chamber with a height of
15 cm and an inner diameter of 13.5 cm. The chamber
was home-made and had an inlet and an outlet port
on the top of the chamber that were connected to the
gas analyser, using a quarter inch outer diameter
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Table 1. Weather data for each field sampling period. Data obtained from World Weather Online (2022) for
Kampong raja Musa where the study area is located. Nov 2016 — Jan 2017 reflects mean value per month.

Wet season Dry season
s permonth Nov-16 to Dec-18 ul-17 Jul-18
Jan-17

Rainfall, mm 400 338.9 97.3 116
Rainfall, days 29 30 25 24
Mean temperature, °C 29 29 30 30
Sun hours 357 364 371 372
UV scale 6 6 7 8
Average humidity, % 75.7 78 69 70
Average cloud cover, % 37 33 23 24

polytetrafluoroethylene (PTFE) tube. During each
measurement the chamber was carefully inserted into
an un-vegetated area of peat to approximately 1 cm
depth to provide a good seal. Gas measurements were
taken at 20 second intervals for 5 minutes, resulting
in at least 12 recorded measurement points for each
plot. The gas concentrations in ppm were converted
to mg m?2 hr! and pg m?2 hr! for CO; and CH,4
respectively, as described in Samuel & Evers (2016),
using the Ideal Gas Law (Equation 1):
PV =nRT [1]
where: P = atmospheric pressure (Pa); V = volume of
headspace (cm®); n = number of moles (mol); R =
universal Gas Constant law (8.314 J K** mol?) and
T = temperature in kelvin (K), with the conversion
factors, 1 mol of CO, = 44.01 g and 1 mol CH, =
16.02 g.

The lag time for the gas concentration change in
the chamber to reach the analyser (i.e., the time it
takes for the chamber and analyser to reach an
equilibrium) was just under a minute for most of our
measurements, but to maintain the same standard for
all measurements, the first minute of each
measurement was discarded. Following omission of
the first minute in each measurement period, linear
fits of CO. concentration increase to sample rate
showed an R? > 0.99 in all instances. CO, flux
gradients were used as confirmation that CH,
sampling (of much lower emission rates) within the
same chamber may be reliable.

Peat analysis

All the procedures used for laboratory peat analysis
are described in detail in Dhandapani et al. (2019Db).
Peat temperature and moisture (for 0-5 cm depth)
were measured in-situ, using a digital thermometer
from Fisher Scientific (Loughborough, UK) and a
digital volumetric moisture meter, ThetaProbe®
(Delta-T Devices, Cambridge, UK) respectively.
During some sampling visits, peat samples (0-5 cm)
were collected to measure gravimetric moisture due
to failure of the ThetaProbe. Here, fresh peat was
dried in an oven at 105 °C for 48 hours. The
gravimetric moisture was calculated as the ratio of
the mass of the water lost in oven drying to the mass
of oven-dried peat.

Peat bulk density samples (0-7cm) were collected
by inserting a tube of known volume (20 ml) into the
peat surface. The collected peat was then dried in an
oven at 105 °C for 48 hours and the dry weight was
recorded. The calculated gravimetric moisture was
then converted to volumetric moisture using the bulk
density data.

For pH measurements, 5 mL volume of peat was
suspended in 10 mL deionised water in a centrifuge
tube and shaken on a shaker for 30 minutes. The pH
of the supernatant was then measured using a pH
meter (Mettler Toledo, Leicester, UK). For
Converted Monocropping, the pH was measured
using a different pH meter, Eutech pH700 supplied
by Thermo Scientific (Loughborough, UK).

Oven dried peat samples (105 °C for 48 h) were
used to calculate the organic matter content. Dried
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peat samples were placed in silica crucibles and then
transferred to a muffle furnace and maintained at
550 °C for 4 h. The organic matter content was then
determined by calculating the loss on ignition using
Equation 2:

(soil—'ash) % 100 [2]
soil

OM =
where: OM = organic matter content (%), soil =
weight of oven dried soil (g), ash = weight of ash (g)

To analyse total C and N content, all samples were
oven dried (105 °C for 48 h) and finely ground using
a Retsch PM400 ball mill (Verder Scientific, Haan,
Germany). Approximately 10 mg of sample was
weighed into an aluminium foil cup and the exact
weight was recorded. The samples were then
transferred to an autosampler attached to a Flash
2000 CHNS-O elemental analyser supplied by
Thermo Scientific (Loughborough, UK). The
analyser was set at 55 °C oven temperature, with
helium as the carrier gas at the flow rate of 140 mL
min. L-aspartic acid supplied by Sigma Aldrich (St
Louis, USA) was used as quality control and peaty
soil supplied by Elemental Microanalysis (Okeham,
UK) was used as a standard. For converted
monocropping, C/N analysis was carried out using a
Skalar Primacs series C and N analyser (Breda, The
Netherlands).

Temperature sensitivity analysis
Temperature sensitivity was measured under “mesic”
moisture conditions following an approach modified
from Sjogersten et al. (2018) by quantifying
production at 20, 25, 30 and 35 °C. Peat samples
(12 g dry weight equivalent) were placed in twelve
replicate 120 mL glass serum bottles (Kinesis, St.
Neots, UK). Bottles containing water-logged fresh
peat were allowed to evaporate gradually over one
week at 30 °C until there was no free water remaining
on the samples, corresponding to field moisture
conditions (Sjogersten et al. 2018, Girkin et al.
2020Db). Three replicates were placed in 20, 25, 30
and 35 °C incubators for one month for acclimation.
For measurement of headspace gases, bottles were
temporarily removed from their incubators and
flushed for one minute with air of known CO; and
CH. concentration (374.97 £ 14.17 and 1.00 + 0.03
ppm of CO, and CHjy respectively), before sealing
with a butyl rubber stopper (13 x 19 x 12 mm;
Rubber B.V., Hilversum, NL). Previous incubation
studies have predominantly assessed production
under anoxic conditions, with bottles flushed with N>
to displace oxygen (Girkin et al. 2018a, Girkin et al.
2018b). However, this method is inappropriate for

drained aerobic peats. Therefore, flushing bottles
with air of known GHG concentrations creates
equivalent standardised conditions prior to beginning
the incubation. Bottles were then returned to their
incubators for 1 hour after which a 5 mL gas sample
was collected and analysed.

Gas samples were analysed by gas chromatography
(GC 2014, Shimadzu, Milton Keynes, UK) using a 1
mL sampling loop and a molecular sieve column (12
m, 0.53 mm internal diameter). CO, and CH,
concentrations  were measured by thermal
conductivity and flame ionisation detectors
respectively. Fluxes were calculated using the
concentration difference  between the initial
headspace concentrations compared to those
measured after one-hour incubation, according to the
ideal gas law (Girkin et al. 2018).

Potential fluxes were measured on three occasions
over two weeks for each peat type. Temperature
sensitivity (Qio), describing the change in reaction
rates with a 10 °C rise in temperature) of CO, and
CH. production, was calculated using exponential
models (Equation 3), where k is the rate constant
(Lloyd & Taylor 1994):

Q10 = €' [3]

Statistical analysis

All statistical analyses were carried out using
Genstat® 17th edition (VSN international, 2017).
Significant differences between sites for in-situ GHG
fluxes and other environmental parameters were
evaluated using two-way analysis of variance
(ANOVA), incorporating seasons and sites as fixed
affects. For the data sets that were not normally
distributed, the data was log-transformed. For data
that did not meet normality assumption after log-
transformation, a non-parametric Kruskal-Wallis test
was performed.

Backward  stepwise  elimination  multiple
regressions were performed with CO, flux as
response variables and other environmental
parameters as fitted terms. The most non-significant
driver is dropped one by one in the regression model,
until only significant drivers are left in the model.
Backward stepwise regression was not performed for
CH, because such fluxes did not meet the required

normality — assumptions even after  various
transformations.
For ex-situ temperature sensitivity data,

differences in basal CO; and CH4 fluxes (measured at
25 °C), and differences in the temperature response
of GHG production were assessed using a two-way
ANOVA. CO; and CHj, fluxes were log-transformed
for normality.
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RESULTS

In-situ greenhouse gas emissions

CO; emissions did not significantly vary between the
two conversion stages when the seasons were taken
together. Nevertheless, Tukey’s multiple comparison
tests show that there was no significant difference in
CO; emissions between the conversion stages in the
dry season (mean values of 490 and 440 mg m*? hr!
for intercropping and monocropping respectively).
However, for the wet season, CO, emissions from
monocropping are significantly greater than that of
intercropping. CH4 emissions significantly decreased
after conversion from oil palm and pineapple
intercropping to oil palm monocropping (Figure 2,
Table 2). Both CO; and CH.4 emissions also exhibited
significantseasonal variations. CO, emissions showed
a significant interaction between conversion stages
and season. This interaction was driven by an
increase in  CO; emissions in converted
monocropping from dry season to wet season, where

1500 3)

-
(=]
o
o
1

a

a =]
o-j T

CO, mg m? hr'
N
(=]
<

wet season CO emissions (1198 mg m2 hr?) were
more than double those of the dry season (448 mg m
hr). Wet season CH4 emissions were considerably
higher in intercropping before conversion (497 pg
m2hr?), while CH4 emissions were very low in the
dry season before conversion (11 pg m2hr?) and in
both seasons after conversion (dry = 1 ug m2hr?; wet
=36 ug m2hr?).

Peat properties

There was a slight yet significant reduction in organic
matter content after conversion from intercropping
(wet = 88.91%; dry = 87.54%) to monocropping
(wet = 86.62%; dry = 85.50%), though there was no
seasonal variation or significant interaction either
before or after conversion (Figure 3a, Table 2).
However, Tukey’s multiple comparison test showed
that there was no significant difference in peat
organic matter content between conversion stages or
between seasons (Figure 3a). Peat moisture was
significantly higher before conversion in both wet

I

800 b)

600+

CH4 ug m? hr'!
N
o
v

El Dry season

Wet season
- b o
il
0 — ——
'1 0 L] 1
Pineapple — Converted

intercropping

monocropping

Figure 2. Effect of conversion and season upon (a) CO, emissions, (b) CH4 emissions from peat in the
studied site during dry (black) and wet (grey) seasons. Bars denote mean values (n=74 for pineapple
intercropping wet season, n=75 for pineapple intercropping dry season, and n= 25 each for wet and dry
season in converted monocropping) and whiskers denote standard errors. Bars with different letters show
that they significantly differ from each other according to Tukey’s multiple comparison test.
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and dry seasons, with the wet season having
significantly higher moisture levels than dry season
both before and after conversion (Figure 3b, Table 2).
There was a significant increase in pH after
conversion from intercropping to monocropping,
however the pH was well below 4 in all conversion
stages and seasons (Figure 3c). Even though the pH
changes between seasons were not significant, pH
showed significant interaction between conversion
stage and seasons due to slight increase in pH from
dry to wet season before conversion, and no
significant change in pH from dry to wet season after
conversion. There was slight yet significant increase
in temperature after conversion from intercropping to
monocropping (Figure 3d, Table 2). There was also a
slight yet significant increase in temperature in the
wet season compared to the dry season for
monocropping. There was no significant interaction
between conversion stage and season for temperature
(Table 2).

Total N content significantly increased (F.18 =
249, p < 0.001), while the C content (F(,18) = 14.04,
p = 0.001) and C/N (Fuwis = 159, p < 0.001)
decreased after conversion from intercropping to
monocropping (Figure 4). There was no significant
change in bulk density after the conversion of
intercropping to monocropping (Figure 4; Fass =0,
p = 0.950).

In-situ functional correlations with CO; emissions
Backward step-wise elimination multiple regression
showed that CO, emissions in the pineapple
intercropping site were positively correlated with pH
and negatively correlated with moisture (Figure 5a
and 5b; Pineapple Intercropping multiple regression:
Fes = 9.08, p < 0.001, R? = 0.098). In converted
monocropping, CO. emissions were positively
correlated with moisture and temperature (Figure 5¢
and 5d; Converted Monocropping multiple
regression: F4g = 7.51, p = 0.002, R? = 0.213).

Temperature sensitivity assay
There were no significant differences in basal (25 °C)
CO; or CH4 production between conversion stages
(COzI F(1,8)=9.39, p=0.092; CH4I F(1,8)=1.45, p=0.35).
CO, fluxes increased significantly  with
temperature (Figure 6, Table 3), but there was no
significant difference in fluxes between conversion
stages (Table 3). There was no significant change in
CHasfluxestoincreased temperature (Figure 6, Table 3).
Mean Qi values for CO; ranged from 0.61 to 3.80
(Table 4) but there was no significant difference
between conversion stages (F,2) = 45.26, p = 0.09).
Q10 values for CH,4 fluxes were < 1 (Table 4) for peat
in pineapple intercropping and following conversion,
and there was no significant difference between the
two (F,2 = 0.05, p = 0.85).

Table 2. Two-way ANOVA for peat properties, showing statistical significance of the effects of conversion,
season and the interactions between conversion stage and season. Statistically significant figures are presented

in bold italics.
Conversion stage Season Conversion*Season
logCO: ey 001 e
CH. (Kruskall-Wallis) '; - g:ggg’ ;';g%& N/A
Organic Matter % F(Blz)oz.()t;?’ F(Bl?oz.125.24, F(lrﬂlz)oz.g%gl,
Fai97)=71.33, Faion = 3.71, Faio7) = 12.43,
PH p <0.001 p=0.055 p <0.001
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Figure 3. Effect of conversion and season upon (a) organic matter content (b) moisture (c) pH (d)
temperature of peat in the studied site during dry (black) and wet (grey) seasons. Bars denote mean values
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whiskers denote standard errors. Bars with different letters show that they significantly differ from each
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Table 3. Two-way ANOVA for CO; and CH. production at 20 - 35°C. Statistically significant figures are

presented in bold italics.

Conversion stage

Temperature

Conversion*Temperature

|OgC02 F(1,53) = 2.81, p= 0.099

|OgCH4 Faey = 0.57, p=0.152

F@e3 =3.6,p =0.018

Faey =2.01, p=0.123

Fee3 = 0.93, p = 0.429

Faen = 0.40, p = 0.752

Table 4. Calculated Q1o for CO, and CH, fluxes. Mean + 1 standard error.

CO> Quo R? Best fit
Pineapple intercropping 2.32+0.37 0.84 Exponential growth
Converted monocropping 3.37£0.29 0.78 Exponential growth
CH, Quo R? Best fit
Pineapple intercropping 0.85+£0.13 0.58 Exponential decay
Converted monocropping 0.8+0.13 0.54 Exponential decay

DISCUSSION

Soil organic matter content is a parameter generally
used for classification of peats (RSPO 2019), and
bulk density is considered an intrinsic peat
characteristic by the FAO (Andriesse 1988) that
influences several other defining peat characteristics
and functional properties. In a previous study
(Dhandapani et al. 2019a), we showed that oil palm
intercropping in tropical peatlands can ameliorate the
negative impact on defining peat properties, such as
organic matter content and bulk density, following
conversion from forest to oil palm plantations. We
have now shown that the previously observed
ameliorating effect of the intercropping is carried
over even after conversion to monocropping in the
short term with only a slight reduction in organic
matter content and no significant change in bulk
density. However, there were indications of a
deterioration in the functional relationship between
moisture and CO; emissions (relative to such
relationships in natural forested peatlands), which
show strong negative correlations between moisture
and peat CO, emissions (Dhandapani et al. 2019c),
and significant seasonal variations in CO, emissions
between wet and dry seasons. Similar studies in other
tropical systems found similar results of improved
soil properties and favourable ecosystem functioning

in intercropping relative to oil palm or other such
monocultures (Wang et al. 2015, Ashton-Butt et al.
2018, Ashraf et al. 2019, Chen et al. 2019), but the
immediate and long-term impact of conversion of
such soil systems after intercropping cycle is not well
documented.

Even though the bulk density of surface peat in the
site, both before and after conversion to
monocropping, was higher than that reported in
drained and disturbed peatlands, including secondary
forests (Tonks et al. 2017, Dhandapani et al. 2019a,
Sinclair et al. 2020) or even some first-generation oil
palm monocultures (Tonks et al. 2017), it is still
considerably lower than what is observed in the
second-generation oil palm monocropping in the
region with no history of intercropping (Dhandapani
et al. 2019a). This is important as the bulk density of
0.43 g cm?® observed in second-generation
monocropping (Dhandapani et al. 2019a) is quite
close to the upper limit for tropical peatlands as
defined by FAO (Andriesse 1988), and which can
have serious consequences on other peat organic
matter properties and negative impacts on wider peat
ecosystem services, such as water and C storage
(Andriesse 1988, Tonks et al. 2017). Such high bulk
density values could result in de-classification of
these peatlands for oil palm certification and
conservation purposes in the region. This is
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especially important as currently many oil palm
plantations in peat in the region are entering the
second-generation of monocropping (Dhandapani et

al. 2020a).
Organic matter content was slightly yet
significantly reduced after conversion from

intercropping to monocropping; however, it is much
higher ~ than  second-generation  continuous
monocropping system of similar age in the same peat
dome reported by Dhandapani et al. (2019a). This
may be due to relatively greater and more diverse
organic matter inputs in the intercropping system
compared to oil palm monocultures. The organic
matter waste from the removal of the pineapple crop
were left in the field, which possibly helped in further
sustaining the organic matter properties after
conversion of intercropping to monocropping. In
comparison, the second-generation of continuous
monocropping reported by Dhandapani et al. (2019a)
in the same peat dome, only few hundred metres
away from this study site, contains peat with only
54% organic matter. This is less than 65% of organic
matter content set by the Roundtable on Sustainable
Palm Oil (RSPO 2019) for a site to remain classified
as a peatland, although this still can be classified as
peat under other published definitions of 45 %
organic content (Osaki et al. 2016). RSPO and local
governmental regulations mean that this specific
property is particularly important both for oil palm
certification and conservation regulations. Our
findings suggest that these beneficial and defining
properties were not greatly impacted immediately
after conversion from intercropping to monocropping
where this also involved increased drainage.

The surface peat moisture levels were
significantly lower in monocropping following
conversion than in intercropping (Figure 3b). The
decrease in moisture after conversion is directly
linked to increased drainage from the construction of
two additional ditches in the site and potentially
increased evaporation due to increased exposure to
sunlight of a larger area of peat surface. Several
factors such as increased water use efficiency and
microclimate in the oil palm intercropping system, as
observed in mineral soils (Balasundram et al. 2006,
Ashraf et al. 2019), or higher moisture retention due
to low bulk density and high organic content (Archer
& Smith 1972, Tonks et al. 2017), may have further
influenced the higher moisture condition in the
intercropping site before conversion. The first
hypothesis is partially validated by the observation
that peat surface temperature, moisture and pH were
significantly changed after conversion, however,
changes after conversion were minimal for important
defining peat properties such as organic matter

content and bulk density.

Even though there were significant changes in
relevant peat physio-chemical properties such as pH,
moisture and temperature after conversion, mean
total peat CO- emissions did not significantly change
after conversion for dry season measurements.
However, peat CO, emissions from wet season
monocropping was significantly greater than all the
other measurement periods. Such greater emissions
in the wet season were previously observed only for
second-generation continuous monocropping in the
region, while the other land-uses such as primary
forests,  secondary  forest,  first-generation
monocropping, cleared peatlands or burnt peatlands
or different second-generation intercropping
systems, were found to not show significant
variations in CO; emissions between seasons
(Dhandapani et al. 2019a, Dhandapani et al. 2019c).
The mean CO; emissions in the dry season for both
intercropping and monocropping, and in the wet
season for intercropping, were within the range
reported for agricultural peatlands in the North
Selangor region (Dhandapani et al. 2019a); however,
the wet season CO, emissions for monocropping
were markedly higher than previously observed CO-
emissions from Selangor peatlands of any land-use.

One notable characteristic observed was the
moisture limitation of CO, production observed in
the site immediately after conversion (Figure 5c¢),
similar to a second-generation monocropping site
reported in Dhandapani et al. (2019a). This positive
correlation between moisture and CO is unusual for
agricultural peatlands in the region (Couwenberg et
al. 2010, Hergoualc’h et al. 2017, Wakhid et al.
2017), however, it is commonly observed in dry
inland mineral soils (Werner et al. 2006).

The lack of significant change in CO; in the dry
season after conversion from intercropping to
monocropping was unforeseen, considering the
autotrophic contribution from large portion of the
belowground root system is affected by the removal
of pineapple crop. However, there may be a
significant contribution from decomposing pineapple
leaves and the root system that were left over from
clearing of the pineapple crop in the conversion to
monocropping. Pineapple crops have shallow root
systems (around 0.85 m deep) although they can
extend up to a 2 m radius around the plant stem (DAF
2009). Dhandapani et al. (2019b) found CO.
emissions were not influenced by distance from the
pineapple plants and inferred that this is possibly due
to the pineapple roots contributing to fluxes at all
sampling points in the site, as none of the
measurements were more than 1 m away from a
nearby pineapple crop (Dhandapani et al. 2019Db). It
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is possible that autotrophic contribution to total peat
CO; emissions from live pineapple roots were
replaced by heterotrophic decomposition of dead
pineapple  roots after  conversion.  Further
measurement of CO, emissions after complete
decomposition of pineapple roots and leaves would
provide more information on the autotrophic
contribution of pineapple root system, and longer-
term impact of this conversion. Thus, our second
hypothesis that total peat CO, emissions decrease
immediately after conversion of intercropping to
monocropping was rejected as total emissions did not
significantly differ between conversion stages,
although the scale of seasonal change in emissions
was altered after conversion. This functional change
in relationship between CO2 and moisture conditions,
and significantly greater CO, emissions in the wet
season after conversion, which is not commonly
observed for any peat land-use in the region, shows
that our fourth hypothesis is not validated.

The reduction in CHs4 emissions following
conversion was expected because of the increased
drainage during conversion to monocropping. This
was additionally supported by killing of pineapple
plants with adventitious root system that were found
to increase CH. emissions in tropical peatlands
irrespective of the moisture level (Dhandapani et al.
2019Db). This may be due to the differences in root
exudate and oxygen inputs and consequent changes
in rhizosphere and peat microbial communities that
can significantly impact CH. emissions (Girkin et al.
2018a, Dhandapani et al. 2019c, Girkin et al. 2020a).
CH4 emissions were reduced after conversion as
expected, validating the third hypothesis.

The temperature sensitivity for CO, emissions did
not significantly vary after conversion from
intercropping to monocropping. Mature first-
generation oil palm plantations in the region have
been found to have more recalcitrant peat because of
the loss of labile carbon due to the longer duration
since drainage which allows aerobic decomposition
of labile carbon (Tonks et al. 2017, Cooper et al.
2019). However, the studied newly converted
monocropping field still contained labile carbon in
the form of decomposing pineapple leaves and roots
in the system, and the temperature sensitivity did not
significantly ~ vary  after  conversion  from
intercropping to monocropping, thus rejecting the
fifth hypothesis. The Qi for CO; production is
notably higher than previous observations for pristine
peat from Peninsular Malaysia (Girkin et al. 2020b)
and a range of Neotropical peats (Sjogersten et al.
2018, Girkin et al. 2020b). This may be due to the
higher water table in both Malaysian pristine
peatland (Dhandapani et al. 2019c) and Neotropical

peatlands in Panama (Sjogersten et al. 2018), which
supports a rich labile carbon store, whilst such labile
carbon is lost over time in oil palm plantations (Tonks
et al. 2017, Cooper et al. 2019). This is in line with
“Carbon-quality temperature hypothesis” postulated
by Sjogersten et al. (2018) that the temperature
sensitivity increases with increased recalcitrance
because of the higher energy requirement for aerobic
decomposition. The ex-situ CH4 production remained
low and was unaffected by the conversion or by
temperature changes, further confirming the previous
field observations that southeast Asian tropical
peatlands are low methane emitting systems
compared to peatlands of other geographical regions
(Couwenberg et al. 2010).

In conclusion, in this case study, some of the
defining characteristics of peatlands such as peat
organic matter content and bulk density were mostly
conserved in monocropping immediately after
conversion from intercropping. Nevertheless, there
were signs of deterioration in functional relationships
immediately after conversion, such as significant
variations in CO, emissions between seasons, and
positive relationship between moisture content and
CO, emissions. However, there is a need for
expanded research to understand the long-term
impacts of practicing intercropping in early stages of
oil palm age. There is also a need for further research
into the sustainability of such intercropping practices
even after the palm grows older in the later stages of
plantations to prolong these peat properties in the
longer term. We also found no significant difference
in total CO, emissions from peat after conversion
from intercropping to monocropping, where the
pineapple intercrops were removed. It should be
noted that this effect is specific to pineapple crop,
which may be different for other intercrops with
greater biomass allocation to roots. Pineapple is the
most commonly intercropped plant with oil palm,
however, rare instances of crops such as cassava
(Dhandapani et al. unpublished data), yam
(Dhandapani et al. 2019a) and banana (Dhandapani
& Evers 2020) were also found to be intercropped by
certain smallholders in the region. Thus, there is a
further need to research the environmental impacts of
different oil palm intercropping systems to
understand the regional impact of intercropping
practiced by smallholders. Although this study, along
with other limited research on this subject, report
some indications in the field showing environmental
benefits of oil palm intercropping over
monocropping systems in tropical peatlands, there is
a lack of long-term regional data on environmental
and social sustainability of oil palm intercropping by
smallholding farmers.
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