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ARTICLE INFO ABSTRACT

Keywords: This study represents the first long-term investigation spanning from a tropical peat swamp forest (PSF) to its
CO2 conversion into an oil palm plantation (OPP), offering valuable data for assessing carbon dioxide (CO3) dynamics
Eddy covariance across different conversion stages. The conversion of tropical peat swamp forests to oil palm plantations has
Land conversion stages . significant implications for CO5 dynamics. However, ecosystem-scale studies investigating CO, dynamics across
Near-ground environmental conditions : A . i R .
Net ecosystem exchange different stages of land conversion are lacking. This study used the eddy covariance (EC) technique to measure
Tropical peatlands the net ecosystem exchange (NEE) of CO; above a tropical peat swamp forest in Sarawak, Malaysia, from 2011
until it was cleared in 2017 and ultimately converted into an OPP in 2018. Our study found that the removal of
forest biomass during land preparation led to a substantial increase in annual NEE from 25 + 179 (2011 to 2016)
to 2732 + 655 g C m~2 year ! (2017 to 2019). This increase was attributed to an 83 % reduction in gross
primary productivity (GPP) and a 14 % reduction in ecosystem respiration (Rec,). The near-ground environ-
mental conditions also significantly changed across the conversion stages, inducing drier conditions compared to
the forest. These changes were found to affect the controlling factors of nighttime NEE during conversion,
resulting in a negative relationship with both air temperature and vapor pressure deficit above canopy, in
contrast to the typical relationship with groundwater level observed before conversion. The conversion is also
found to cause significant reduction in overall ecosystem photosynthetic activity as evidenced by the reduction in
maximum gross photosynthetic rate (Ppax), photosynthetic photon flux density (PPFD), quantum yeild («), and
dark respiration (REq). Although ecosystem-scale assessments of COy dynamics provide insights into how eco-
systems respond to changes in relation to land conversion, it is crucial to assess other respiration components,
such as soil respiration and aboveground woody debris, for a more comprehensive analysis.

et al., 2020). Over the past few decades, PSF has been converted into
both small-scale and industrial plantations, especially for oil palms. The

Introduction

Tropical peatlands can take over millennia to form and contain
approximately 105 Pg of carbon (C) stock based on recent estimates,
corresponding to 17 % of the total global peat C (Dargie et al., 2017;
Page et al., 2011). In Southeast Asia, a large amount of peat C (68.5 Pg)
is mainly concentrated in Indonesia and Malaysia (Page et al., 2011).
This ecosystem is a unique and important C stock because of the coex-
istence of tropical rainforests and C-rich peat. The aboveground biomass
(AGB) of peat swamp forest (PSF) can reach up to 500 Mg C ha! (Waqar

* Corresponding author.
E-mail address: frankiek@sarawak.gov.my (F. Kiew).

https://doi.org/10.1016/j.agrformet.2025.110956

oil palm (Elaeis guineensis Jacq.) is regarded as an economically efficient
oil crop because of its high yield and cost-effectiveness (Dislich et al.,
2017). Indonesia and Malaysia contribute about 85 % of the global
production of palm oil, and their global demand is expected to double by
2030 compared to 2010 (Yan, 2017). The need for economic growth
through agricultural development is one of the factors that lead to land
conversion in developing countries. Due to the large C stock, conversion
of PSF often triggers environmental issues associated with C emissions to
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the atmosphere in the form of CO,. Houghton and Goodale (2004)
concluded that the highest C fluxes arise from the clearing of forests for
croplands due to the higher C stock per hectare of trees as compared to
crops, and 25-30 % C loss from topsoil following cultivation. In addition,
changes in land use have the potential to double GHG emissions
compared to intact PSF ecosystems (Deshmukh et al., 2023). Its high C
stock is highly sensitive to hydrological changes as compared to
temperate or boreal peatlands, which can significantly enhance CO,
emissions from elevated peat decomposition. The woody and lignin-rich
characteristics of tropical peat also makes it challenging to compare
emissions profile and C dynamics of those of boreal and temperate
peatlands.

Preceding PSF reclamation, groundwater level (GWL) lowering
through drainage is crucial in aiding peat mechanical compaction to
increase peat soil bulk density, soil surface load-bearing capacity, and
micropores (Melling et al., 2005a, 2005b, 2008). However, GWL
lowering has been claimed to cause peatlands to shift from C sinks to C
sources through the increase in CO» deposition to the atmosphere, but
methane (CH4) emissions are expected to be lowered (Couwenberg,
2011; Furukawa et al., 2005; van Huissteden et al., 2006). However,
GWL management and peat compaction could reduce C emissions from
peat soil in the oil palm plantation (OPP) (Ishikura et al., 2018). In
addition, our previous paper (Wong et al., 2020) reported a significantly
lower CH4 emission in an OPP as compared to undrained PSF (2.19 +
0.21 vs. 8.46 + 0.51 g Cm™2 year ., respectively) in Sarawak, because a
low GWL provides favorable conditions for oxidative peat decomposi-
tion but is disadvantageous for methanogenesis (Hirano et al., 2009;
Melling et al., 2005a). This is associated with enhanced microbial
degradation of organic matter in the soil, as also observed in boreal and
temperate peatlands (Jaatinen et al., 2008; Laiho, 2006). CO, emissions
through peat decomposition were estimated between 27.3 Mg C ha™?
year ! and 48.5 Mg C ha ! year™! following drainage as reported by
Hooijer et al. (2012) using 25-year-long subsidence data. In addition,
Miettinen et al. (2017) reported CO, emissions from peat oxidation in
insular Southeast Asia in 2015 of up to 64 Mg C year * in industrial
plantations. Our previous study (Kiew et al., 2020) over a 7 to 10-year--
old OPP showed an average annual net ecosystem CO exchange (NEE),
of 9.94 + 1.58 Mg C ha™! year ! over a 4 years period, which was
mainly caused by a reduction in gross primary production (GPP),
induced by high tree mortality and toppling. However, Rec, is compa-
rable to that of secondary PSF (Kiew et al., 2017). In this paper, we also
highlight the possibility of large emissions from the decomposition of
former forest remnants in the form of plant debris.

The diurnal and seasonal variability of environmental conditions of
an ecosystem is strongly influenced by topography and vegetation cover.
For instance, the air temperature of an OPP can reach up to 2.8°C higher
than nearby tropical forests (Luskin and Potts, 2011). The leaf area index
(LAD) plays an important role in microclimate processes rather than
regulating environmental variability (Hardwick et al., 2015). We found
in our previous study that even a mature OPP has a lower LAI than a
secondary PSF, mainly because of the high mortality rate and toppling
(Kiew et al., 2017, 2020). Important ecosystem processes, such as can-
opy interception, evapotranspiration, and gross photosynthesis, are
directly affected by LAI because leaf surfaces constitute the primary
frontier of energy and mass exchange. During land clearing, a significant
loss of vegetation cover is expected, and a low LAl is expected during the
early stage of OPP establishment. These conditions can significantly
alter the microclimate, thus disrupting the ecosystem’s CO, balance.

To date, published data on ecosystem-scale CO5 balance during the
conversion stages of tropical peatland to OPP are scarce. Therefore, we
presented a 9-years CO; flux data measured using the eddy covariance
technique above a PSF in Sarawak, Malaysia. During the study period,
PSF was converted into an industrial OPP. Therefore, the CO5 balance
before, during and after the conversion can be assessed. This study aims
to (1) quantify the NEE across conversion stages, (2) examine changes in
environmental conditions, and (3) discuss how CO3 dynamics respond to
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changes in environmental conditions.
Material and methods
Study site and land-use descriptions

Flux measurements were carried out at the tropical peatland
ecosystem located in the Sri Aman division of Sarawak, Malaysia
(1°23'59.42" N, 111°24'6.69" E). The study site was formerly a secondary
tropical peat swamp forest (Kiew et al., 2017), with estimated above-
ground biomass of 70.9, 72.5, and 66.6 tC ha~'in 2015, 2016, and 2017,
respectively. Tree densities were 2027 and 1685 trees ha~! in 2016 and
2017, respectively. The dominant tree species were Litsea sp. and Aglaia
spp (Fig. 1A). In 2017, the forest was converted to an OPP. Land clearing
was visible from the flux tower during a site visit on 26th June 2017
(Fig. 1B).

All aboveground biomass (AGB) within the flux footprint area was
cleared in August 2017, although land clearing activities began as early
as March 2017. Oil palm trees were planted in April 2018, with fresh
fruit bunches harveting starting in 2020. Therefore, the period before
land conversion was defined as the period before 1% March 2017. The
period during conversion was defined as the period from 1% March 2017
to 30th April 2018, and the period after conversion was defined as the
period from 18t May 2018 to December 2019 (Table 1). The term “land
use” and “conversion stage” will be used interchangeably in this article.

Prior to planting, the tree biomass was partially burned, and the
remains were stacked in rows, known as stacking rows. Then, the GWL
was lowered through the construction of water gates and ditches before
mechanical compaction of the peat was conducted. Peat compaction
aims to increase the bulk density of peat soil, which can benefit both
plant growth (avoid leaning and toppling) and prevent peat fires (in-
crease moisture holding capacity). Peat depths measured at random
locations (single point) near the flux tower were 9.8 and 7.4 m in 2010
and 2011, respectively. Following land clearing and mechanical
compaction, peat depth was measured between 5.4 and 7.2 m in 2018.

Flux and environmental variables measurement

The CO; flux measurement was conducted from 2010 to the present,
but the data presented in this article only cover the period from 2011 to
2019. At the beginning of the measurement, CO> flux was measured at a
height of 41 m (Kiew et al., 2017) before changing to 21 m in November
2017, after considering the changes in the height of the vegetation
cover. We utilized a sonic anemometer/thermometer (CSAT3, Campbell
Scientific Inc., Logan, UT, USA) in conjunction with an open-path
CO2/H20  analyzer (LI7500A, Li-Cor Inc.) to measure
three-dimensional wind velocity, air temperature, CO2 density, and
water vapor density at a frequency of 10 Hz. The CO5 concentrations
measurement heights to calculate CO5 profile, using a closed-path CO,
analyzer (LI820; LI-COR Inc.), were also changed from the heights of 41,
21, 11, 3, 1, and 0.5 m to 21, 11, 5, 3, 1, and 0.5 m. Environmental
variables measurements were similar to Kiew et al. (2018), encom-
passing four components of solar radiation, photosynthetic photon flux
densities (PPFD), wind speed and direction, air temperature at two
heights (Tair_1; 41/21 m and Tpi 2; 3 m) and relative humidity (RH_1;
41/21 m and RH_2; 3 m), volumetric water content at 2 depths (VWC_1;
0-10 cm and VWC_2; 0 - 30 cm), soil temperature at 2 depths (Tsoj_1; 5
cm and Ty 2; 10 cm), GWL, and precipitation. Due to large gaps in
precipitation data, the missing monthly precipitation data were filled
using monthly precipitation data obtained from a meteorological station
approximately 26 km from the flux tower (Lingga station). Similar to
eddy flux measurements, RH and T above the canopy were also
measured at a height of 41 m before the land conversion but moved to 21
m in November 2017. The RH and T,;; below the canopy were main-
tained at a height of 3 m throughout the study period. The half-hourly
vapor pressure deficit at two heights (VPD_1; 41/21 m and VPD_2; 3
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Fig. 1. Location and flux tower view of the study site: A) January 2017, B) June 2017, C) March 2018, and D) May 2018. Land clearing was visible from the tower

site in June 2017. Controlled burning was done in February 2018.

Table 1
Period definitions for the conversion stages.

Conversion stage Land use type Date

1% January 2011

to

28th February 2017
1% March 2017

to

30th April 2018

1% May 2018

to

31° December 2019

Before conversion Secondary Forest

Cleared land

During conversion

After conversion Young plantation

m) was calculated using the measured RH and Ty

Flux processing, quality control and gap-filling

The CO», flux half-hourly data (2011-2019) were processed with Flux
Calculator software Version 2.0 (Ueyama et al., 2012) which included
spike removal, planar fit rotation, frequency response correction, and air
density fluctuation correction. The CO, storage change below the eddy
sensors was estimated half-hourly from the temporal changes in CO5
profiles. Finally, the sum of the eddy CO5 flux and CO, storage change
was calculated as net ecosystem CO2 exchange (NEE).

Data quality control was performed using a method similar to that
described by Kiew et al. (2018). NEE was filtered out based on its de-
viation from the mean diurnal variation + 3 standard deviations (SDs)
calculated using 13 days moving window. Second, the mean absolute
deviation (MAD) spike detection method (Papale et al., 2006) was
applied for NEE data screening. Friction velocity (u*) filtering was
applied to the nighttime NEE (PPFD < 10 pmol m~2 s1) using u*
threshold estimated with the Flux Analysis Tool software (Ueyama et al.,
2012). The u* threshold was estimated at 0.16 and 0.12 m s~ ! before and
after conversion, respectively.

Data gaps were inevitable owing to both instrument malfunctions
and occasional power outages. There was also a huge data gap from

August 2015 to February 2016 due to several occurrences of power
supply interruptions. The initial data loss rate due to technical issues in
the field was 51.1 %. The remaining 1.6 % was removed due to rain
events, and 15.1 % was removed by u* filtering. Only 31.1 % of the data
survived quality control using MAD and mean diurnal variation filtering.
Therefore, missing NEE data were filled out using the marginal distri-
bution sampling (MDS) method (Reichstein et al., 2005). We adopted
the same configurations for MDS gap filling as in Kiew et al. (2018) for
period before conversion and after conversion. Given the distinct re-
sponses of NEE to environmental factors across different land-use stages
(before, during, and after conversion), the data for each period were
treated as separate datasets during the gapfilling using lookup table in
MDS. The missing daytime NEE for all periods were “looked up” based
on similar environmental conditions of + 25 pmol m 2 s~! for PPFD, +
1.0°C for Tyir_1 and + 0.2°C for Tg4_2. For the nighttime NEE before and
after conversion, GWL (& 2.5 cm), VWC_1 (& 0.05 m® m™3) and Ts; 2
(& 0.2°C) were used, while T, 1 (£ 1.0°C) and Ty 2 (£ 0.2°C) were
used for the conversion period. The same lookup table algorithm for
MDS gap filling was used to extrapolate nighttime NEE into daytime
Reco- GPP was assumed to be zero at night, and Rec, was equivalent to
nighttime NEE. Gaps in environmental variables were filled using the
mean diurnal variation (MDV) method. Due to the lack of data avail-
ability, half-hourly GWL was partly filled by the neural network method
(caret package in R software version 3.6.3) using GWL measurements at
a nearby forest (approximately 10 km away from the flux tower).

Statistical analysis

All statistical analyses in this study were performed using R Statis-
tical Software version 4.0.2 (R Core Team, 2020). The mean comparison
of the daily maximum and minimum of T;;, VPD, VWC, and Ty, among
conversion stages was analyzed using the ANOVA test. Then, the dif-
ferences between means were identified using Tukey’s honestly signif-
icant difference (HSD) method. The same statistical approach was
applied to compare the means of monthly gap-filled NEE, R..,, and GPP
across conversion stages.
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The photosynthetic parameters were obtained through optimizing a
non-linear least squares fitting of the non-rectangular hyperbola func-
tion, as described by Kiew et al., (2018). The light-response function was
fitted, and the daily parameters were estimated using a sliding window
approach, employing a window size of 14 days (672 observations) with
an increment of 1 day (48 observations). Subsequently, the Welch Two-
Sample t-test methodology was employed to assess the difference in the
means of these parameters before (PSF) and after conversion (OPP). The
period during conversion was excluded due to the absence of vegetation
cover.

Results
Environmental conditions following land conversion

The temporal variation of precipitation at the study site was obscure;
however, relatively large precipitation can often be observed between
November and January (Fig. 2A). The mean + 1SD of monthly precip-
itation was 216 + 109 mm month ! with a maximum of 526 mm
month ™! recorded in December 2013 and a minimum of 20 mm
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month™! in July 2011. In the 9-year period, monthly precipitation fell
below the 100 mm month ™! threshold for tropical dry months (Malhi
et al., 2002) in 19 occurrences. The highest precipitation was normally
recorded between October and March every year, which resulted in a
high cloud cover that led to a relatively lower PPFD during the period.
This led to an annual precipitation of 2665 + 320 mm year '; the
maximum was recorded at 3240 mm year " in 2017, while the minimum
was 2120 mm year ! in 2014. The monthly precipitation displayed a
decreasing trend starting in February 2019, reaching a value of less than
100 mm month in April, and this trend persisted until September 2019.
Despite the dry weather conditions, GWL only began to decrease after
May 2019.

On a monthly basis, GWL fluctuated between -139.2 cm to 4.6 cm
throughout the study period (Fig. 2B); mean + 1SD were -19.2 + 17.4
cm, -102.1 4+ 31.6 cm, -105.3 + 17.9 cm respectively for each land uses.
Monthly GWL started to decrease in March 2017 to -61.1 + 16.2 cm in
April 2017. The lowest GWL during conversion could be due to the
construction of a drainage system prior to land preparation, and water
control via water gates upon plantation establishment. However, since
December 2018, the GWL was maintained above -90 cm through the
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Fig. 2. Monthly variation of hydrological variables from 2011 to 2019: A) total precipitation, B) GWL, and C) VWC: VWC_1, measured at a depth of 0 — 10 cm, and
VWC_2 at a depth of 0 — 30 cm depth. Solid coloured lines denote the monthly means of daily values and shaded areas are the standard deviations. Dotted vertical

lines indicate borders between conversion stages.
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drainage system, supported by substantial precipitation exceeding 250 e e B
mm month™! from September 2018 to January 2019. 328 3]8|2
Before conversion, the temporal variation in VWC exhibited a °e- °e- =
pattern similar to that observed in the monthly GWL (Fig. 2C). However, HHH HHH ,fl
after December 2018, there was no significant increase in VWC recor- o, 3
ded, despite the GWL increasing above -90 cm. A significant positive é 83K 358 ,E:
linear relationship between monthly GWL and VWC was observed only °e° °e° g'
when the GWL was above -60 cm (R? > 0.84, p < 0.01). As shown in %S % %2 % &
Table 2, both the daily maximum and minimum VWC at both depths S=8 SSS|E
decreased significantly during conversion, and this reduction persisted vfl
even after conversion. The lack of shading from the dense canopy may & o HHH] R
have suppressed the moisture retention capability of the topsoil asso- o5 E - o o -« E
ciated with the high exposure to solar radiation, as evidenced by the ElE sa3 sag E
increase in T and midday albedo (Fig. 3A&D) following conversion. E
Furthermore, both the daily maximum and minimum Ty, significantly i
increased (p < 0.05, Table 2) from before conversion to during con- PR oA g =
version, and further increased from during conversion to after conver- =S scsc|ly 8
sion. Albedo serves as a common indicator for evaluating the potential % A
occurrence of topsoil drying (Gascoin et al., 2009; Idso et al., 1975), WA WA -% @
given its sensitivity to changes in the soil moisture content and surface % n N o ool & 8
properties. On a daily basis, the mean midday albedo (10:00 to 14:00 o IS S8Q|E §
hours) was significantly different between periods (p < 0.01); it was the ‘e YA § é:
highest after conversion, followed by during conversion and before a4 ss 3 § 2
conversion. § o uC:B
As shown in Fig. 3A&C, the monthly T,;; showed a parallel trend with 2 H A A HHH o £
PPFD but was negatively correlated with precipitation (p < 0.05). Before @ = _ oo o o © g § 7
conversion, T,ir_2 (below the canopy) was lower than T,i;_1 (above the g =l e a5g J44 2 % 7;‘
canopy). However, after March 2017, T, 2 significantly increased to a g :‘Eo = §
value higher than Tpi, 1. As shown in Table 2, both the daily maximum @ g5 E
and minimum T, 1 values decreased during conversion but increased o o oa o & s E8 >
. . . < N o o - < O E | 2
after conversion to match those before conversion. In contrast, the daily = Lon 2gS| go 2
maximum and minimum values of Ty, 2 increased significantly from the g % E z
period before conversion through the period during conversion to the : HHH HAHH| g o3
period after conversion. Both the daily maximum and minimum values gl L oo 2 il E
of Thir_1 were higher than those of T, 2 before conversion. Following E g ere = 5% 8
conversion (during conversion and after conversion), T,ir 2 increased to E L2
a higher magnitude than T,y 1. The daily maximum of VPD_1 and VPD_2 00 [N oW, | S § ]
. . . . . 9 nmm oS | 0T &
increased from the period before conversion to the period during con- a soo ss3| g 5 5
version, and further increased after conversion. However, the daily 2 2 ] §
minimum increased significantly after conversion. During conversion, § oA o %: E g
the daily minimum was statistically indistinguishable. The middday § a 2 552 zasg E; g k%
VPD above the canopy (VPD_1) was higher than VPD_2 before conver- § &l - - === § © 2
sion but decreased to lower than VPD_2 during conversion (Fig. 3B). g ‘E § ﬁ
However, the difference in vertical profile was not observed after 5 & S. %
conversion. .'E %2, 2 NN i E o)
s - “e°|dg §
Temporal and interannual variation of CO2 fluxes .;3 ‘q‘: E‘ é
g aJ 3
Fig. 4 shows the temporal variation in the monthly NEE from E o o iE E
January 2011 to December 2019. Before conversion, the mean of .g o SZ» F]
monthly NEE was slightly negative at -3 + 86 g C m~2 month™l. S| = PRI Se%l s E ;
Throughout this period, the monthly NEE remained mostly below zero, 3" oo fes _% § 8
except for the period from September 2015 to February 2016 (Fig. 4). § TN LAY é ] TE
The high value of NEE during this period probably arises from gap-filling 2 - AR = 5" o0
biases and uncertainties due to the long gaps in both measured NEE and & . H %’ = g
meteorological data caused by power supply interruptions. This elevated %’ 23 %
monthly NEE led to a high annual NEE in 2015, as shown in Table 3 (244 s s R woulg o =
g C m~2 year 1). During conversion, the monthly NEE increased dras- gl FI& @ oo SR Y
tically to 232 + 60 g C m~2 month™! (Fig. 5), with the highest value E g 25
recorded at 330 g C m~2 month™! in October 2017. This large positive S o _§‘ 4
NEE persisted until after plantation establishment in May 2018 (after g £ 5 §. .58 g 5 ;'-;
conversion), with the monthly NEE recorded at 261 + 60 g C m™2 = E % § '% § % E '% C\;' '03 &
month ™!, In most months, the NEE was below 300 g C m~2 month ™!, S| 5 % g sz E g §2 5 Z ;
However, there was a sudden spike of 576 g C m~2 month ! observed in N E § ° i ; e § i ; & § 5 g ;:3
August 2018, likely associated with burning near the flux tower. Judging = g ! g 'E ﬁ; E‘s 3:'1 E § g % TeE
from the Fused AHI-VIIRS based fire Emissions (FAVE) data (Lu et al., g s =25
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Fig. 3. Monthly variation of environmental variables from 2011 to 2019: A) temperature, B) midday VPD, C) PPFD, and D) midday albedo (PPFD > 10 pmol m2s1)
of shortwave radiation. The midday values were calculated between 10:00 to 14:00 hours. Solid coloured lines denote the monthly means of daily values and shaded
areas are the standard deviations. Dotted vertical lines indicate borders between conversion stages.

2023) in 2018, several fire events were detected within the plantation not partitioned into Rec, and GPP during conversion. The removal of
area during that period. forest biomass during conversion increased the monthly NEE drastically

A mean comparison of the mean monthly NEE, Re.,, and GPP was from -3 + 86 g C m 2 month ™! before conversion to 232 + 39 gC m 2
used to assess the changes in CO5 fluxes across the conversion stages month ™! during conversion. Conversely, NEE further increased to 261 +
(Fig. 5). Due to the absence of the biomass required for GPP, NEE was 60gC m~2 month~! after conversion. When comparing the Re., before
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The uncertainties are depicted as shaded areas around the monthly sums. Dotted vertical lines indicate borders between three conversion stages.

Table 3

Annual values of NEE, Re.,, GPP, GWL, VWC, and precipitation from 2011 to
2019 on a calendar basis. Rec, and GPP were not calculated for 2017 and 2018,
as this period includes the during conversion stage which NEE partitioning was
not performed.

Year NEE Reco GPP GWL VWC Precipitation
(gCm2yr' " (cm) mm™®  (mmyr"
2011 -207 3450 3657 -15.0 0.87 2965
2012 -98 3633 3731 -22.8 0.60 2729
2013 -140 3708 3848 -17.0 0.64 2563
2014 -100 3392 3492 -20.3 0.55 2120
2015 244 4102 3858 -23.2 0.57 2603
2016 152 3545 3393 -18.1 0.62 2732
2017 2072 - - -78.7 0.52 3240
2018 3382 - - -123.6 0.28 2381
2019 2743 3116 373 -94.1 0.25 2656
Mean + 894 + 3564 3193 + -45.9 + 0.54 + 2665 + 320
1SD 1424 + 305 1255 41.4 0.19

and after conversion (forest vs. oil palm), its respective means of 301 +
60 and 296 + 123 g C m™~2 month ™! were statistically indistinguishable
(p > 0.05). On the other hand, monthly GPP significantly reduced from
303 =+ 40 to 34 + 50 g C m~2 month ™!, after conversion.

The annual NEE, R, and GPP before conversion were analyzed
based on data from 2011 to 2016. Before conversion, the annual NEE,
Reco, and GPP were -25 + 179, 3638 + 255, and 3663 + 189 g C m ™2
year™!, respectively (Table 3), indicating a net CO5 sink. However, the
annual NEE during conversion, estimated using the monthly NEE over a
12-month period from May 2017 to April 2018 was 2460 g C m 2
year’l, indicating a net CO; source to the atmosphere. Rec,, and GPP in
2017 and 2018 were also not calculated because Reco, and GPP were not
estimated during conversion. After conversion, complete 1-year data
were available only for 2019, during which the mean annual values of
NEE, Reco, and GPP were 2743, 3116, and 373 g C m ™2 year !, respec-
tively. As shown in Fig. 6, the cumulative sum of NEE before conversion
was negative, indicating that the ecosystem was a net C sink. However,
the NEE became more positive following land conversion and reached
8048 g C m~2 at the end of the study period, indicating a net C source.

CO3, fluxes response to environmental variables

The response of the half-hourly nighttime NEE (Rec,) to the

environmental variables was analyzed using the non-gap-filled night-
time NEE (Table 4). Before conversion, the nighttime NEE was nega-
tively correlated with GWL, VWC_1, and VPD (p < 0.05) but positively
correlated with Ty 2 (p < 0.05), with the relationship with GWL being
the strongest (r = -0.06, p < 0.01). In contrast, during conversion,
nighttime NEE exhibited a negative relationship with T,; and VPDs
(both heights) and a positive relationship with GWL. Despite the rela-
tively smaller sample size compared to before conversion, these re-
lationships were relatively stronger, as evidenced by the smaller p-value.
The strongest correlation was observed with VPD_1 (r =-0.24, p < 0.01).
However, the response of nighttime NEE after conversion was compa-
rable to that before conversion, as GWL became the strongest controlling
factor (r =-0.09, p < 0.01, R? = 0.009), followed by VWC_1, Tsi1_2, and
Tair 1.

The mean comparison of light response parameters before and after
conversion reveals notable changes in Ppx, ®, and RE4. Following the
conversion, all three parameters exhibit significant decreases (p <
0.001, Table 5). Specifically, the mean Pp,,, decreases from 28.86 to
-6.61 ymol m 2 s7!, indicating a reduction in the maximum GPP.
Similarly, the mean « decreases from 0.042 to 0.014 mol mol ™}, sug-
gesting a decline in the efficiency of light energy utilization for photo-
synthesis. Additionally, the mean REq value decreases from 8.61 to 1.14
umol m2s7}, reflecting a decrease in the Rec, following conversion.
However, the SD of RE, after conversion was significantly higher at 5.51
pmol m~2 s7!, compared to the 1.49 ymol m~2 s~! observed before
conversion.

Discussion
Changes in environmental conditions

The mean of daily maximum T,i;_1 above canopy decreased by 0.7°C
following conversion (Table 2). However, following the planting of oil
palms in May 2018, the mean daily maximum Ty;,_1 was comparable to
that of before conversion. Similar pattern was observed in the means of
daily minimum Ty 1. Hardwick et al. (2015) demonstrated that the
effects of LAI on the near-ground microclimate are associated with the
amount of solar radiation received by an ecosystem. LAl measured in the
PSF from 2011 to 2014 was 7.9 m? m~2 Although no LAI measurement
was conducted after planting in 2018, LAI is expected to be below 1.0 m?
m~2 for a young palm age (Toh et al., 2017). Before conversion, where
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Fig. 6. The cumulative NEE from January 2011 to December 2019. Dotted vertical lines indicate borders between conversion stages. The red line represents cu-
mulative NEE segmented by conversion stages (before, during, and after conversion), while the blue line represents cumulative NEE over the entire period.

the LAI was higher, solar radiation penetrates the plant canopy during
the day and is absorbed by and heats the leaves, which increases Ty 1
above the canopy. In contrast, similar heating effect was not observed
during conversion, as indicated by the decrease in daily maximum and
minimum Ty 1. The absence of forest biomass during conversion also
caused significant loss of water vapor released through transpiration,
leading to an increase in daily maximum and minimum VPD_1. Despite
an expected reduction in cooling due to decreased plant transpiration
during conversion, both the daily maximum and minimum Ty 1
decreased. This suggest that the variations in T,i; 1 were mainly gov-
erned by the above canopy local plant temperature. On the other hand,
Tair2 (below canopy) was primarily influenced by the vegetation’s
cover, related to the amount of solar radiation penetrating the canopy
(shading), vertical mixing and the cooling effects via transpiration. This
is evidenced by the lower mean of daily maximum and minimum Thpj_2
before conversion, compared to those of Ty 1. Although the palm trees
could provide a cooling effect similar to that of forest, the Tyi, 2 sensor

used in this study was located in an open area, away from the trees. As a
result, the observed Ty 2 increased by 0.8°C from before to during
conversion and further increased by 0.4°C from during to after con-
version (after conversion was 1.2°C warmer than before conversion).
Similar warming effect after forest conversion was reported by Sabajo
et al. (2017). The increase in Ty, 2 in this study was about 48 % lower
than the 2.3°C increase following forest conversion to both rubber
plantation and OPP in Jambi province, Indonesia, as reported by Meijide
et al. (2018). High spatial variability between open areas and below the
canopy is expected in an OPP of this age. Therefore, future research
should account for this spatial variability by incorporating measure-
ments from both open areas and below the canopy. Understanding how
different canopy cover influence micro-climate conditions will provide a
more comprehensive view of temperature dynamics and help refine
management practices in OPPs.

The radiation that is not absorbed by the canopy reaches the soil and
heats the soil surface. Heat is transmitted down into the deeper soil
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Table 4

Correlation analysis between the measured half-hourly nighttime NEE (Re.,) and
environmental variables using the Pearson correlation coefficient method.
Correlation coefficients (r), corresponding p-values, and R-squared values are
presented. Significant correlations at the 0.01 level (p < 0.01) are indicated by
double asterisks (**).

Stage Variables r P R? n
Before conversion GWL -0.06 0.002** 0.004 2737
VWC_1 -0.05 0.01* 0.002
Teoil 2 0.06 0.003%** 0.003
VPD_1 -0.04 0.043* 0.001
During conversion Tair 1 -0.21 < 0.001** 0.045 775
Tair 2 -0.17 < 0.001%* 0.028
VPD_1 -0.24 < 0.001** 0.057
VPD_2 -0.14 < 0.001** 0.020
GWL 0.11 0.002** 0.012
After conversion Tair 1 -0.09 0.036* 0.007 601
Tsoil.2 -0.09 0.031* 0.008
GWL -0.09 0.023* 0.009
VWC_1 -0.09 0.026* 0.008
Table 5

Comparison of light response parameters between two conversion stages (before
and after Conversion) using Welch’s t-test.

Parameter  Conversion Mean Degrees of t-value p
stage Freedom (df) value
Prnax Before 28.86  828.56 251.42  x*=
conversion
After -6.61
conversion
[ Before 0.042  693.23 46.204  ***
conversion
After 0.014
conversion
REq Before 8.61 536.1 32,023 ¥
conversion
After 1.14

conversion

Ppax: maximum GPP; o: initial slope (PPFD < 600 umol m~2 s71); REq: dark
respiration
*** indicates significance at the 0.001 level.

layers and transferred into the air directly above the soil surface as it
warms. As a result, we observed an increase up to 3.6°C in daily
maximum of Ty after the conversion compared to before conversion.
The exposed bare peat surface after the removal of forest biomass ab-
sorbs most of the incoming solar radiation, causing a more substantial
increase in Ty rather than an increase in Ty Anamulai et al. (2019)
also reported that T,y from their study site in OPP was 1.5 - 2.3°C
warmer than in PSF. Extreme topsoil heating may also have caused
excessive soil drying, as indicated by the increase in midday albedo and
low VWC following conversion. In addition, the removal of forest
biomass during conversion is also expected to reduce transpiration,
which can lead to an increase in surface temperature (Manoli et al.,
2018).

Studies have shown that lowering GWL decreases the water-filled
pore space (WFPS) and enhances soil aeration (Chaddy et al., 2021;
Ishikura et al., 2017). This can significantly reduce soil moisture and
increase peat bulk density. Our results showed no significant relation-
ship between VWC and GWL when the GWL was below -40 cm
(Fig. 2B&C). This probably indicates that there is a limited effect of
capillary action at the uppermost 30 cm of the peat, which is mainly
influenced by the depth of the water surface and porosity of the peat.
Notably, the VWC measurements in this study were limited to the up-
permost 30 cm of the peat soil, and after conversion, the sensor location
became exposed to direct sunlight, far from any nearby palm trees. After
conversion, high spatial variability of VWC between the open areas and
shaded areas near the palm trees is expected. This phenomenon could
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also be attributed to the drying of topsoil due to the large amount of
solar radiation penetrating the soil under open canopy conditions and
low GWL.

Changes in CO2 fluxes

The conversion of PSF to OPP resulted in a significant increase in
NEE, shifting the ecosystem from a net CO3 sink to a net CO2 source.
Monthly NEE increased during conversion primarily due to the loss of
GPP following forest biomass removal (Fig. 5). On the other hand, the
low GPP after conversion was likely attributed to water stress. Lower
mean daily GWL in 2019 (94.1 + 10.2 cm) probably caused prolonged
stress that may have triggered physiological changes in the plant to
minimize water loss, such as reduced leaf area and stomatal closure. This
scenario could also impair nutrient uptake, and alter metabolic pro-
cesses of the palm trees, further contributing to the decrease in GPP.
Large PT was observed extended from November 2018 to April 2019
(Fig. 2), but GWL remained low at between -80 to -100 cm, likely due to
the GWL management by the plantation. The year 2019 also recorded
the longest consecutive low monthly PT (6 months) with PT below and
slightly over 100 mm month~!. The low observed VWC, which was even
lower than the during conversion period provides strong evidence of the
potential water stress experienced by the oil palm trees. As a result, the
annual GPP from 1% January 2019 to 30th December 2019, measured at
373 g Cm ™2 year™!, was lower than those reported by McCalmont et al.
(2021) for a 16-month-old oil palm in the Sabaju plantation estate,
Sarawak (990 + 740 g C m~2 year’l). However, our value falls within
the 95 % confidence interval of their estimate. This was also 85 % lower
than the annual GPP of a mature OPP reported in our previous study
(Kiew et al., 2020) and 91 % lower than that of 12-year-old oil palm as
reported by McCalmont et al. (2021).

Assuming NEE during conversion is equivalent to Reco, the reduction
in Reco during this period may be attributed to decreased plant respi-
ration. While soil respiration and the decomposition of wood debris are
likely increased, they did not fully offset for the loss of plant respiration,
as indicated by the higher R, observed before conversion compared to
during conversion. After conversion, the planting of oil palm trees led to
an increase in monthly Rec, eventually matching the magnitude
observed in before conversion (p > 0.01). The annual Re¢, of 3638 + 255
g Cm 2 year™! (Table 3) in 2011 to 2016 is comparable to that of the
tropical peat swamp forest in Central Kalimantan reported by (Hirano
et al., 2012). However, in 2015 and 2016, the average annual R, was
significantly above this value (3823 + 394 g Cm ™2 year !). This may be
attributed to the artifact introduced from the gapfilling, which resulted
from prolonged gaps in NEE data between August 2015 and March 2016
due to power supply disruptions. In 2019, the annual Re., decreased
significantly to 3116 g C m~2 yearfl, which is approximately 11.6 %
lower than that of a mature OPP on peat in the same region (Kiew et al.,
2020). Although R, might be expected to increase after conversion due
to elevated peat decomposition associated with the lowering of GWL
(Huang et al., 2021), our study showed that there was no significant
increase (p > 0.05) in Ree, (Fig. 5). One possible reason can be the
absence of autotrophic living root respiration and domination of het-
erotrophic respiration, being about 40 % of total peatland forest soil
respiration (Hermans et al., 2022). However, dramatic change in water
regime is possibly the main reason of R, dynamics. Although oxidative
peat decomposition is expected to increase, further lowering of GWL
(maintained below -80 cm following the conversion) could create an
excessively dry condition that is not favorable for organic matter
decomposition, as demonstrated by Hirano et al. (2014). Likewise, Quan
et al. (2019) demonstrated that warming stimulates net C uptake under
wet conditions, but depresses it under very dry conditions. McCalmont
et al. (2021) reported a higher Rec, (5640 g C m~2 year 1) in an OPP
under wetter conditions, where the GWL is maintained at above -60 cm.
In addition, lower decomposition might be related to the depth of peat
disturbance, affecting the intrinsic recalcitrance of the peat substrate
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(Kleber, 2010; Clark et al. 2023). Even if there was an increase in soil
respiration following conversion, this may have been offset by a larger
loss in plant respiration. In addition, aboveground woody debris is also
abundant at the site after land conversion (Hirano et al., 2022).
Although the decomposition of woody debris could potentially increase
Reco, this effect may have been offset by a reduction in plant respiration.
Considering the high magnitude of the loss in plant respiration, this
result implies that there was a significant increase in soil respiration
and/or aboveground woody debris at the study site. Nevertheless, to
explain CO5 budgets in analogous tropical peatlands conversion sites,
detail research is recommended to assess the role of soil respiration and
aboveground woody debris.

The mean annual NEE of 2732 + 655 g C m™2 year ! from 2017 to
2019 was 2992 g C m2 year_1 and 3680 g C m~2 year_1 more positive
than that of tropical humid evergreen forest (-260 g C m™2 year ’,
Luyssaert et al., 2007) and a 23 year old oil palm on mineral soil (-948 g
Cm? year‘l, Septiwibowo et al. 2019), respectively. Meijide et al.
(2020) reported a relatively lower annual NEE during the first year of
plantation establishment on mineral soil (1012 + 51 g C m~2 year™!).
The large increase in annual NEE following conversion was due to an 80
% reduction in GPP; however, Re., only declined by 5 % (Table 3).
During the first year of plantation establishment in 2018, which include
both during and after conversion period, the annual NEE was 240 %
larger than the 7-10 year-old OPP on peat (994 g Cm ™2 year ) reported
by Kiew et al. (2020). In 2019 (after conversion), the deficit was reduced
to 176 %, primarily due to an 11.6 % and 85.3 % lower annual Rec, and
GPP, respectively. Hooijer et al. (2012) found decreases in peat
decomposition over time following drainage. The annual GPP in 2019 (8
- 19 months old) was lower than that of a 5-16 months old OPP on peat
(373 vs. 990 g C m~2 year 1) reported by McCalmont et al. (2021).
Similarly, the annual Rec, was 45 % lower (3116 vs 5640 g C m~2
year™ 1), resulting in lower annual NEE (2743 vs. 4650 g C m ™2 year 1).
The NEE is anticipated to approach zero as GPP increases with palm
growth. Our study at another OPP (Kiew et al., 2020), demonstrated
that, after 7-10 years, the GPP of oil palm on peat can reach up to 2500 g
Cm~2year™!. However, the severe leaning and toppling of palm trees at
this stage of growth may constrain their uptake capacity, thereby
impeding GPP. With proper peat compaction, root anchorage can be
improved to avoid this problem and be beneficial for palm growth.

Changes in the controlling factors of CO2 fluxes

The nighttime NEE or R, exhibited a typical negative relationship
with GWL before conversion. However, during conversion, nighttime
NEE was negatively correlated with both T,; and VPD. Despite a lower
correlation coefficient, nighttime NEE significantly increased with GWL
during this period (r = 0.11, p < 0.01). In the absence of GPP after
biomass removal, ecosystem CO, dynamics were mainly governed by
the decomposition of peat and woody debris. This may suggest a po-
tential suppression of peat and woody debris decomposition under dry
conditions. Under dry conditions (high T,i; and VPD), there was a cor-
responding decrease in VWC or water availability, especially when the
GWL was low. Under such conditions, surface soil respiration and
aboveground woody debris decomposition are expected to be reduced
by desiccation (Hirano et al., 2009). Although Sundari et al. (2012)
reported that deeper peat decomposition could increase to offset this
reduction, no such effect was observed in this study. This implies a
significant influence of both surface soil and aboveground woody debris
on the variation in Rec, during conversion. On the other hand, the
response of nighttime NEE after conversion was comparable to that
before conversion, likely due to the shading effect of palm trees and a
relatively higher GWL, which retain the soil moisture. These conditions
likely prevented excessive drying of the topsoil, which could suppress
peat decomposition.

Our results of light response analyses showed that there were sig-
nificant decreases in Py, o, and REq after forest conversion to oil palm
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plantation. The shift in P, values from positive to negative, observed
before conversion and after conversion suggests a significant alteration
of the C balance dynamics. This implies that even under light saturated
condition, the oil palm plantation is releasing more C through respira-
tion than it is absorbing through photosynthesis. However, study by
Stiegler et al. (2019) reported higher Py, values (over 25 pmol m 2 s’l)
in a mature oil palm plantation in Jambi province, Indonesia. The esti-
mated a value from the young plantation in this study was notably lower
compared to a previous study (0.014 vs. 0.051 mol mol ™) by Dufrene &
Saugier (1993). However, there remains a scarcity of similar studies for
direct comparison.

Conclusions

Tropical PSF conversion to OPP released large amounts of CO5 to the
atmosphere on annual basis during conversion. The peatland has
remained a large CO5 source even after the establishment of the OPP in
2018. Young palm age, combined with a low GWL due to prolonged low
PT and GWL management in 2019, may have caused the low GPP, that
led to the large emission.

The findings of this study highlight the critical role of tropical
peatlands in regulating atmospheric CO, concentrations. The significant
rise in NEE following land-use conversion points to the urgent need for
sustainable management practices to mitigate CO, emissions. Given that
tropical peatlands serve as one of the largest terrestrial carbon stores,
their degradation has profound implications for global climate change.

Our results quantify the change in CO, dynamics following the
conversion of peat swamp forests to oil palm plantation. In conclusion,
land conversion resulted in a 2757 g C m~2 year ! increase in annual
NEE, transforming a previously net CO; sink forest ecosystem into a net
source of CO,. This increase in CO, emissions was mainly induced by a
significant reduction in GPP due to forest biomass removal, as Rec, was
only slightly reduced following land conversion. The changes in vege-
tation cover also found to disrupt ecological function and reduce overall
ecosystem productivity. During conversion, Rec, also did not exhibited
the typical relationship with GWL as observed in forest. We speculate
that this was primarily due to the extremely dry conditions, as evidenced
by the increases in T,i; and VPD. Therefore, further research is needed to
elucidate the long-term impacts of land-use change on ecosystem func-
tions and resilience to environmental stressors. In addition, a complete
accounting of other respiration components, such as soil respiration is
important in explaining the CO2 dynamics associated with land-use
change.

Given the negative impact of these conversions on global warming,
the development of sustainable land management practices that priori-
tised carbon sequestration and emissions mitigation were vital. For
example, emissions could also be reduced through best management
practices such as zero-burning policies and maintaining higher water
levels in the field, as well as by planting cover crops. Any further con-
version of peatlands for oil palm plantations must be done with great
caution as the CO2 emissions would exacerbate global warming.
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