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ARTICLE INFO ABSTRACT

Keywords: 0il palm plantations have been expanding in recent decades in Indonesia and Malaysia. Carbon-rich tropical peat

CO, flux swamp forest has not been excluded from this expansion, because it was the last frontier suitable for industrial

DEC_OIHPOSIUOH agriculture and more accessible than other undeveloped areas. Carbon dioxide (CO,) emission through ac-

Drainage ) celerated peat decomposition is one of the main environmental concerns in the conversion of peatlands into

Eddy covariance technique . . . . . .

Mortalit plantations, which undergo drainage to increase palm growth rates and production. Changes in aboveground
y

biomass might also significantly alter the CO, exchange dynamics of the ecosystem. Despite the potential
changes in CO, balance due to land conversion, so far no study has been conducted using the eddy covariance
technique about the CO, balance of oil palm plantations established on peat. We have monitored the eddy CO,
flux above an oil palm plantation on peat in Sarawak, Malaysia since 2011. During the period from 2011 to 2014
(four years), the plantation at 7-10 years of age was a large stable CO, source with an annual net ecosystem CO,
exchange (NEE) of 994 = 158 g Cm™2yr~ . The NEE was much more positive than that of a peat swamp forest
(-136 + 51 g Cm™2 yr~ ') in the same region during the same period. The large positive NEE was caused
mainly by its relatively small gross primary production (GPP) (2529 * 125 g Cm™2yr~!) due to low leaf area
index resulting from high palm mortality. In addition, a large amount of plant debris left in the plantation
probably contributed to the large NEE through decomposition, especially under the many canopy gaps due to
high palm mortality mainly caused by toppling on poorly compacted peat. Adequate peat compaction is essential
to reduce the mortality rate.

Woody debris

Malaysia, peat occupies 2.5 x 10° km? (Page et al., 2011).
Tropical peat is primarily composed of woody materials which have
accumulated over millennia in coexistence with swamp forest in

1. Introduction

Peat is a carbon-rich material consisting of dead plant matter, which

has accumulated under water-saturated conditions. It is mainly dis-
tributed in northern high latitudes where cool climate slows the de-
composition of organic matter, but peat has also formed widely in the
tropics under water-saturated conditions with slow decomposition
rates. Tropical peat is concentrated in insular Southeast Asia, the Congo
Basin and the upper Amazon (Page et al., 2011). The total area of
tropical peatland, including the newly found huge area in the Congo
Basin, is estimated at 5.8 x 10° km? (Dargie et al., 2017; Page et al.,
2011). This latest finding increased the known carbon stock in tropical
peat to 105 Pg, accounting for 17% of global peat carbon (Dargie et al.,
2017; Page et al., 2011). In Southeast Asia, mainly in Indonesia and
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Southeast Asia (Dommain et al., 2011). However, since the 1970s part
of the swamp forest has been deforested and converted into small-
holders’ and industrial plantations, mainly for oil palm and pulpwood
trees. Land-use change accelerated from the mid-1980s
(Miettinen et al., 2012). In Peninsular Malaysia, Sumatra and Borneo,
7.3 x 10* km? of peat swamp forest was lost during the 25 years from
1999, while industrial oil palm plantations on peatland had expanded
up to 3.1 x 10* km? by 2015 (Miettinen et al., 2016). Oil palm (Elaeis
guineensis Jacq) is a highly profitable cash crop and an economically
efficient oil crop because of its easy establishment, low maintenance
costs and high yield (Dislich et al., 2017). Palm oil is the vegetable oil
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with the greatest production in the world, and about 85% is produced
by Indonesia and Malaysia. Global demand is expected to double by
2030 from that in 2000 (Yan, 2017). Thus, the oil palm plantations will
tend to expand to meet the growing global demand.

The conversion of tropical forest to oil palm plantations changes the
ecosystem functions, leading to losses of biodiversity, carbon stock and
evapotranspiration (Dislich et al., 2017). Temporary huge carbon losses
occur owing to deforestation and land clearing using fire
(Kotowska et al., 2015; Murdiyarso and Adiningsih, 2007), but soil
organic matter and woody debris continue to be decomposed over
decades (Guillaume et al., 2018). To develop oil palm plantations,
peatlands are drained to lower groundwater level (GWL) to keep pro-
ductivity high. The lowered GWL enhances oxidative peat decomposi-
tion and potentially makes the plantation a large carbon dioxide (CO-)
source. Murdiyarso et al. (2010) estimated the annual net CO, emis-
sions from oil palm plantations to be 16.2 Mg C ha™! yr™! over 25
years using the ‘gain-loss’ and ‘stock-difference’ methods, of which 38%
and 62% arose from biomass loss and peat loss, respectively.
Miettinen et al. (2017) assessed peat oxidation in insular Southeast Asia
using satellite images and IPCC-based emission factors. They reported
that CO, emissions amounted to 49 and 64 Tg C yr™*, respectively,
from smallholders’ and industrial plantations in 2015, which together
accounted for 78% of the total peat oxidation in the region. These
studies indicate that oil palm plantations established on peat constantly
emit a large amount of CO, mainly because of peat decomposition. On
the other hand, deforestation generally increases albedo (Betts, 2000),
which decreases the absorption of shortwave radiation. Also, lowering
GWL is expected to decrease methane (CH,) emissions (Hirano et al.,
2009; Melling et al., 2005a; Sakabe et al., 2018; Wong et al., 2020). In
order to quantify how much CO, is emitted from oil palm plantations, it
is essential to directly measure CO, balance in the field. To our
knowledge, however, there is still no study reporting the ecosystem-
scale CO, balance of oil palm plantations on tropical peat based on
long-term eddy flux data, whereas several studies investigated soil CO,
efflux using the chamber method (e.g. Dariah et al., 2014;
Ishikura et al., 2018; Melling et al., 2013). A recently published paper
on eddy CO, flux on mineral soil (Meijide et al., 2020) reported that
annual net ecosystem CO, exchange (NEE) was 1012 and —754 g C
m~2yr~!, respectively, in young (1-year-old) and mature (12-13-year-
old) plantations in Sumatra, Indonesia. The considerable difference
between these two NEE values suggests that the NEE of oil palm
plantations changes drastically from being a large CO, source to a large
sink with advancing age.

We measured CO, flux by the eddy covariance technique above an
oil palm plantation (OPP) established on peat in Sarawak, Malaysia for
four years starting in 2011. The objectives of this study were to (1)
quantify NEE, gross primary production (GPP) and ecosystem respira-
tion (RE); (2) examine how environmental factors influence the CO,
fluxes; and (3) discuss the paths of CO, flow in the plantation and the
effect of land conversion on the CO, balance through comparison with
CO,, fluxes measured in a peat swamp forest (PSF) in the same region
during the same period (Kiew et al., 2018). This study can contribute to
evaluating the effect of conversion of tropical peatlands on CO, bal-
ance.

2. Material and methods
2.1. Study site

The study was conducted in an oil palm plantation (OPP; 2°11'N,
111°50’E) established on coastal peat (Dommain et al., 2011) in Sibu,
Sarawak, Malaysia. The landscape was flat and horizontal, and thus
suitable for eddy flux measurement. Mean annual temperature and
precipitation were 26.5 * 0.2 °C and 2915 * 213 mm yr !
(mean * 1 standard deviation (SD)), respectively, between 2004 and
2016 at the Sungai Salim B meteorological station 7.4 km away from
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the study site. A mixed peat swamp forest with an area of about
100 km? and peat depth of about 13 m was converted to a plantation in
2004.

2.2. 0Oil palm establishment

The site was clear-cut, and tree biomass was partially burnt on site
to improve access and workability. The lightly burned remains of stems,
branches and stumps were stacked on the ground in rows (stacking
rows). Ditches were dug to a depth of —1.0 — —1.7 m, and water gates
were built to control groundwater level (GWL) at an annual average of
—0.6 m. Then the peat was compacted to increase soil bulk density in
order to reduce leaning and toppling of palms and increase soil
moisture holding capacity. Palm seedlings were planted in September
2004 in a regular triangular pattern with 8.5 m spacing, resulting in a
density of 153 palms ha™’.

By 2014, 43% of the palms had died because of toppling and dis-
ease, which decreased the palm density to 87 palms ha~' with many
canopy gaps. In addition, some palms were leaning badly but still alive.
The low palm density resulted from insufficient peat compaction before
planting. When the plantation was established, the importance of
compaction was not well understood. The canopy height was about 8 m
in 2014. Plant area index (PAI) measured with a plant canopy analyzer
(LAI2200; LI-COR Inc., Lincoln, NB, USA) averaged at 3.7 m®> m™~>
between 2013 and 2014, which was 20% lower than that of an adjacent
3.5-year-younger plantation. The ground was sparsely covered with
fern plants (Stenochlaena palustris). Little litter accumulated on the
ground except for in fern-covered areas. Each month one or two fronds
were pruned from each palm and stacked in inter-row spaces to recycle
nutrients and build-up soil organic matter. Similarly, empty fresh
bunches (EFB) were returned to the plantation. Urea (74-147 kg N
ha~?! yr™1), rock phosphate (7-9 kg P ha~! yr~!) and muriate of po-
tash (239-311 kg K ha™! yr~ ') were applied together four times a year
within 1 m from each stem. Further information on fertilization is
provided by (Ishikura et al., 2018).

2.3. Measurement of flux and environmental factors

A 40-m-tall tower was built in 2010 at the OPP. CO, flux has been
continuously measured since January 2011 at a height of 21 m on the
tower by the eddy covariance technique with a sonic anemometer-
thermometer (CSAT3; Campbell Scientific Inc., Logan, UT, USA) and an
open-path CO,/H,0 analyzer (LI7500A; LI-COR Inc.). The flux sensors
are separated by 0.2 m. Sensor signals are recorded with a datalogger
(CR3000; Campbell Scientific Inc.) at 10 Hz. CO, concentrations are
also measured every minute with a closed-path CO, analyzer (LI820; LI-
COR Inc.) at six heights of 0.5, 1, 3, 5, 11 and 21 m. The sampling lines
are changed every minute in rotation. Both open-path and closed-path
analyzers are calibrated monthly using standard gasses. In addition,
four components of radiation are measured with a radiometer (CNR4;
Kipp & Zonen, Delft, the Netherlands) at the tower top. Downward and
upward photosynthetic photon flux densities (PPFDs) are also measured
with quantum sensors (LI-190; LI-COR Inc.) at the same height. Air
temperature and relative humidity are measured at 21 m with a tem-
perature/humidity probe (CS215; Campbell Scientific Inc.) in a radia-
tion shield (41,303-5A; Campbell Scientific Inc.). These meteorological
variables are measured every 10 s, and their 5 min means are recorded
with the above datalogger.

The GWL, a distance between ground and water surfaces, is mea-
sured half-hourly with a water level logger (STS DN/L 50; Sensor
Technik Sirnack AG, Danbury, CT, USA). Volumetric soil water content
(SWCQ) is measured in the uppermost 30-cm-thick layer with a TDR
sensor (CS615; Campbell Scientific Inc.). GWL and SWC are measured
at a single point, because the ground is almost level after compaction.
Thus, their spatial variations might be small. Precipitation is measured
with a tipping-bucket rain gage (TE525; Campbell Scientific Inc.) at the
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height of 1 m at the center of a large canopy gap with a radius of 2-3 m.
These sensors were installed within 10 m from the tower. All these
environmental factors have also been continuously measured since
January 2011.

2.4. Flux calculation, quality control, gap filling and partitioning

Half-hourly mean eddy CO, flux was calculated from raw data for
four years from 2011 through 2014 using Flux Calculator software
(Ueyama et al., 2012). Spike removal (Vickers and Mahrt, 1997), planar
fit rotation (Wilczak et al., 2001), frequency response correction
(Massman, 2000) and air density fluctuation correction (Webb et al.,
1980) were applied. CO, storage change in airspace below the eddy
sensors was estimated from the temporal change of CO, profiles mea-
sured at six heights (Hirano et al., 2007). Then net ecosystem CO, ex-
change (NEE) was calculated as the sum of the eddy CO, flux and CO,
storage change.

Quality control and gap filling were conducted with the same
method as in Kiew et al. (2018). Firstly, if NEE was beyond 3 SDs from
mean diurnal variation calculated using a 13-day-long moving window,
the NEE was removed as an outlier (Papale et al., 2006). Secondly,
nighttime NEE (PPFD < 10 umol m ™2 s~') was screened using a fric-
tion velocity (u*) threshold of 0.21 m s~ !, which was determined using
Flux Analysis Tool software (Ueyama et al., 2012). As a result, 75% of
half-hourly NEE was totally lost in the four years, including system
malfunctions mainly due to power problems. Finally, the data gaps
were filled by the marginal distribution sampling (MDS) method
(Reichstein et al., 2005) separately for the daytime (PPFD > 10 pmol
m~ 257 ') and nighttime. The size of moving windows ranged from 7 to
49 days, depending on gap length. Air temperature, PPFD and vapor
pressure deficit (VPD) were used for the daytime, whereas air tem-
perature, GWL and SWC for the nighttime. Further information on gap
filling was provided by Kiew et al. (2018). Daytime ecosystem re-
spiration (RE) was ‘looked up’ from nighttime NEE using the same al-
gorithm as for gap filling (MDS), and then gross primary production
(GPP) was calculated as the difference between NEE and daytime RE
(GPP = RE - NEE). During the nighttime, GPP was set as zero.

Energy balance closure was evaluated as the ratio of eddy energy
flux (the sum of sensible and latent heat fluxes) and net radiation, be-
cause soil heat flux was not measured. As a result, the ratio was 0.89 on
average.

2.5. Data analysis

The responses of half-hourly NEE to environmental factors were
analyzed by linear or non-linear regression using R version 3.5.1. For
environmental factors, linear regression analysis was also applied using
R version 3.5.1. To draw the light curve of daytime NEE, the following
nonrectangular hyperbola (Thornley, 1976) was fitted.

—a-PPFD — GPPyyy + /(2-PPED + GPPyygy)? — 4-a-PPFD-6-GPByay R

NEE =
2-0

(€))
where a is the initial slope, GPP,,,, maximal GPP, 6 curvature and Ry
intercept or daytime RE, which are fitting parameters. To illustrate the
characteristics of the CO, exchange of OPP, we used flux data measured
above a secondary peat swamp forest (PSF) in the same region during
the same period (Kiew et al., 2018) and compared them between the
two sites. PSF lies about 110 km to the south of OPP. PSF's canopy
height, plant density, plant area index and peat depth were 25 m, 1990
treesha™!, 7.9 m?>m~2and 10 m, respectively (Kiew et al., 2018). A t-
test was applied to compare mean values between OPP and PSF using R
version 3.5.1.

A path analysis was performed to examine the relative importance
of environmental factors to GPP and RE using gap-filled monthly data
with sem package in R version 3.5.1. Causal relationships among
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Fig. 1. Temporal variations in monthly values of (a) precipitation, (b)
groundwater level (GWL), (c) soil water content (SWC), (d) photosynthetic
photon flux density (PPFD), (e) air temperature, (f) daytime (8-16 h) vapor
pressure deficit (VPD) and (g) albedo. Albedo was calculated using daily or
around-midday (10-14 h) shortwave radiations.

variables were modeled using a general structural equation from pre-
cipitation to GPP via PPFD, VPD and SWC or to RE via air temperature,
VPD, GWL and SWC. Relative strength of direct effect is expressed as a
standardized partial regression coefficient (path coefficient), and total
effect equals the sum of direct effect and indirect effect according to the
model structure (e.g. Fei et al., 2018; Iwata et al., 2015; Ueyama et al.,
2014). The adequacy of the model was judged from a goodness-of-fit
index (GFI > 0.9) (Sun et al., 2018). The path analysis was also per-
formed using monthly data measured in PSF.

3. Results
3.1. Environmental properties and albedo

Seasonal variation in precipitation was not very distinct (Fig. 1a),
though precipitation tended to increase in December and January
(Fig. 3). Monthly precipitation had a relatively large variation
(242 # 119 mm month™!, mean = 1 SD) (Fig. 1a); the maxima were
recorded at 533 to 535 mm in January and December 2014, whereas
the minimum was 34 mm in February 2014. In five months (10.4% of
48 months) precipitation was less than 100 mm, which is a common
threshold for tropical dry months (Malhi et al., 2002). Annual pre-
cipitation ranged between 2850 and 3015 mm (Table 1), and all values
were above the decadal mean (2797 = 224 mm yr’l) for 2005-2014
at a nearby meteorological station. Monthly mean GWL varied from
—1.08 to —0.48 m (Fig. 1b), whereas daily GWL fluctuated between
—1.25and —0.17 m (data not shown). Basically, GWL varied following
precipitation (r= 0.53). Less precipitation in the first half of 2014
lowered GWL below —1.0 m in July despite an attempt to control water
level with water gates, resulting in an annual mean GWL of —0.75 m in
2014 (Table 1), which was below the targeted GWL of —0.6 m.
Monthly mean SWC varied between 0.38 and 0.64 m® m ™2 in parallel
with GWL (r = 0.78) (Fig. 1c). Mean monthly PPFD, air temperature
and daytime VPD were 34.3 + 2.2molm~%day ',25.9 + 0.6 °Cand
0.70 = 0.13 kPa, respectively (Figs. 1d-f). There was significant po-
sitive correlation in each pair of PPFD, air temperature and daytime
VPD (p < 0.01). Also, the three factors were each negatively correlated
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Table 1
Annual values of CO, fluxes and environmental factors. Maximal GPP (GPP,,,,) was determined monthly and averaged.
Year NEE RE GPP GPPax GWL Precipitation PPFD
(ng’2 yr’l) (g(]m’2 yr’l) (ng’2 yr’l) (pmolm’2 yr’l) (m) (mm yr’l) (kmol m~2 yr’l)
2011 1223 3699 2476 195 = 2.7 -0.62 2850 123
2012 846 3590 2744 20.6 + 3.3 -0.57 3015 125
2013 1058 3518 2461 21.3 + 25 -0.63 2854 127
2014 849 3285 2436 19.6 = 2.8 -0.75 2873 125
Mean * 1 SD 994 + 158 3523 * 152 2529 * 125 20.2 + 2.9 -0.64 = 0.07 2898 * 68 125 + 1.3
with precipitation (p < 0.01). At this site precipitation governed water 400
regime and influenced radiation, air temperature and humidity. Albedo . 300 |-=- I _E--F g -F-I- 'I _ I_ E-7
of shortwave radiation showed a decreasing tendency during 2011 and :C_. 200 L
then became nearly stable (Fig. 1g), probably reflecting the expansion X 5
of leaf area. Mean values for around-midday (10:00-14:00) and daily = g 100 _I\I/H\I—I\}%‘P’i\[
albedo were 0.119 =+ 0.005 and 0.123 * 0.004, respectively, which 8 (\I‘E Ll CTTNEE
were significantly higher (p < 0.01) than those for PSF © -100 |- a) - ngpp
(0.098 + 0.003 and 0.101 =* 0.003, respectively). 2 100 . e N Pyl
_300 1 Il 1 1 1 1 1 Il 1 1 Il 1
3.2. Temporal variation in CO, flux 500
s 400} P)
Although the diurnal variations of PPFD and VPD were almost the E ‘g 300
same at the two sites (Figs. 2b—c), NEE was a little higher during the a £ 200
nighttime (18:30-6:00) and less negative during the daytime in OPP 8 €
than in PSF (Fig. 2a). A little higher VPD in PSF was possibly due to o £ 100 Pﬁﬁﬁé
different heights of measurement: 21 m (OPP) vs. 41 m (PSF). Mean 0
NEE in the nighttime were 10.2 (OPP) and 8.6 (PSF) pmol m~ 2571, and -0.4
negative peaks of NEE were —12.4 pmol m~2 s~ ' at 10:30 (OPP) and __ -05¢F
—19.9 umol m ™2 s~ ! at 12:00 noon (PSF). The peaking time was 1.5 h E 06}
ahead in OPP. The mean seasonal variations of gap-filled NEE, GPP and = -0.7 -
RE were shown in Fig. 3a. No clear seasonal pattern was found in (% -0.8 |-
monthly mean NEE, GPP and RE, whereas precipitation and GWL -0.9 | ¢)
showed an increasing tendency in December and January (Figs. 3b—c). -1.0 e

Annual NEE, GPP and RE of OPP were 994 *= 158, 3523 *+ 152

1
0 3 6 9 12 15
Time (h)

18 21 24

Fig. 2. Mean diurnal variations in (a) NEE, (b) photosynthetic photon flux
density (PPFD) and (c) vapor pressure deficit (VPD). Data from both the oil
palm plantation (OPP) and the peat swamp forest (PSF) are shown. VPDs were
measured at 21 m (OPP) and 41 m (PSF) (Kiew et al., 2018), respectively. Error
bars denote 1 standard deviation.

| I I I | I
JFMAMJ JASOND

Fig. 3. Mean seasonal variations in monthly values of (a) gap-filled CO fluxes
(NEE, RE and GPP), (b) precipitation and (c) groundwater level (GWL). GPP is
shown as negative (-GPP). Error bars denote 1 standard deviation.

and 2529 * 125g Cm~2yr~, respectively, between 2011 and 2014
(Table 1). Over the four years, palms aged from seven to ten years old.
Although no data are available on the increase in biomass production at
the study site, Khasanah et al., 2015) reported that palm biomass in-
creased linearly over 25 years (a typical replanting cycle). However, no
pattern of significant increase was found from 2011 to 2014 in either
annual GPP (r = —0.36) or annual GPP,,,, (r = 0.63) of Eq. (1). In
contrast, annual RE was negatively correlated with age (p < 0.05).

3.3. Environmental responses of CO, flux

The relationship between daytime NEE and PPFD in OPP was ap-
proximated using Eq. (1) (r* = 0.40) with a of 0.0345, GPP,,,, of 18.9
umol m~2s7! 0 of 0.92 and Ry of 8.6 umol m-2s7! (Fig. 4). NEE
reached saturation at around 1000 umol m~2 s~ * in PPFD. To examine
the data dispersion from the light-response curve, light-saturated NEE
was plotted against VPD (Fig. 5). The light-saturated NEE showed a
significant positive relationship (r = 0.40) with a slope of 5.56 pmol
m~2 s~ ! kPa~!, but VPD explains only 16% @ = 0.16) of the dis-
persion. Differences between measured NEE and predicted NEE from
VPD were plotted against GWL or SWC to find other predictors (Fig. 6).
Although a significant positive relationship (p < 0.01) was found owing
to the large number of data points, GWL and SWC, respectively, can
explain less than 1% (* < 0.01) of the differences.
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Fig. 4. Relationship between daytime NEE and photosynthetic photon flux
density (PPFD). Data were binned equally into 20 classes according to PPFD
and averaged. Error bars denote 1 standard deviation. A nonrectangular hy-
perbola (Eq. (1)) was significantly fitted (p < 0.001).

Nighttime NEE, which corresponds to RE, was plotted against GWL
or SWC (Fig. 7), because there are a lot of studies reporting that soil CO,
efflux depended on GWL in various tropical peat ecosystems (e.g.
Hirano et al., 2014; Itoh et al., 2017; Wakhid et al., 2017), and soil CO,
efflux is one of the principal components of RE. However, the re-
lationship with GWL was not significant, whereas that with SWC was
significantly positive (p = 0.0013) despite a low correlation coefficient
(r = 0.05).

The path analysis for monthly GPP indicated that the direct effect
was strongest in VPD (—0.41), followed by SWC (0.31) and PPFD
(0.18) in OPP (Fig. 8a). The path coefficients of VPD and SWC were
significant (p < 0.05). In contrast, the strongest effect on GPP in PSF
was caused by PPFD (0.35), followed by VPD (0.31) and SWC (0.26),
although all effects were insignificant (Fig. 8b). The total effects of
PPFD on GPP in OPP and PSF including indirect effect via VPD were
—0.02 (= 0.49 x (—0.41) + 0.18) and 0.56 (= 0.69 x 0.31 + 0.35),
respectively. The direct effect on monthly RE was strongest in SWC
(1.03), followed by GWL (—0.74), air temperature (0.27) and VPD
(—0.27) in OPP (Fig. 8c). The effects of GWL and SWC on RE were
significantly negative and positive in OPP (p < 0.01), respectively. In
PSF, however, GWL showed the highest coefficient (—0.50), followed
by SWC (0.32), VPD (0.32) and air temperature (0.13) (Fig. 8d), though
all were insignificant. Although the coefficients of VPD to RE were in-
significant, they were negative and positive, respectively, in OPP and
PSF.

4. Discussion

The poorly grown oil palm plantation (OPP) with large gaps, in
which GWL was controlled, on average, between —0.75 and —0.57 m,
was a consistent large CO, source over four years when it was 7-10
years old. The annual NEE of OPP was much more positive by 1130 g C
m? yr~! than that of a secondary peat swamp forest (PSF) in the same
region (Kiew et al, 2018) (Fig. 9), where mean GWL was
—0.19 * 0.03 m on an annual basis. The large difference was due to
small GPP in OPP despite almost the same RE (Fig. 9). Similarly, the
OPP's NEE was more positive by far than those of three peat swamp
forests in Central Kalimantan, Indonesia (Hirano et al., 2012); the an-
nual NEE of relatively intact forest, drained forest and burned ex-forest
were 174 + 203,328 = 204 and 499 = 72gCm 2 yr 1, respec-
tively. The OPP's NEE was three times larger than that of the drained
forest, though their GWLs were similar (—0.64 + 0.07 (OPP) vs.
—0.55 £ 0.11 m). The large difference in annual NEE between OPP
and the drained forest was also attributed to GPP difference. In addi-
tion, the OPP's annual NEE of 994 g C m ™2 yr~! lies at the top of the
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NEE's ranking from 506 site-years of worldwide data (Baldocchi, 2008)
and is about 1400 g C m~ 2 yr~! more positive than mean annual NEE
of tropical humid evergreen forests on mineral soil (Luyssaert et al.,
2007). In contrast, the NEE of OPP is equivalent to that of a 1-year-old
oil palm plantation on mineral soil (1012 g C m~2 yr™!) in Sumatra,
Indonesia (Meijide et al., 2020). In the same region, however, a 12-13-
year-old oil palm plantation on mineral soil was a large CO, sink with
the annual NEE of —754 g Cm ™2 yr~! (Meijide et al., 2020); GPP and
RE are not shown in the paper.

The annual GPP of OPP (2529 g C m ™2 yr™~!) was about 70% of PSF
(Kiew et al., 2018) (Fig. 9), other tropical peat swamp forests
(Hirano et al., 2012) and tropical humid evergreen forests
(Luyssaert et al., 2007). The smaller GPP was attributable to lower plant
area index (PAI) due to the low tree density (87 trees ha=h). Although
PAI consists not only of leaves but also of stems and branches, the PAI
of OPP was less than half that of PSF (Kiew et al., 2018) (3.7 vs. 7.9 m?
m~2). In addition, OPP's PAI was lower by about 20% than that of an
adjacent  3.5-year-younger  plantation. On the contrary,
Manoli et al. (2018) simulated GPP using an ecohydrological model
(Tethys & Chloris) based on field data measured in oil palm plantations
on mineral soil (Meijide et al., 2017) and reported that annual GPP
exceeded 3000 g C m~2 yr~ ! in five years and became saturated at
around 4000 g C m~2 yr~! in 6-7 years. According to the simulation
for a healthy oil palm plantation, the annual NEE of OPP could be es-
timated to be about —500 g C m~2 yr~ !, which indicates a consider-
able amount of CO, uptake but is less negative than —754 g C m™~?2
yr~! of a mature oil palm plantation on mineral soil (Meijide et al.,
2020).

The annual RE of OPP (3523 g C m ™2 yr~ ') was almost equivalent
to those of peat swamp forests (Hirano et al., 2012; Kiew et al., 2018)
(Fig. 9). In OPP, annual total soil respiration and heterotrophic soil
respiration excluding root respiration, measured using an automated
chamber system without litter accumulation and buried coarse woody
debris (Ishikura et al., 2018), were 1030 and 690 g C m™2 yr™ %, re-
spectively. Thus, the heterotrophic soil respiration corresponds to oxi-
dative peat decomposition. The total soil respiration accounted for
about 30% of the RE. Both the total and heterotrophic soil respirations
were lower than those of other oil palm plantations on peat, ranging
from 1220 to 1810 g C m~2 yr™! for total respiration (Dariah et al.,
2014; Melling et al., 2005b; Melling et al., 2013; Sakata et al., 2015)
and from 690 to 1800 g C m~2 yr~ ! for heterotrophic respiration
(Dariah et al., 2014; Husnain et al., 2014; Marwanto and Agus, 2014;
Melling et al., 2013). The lower respirations in OPP might be due to
higher GWL than those of previous studies. There was a large amount of
plant debris both under and above the ground in OPP. Coarse woody
roots, including large buttresses, were left underground, as was the
common procedure in the early years of tropical peatland preparation.
Lightly burned tree stems, branches and stumps were stacked in lines on
the ground before oil palm seedlings were planted. In addition, a few
dead oil palms were left in the site. It is also a common plantation
practice to recycle nutrients by stacking pruned fronds on the ground
and returning empty fruit bunches (EFBs) to the plantation by laying
them on the ground. The decomposition of all the above-mentioned
plant debris contributed to the relatively large RE. Here, we simply
estimate the contribution of the plant debris decomposition to RE. The
difference (2595 g C m~2 yr_l) between RE (3285 g C m~2 yr_l) and
soil heterotrophic respiration (690 g C m~2 yr~') corresponds to the
sum of plant respiration and the decomposition of all the debris. Plant
respiration is reported to be about half of GPP (Chapin III et al., 2011).
Thus, annual plant respiration could be 1218 g Cm ™2 yr~! (= 2436 /
2), and annual CO, emissions through the debris decomposition is es-
timated to be 1377 g C m~?2 yrf1 (= 2595 - 1218), which is twice as
much as for heterotrophic soil respiration or oxidative peat decom-
position.

Hardwick et al. (2015) and Meijide et al. (2018) have reported that
air temperature, VPD and soil temperature were higher in oil palm
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plantations than in primary forests mainly because of lower leaf area
index (LAID) in plantations. On our site the low palm density caused by
mortality should have changed microclimate especially under canopy
gaps. Temperatures of soil, air and coarse woody debris (CWD) rose in
canopy gaps, because more solar radiation reached the ground
(Forrester et al., 2012; Muscolo et al., 2014), and soil water content was
increased by reduced transpiration (Denslow, 1987). The higher tem-
perature and soil water content probably enhanced the decomposition
of surface peat and buried CWD in this site. Alternatively, aboveground
CWD was dried by increased evaporation due to higher air temperature
and increased solar radiation in gap openings (Forrester et al., 2012).
The decomposition of CWD is enhanced by higher temperature but
potentially suppressed by lower water content. Forrester et al. (2015)
reported that CO, efflux through CWD decomposition increased im-
mediately after gap opening in comparison with under the closed ca-
nopy, but the significant increase ceased within four years, which
suggests a tradeoff between the two opposite effects on decomposition.
The results of path analysis (Fig. 8) show that GPP responded to
VPD negatively and to SWC positively in OPP on a monthly basis,
supporting the knowledge that oil palms are sensitive to water deficit
(Dislich et al., 2017; Manoli et al., 2018). A negative relationship was
also found between light-saturated NEE and VPD on a half-hourly basis
(Fig. 5), though VPD accounted for only 16% of the variation of light-
saturated NEE. In addition, residuals between measured NEE and pre-
dicted NEE from VPD were almost independent of GWL and SWC
(r* < 0.01) (Fig. 6), suggesting that the response of photosynthesis to
VPD was not sensitive to groundwater regime on a half-hourly basis.
The effects of GWL and SWC on RE were negative and positive,
respectively, in both sites. In addition, GWL and SWC were positively
correlated. GWL lowering enhanced oxidative peat decomposition,
whereas its resultant decreased SWC probably depressed the decom-
position of dead organic matter such as buried dead roots and EFBs left
under and on the ground because of desiccation (Hirano et al., 2014).
SWC should have reflected the water content of the dead matter. The
path coefficient of SWC to RE was much higher in OPP, suggesting that
RE was more sensitive to SWC in OPP than in PSF. The higher sensi-
tivity in OPP was probably because OPP had more CWD and was in
drier conditions due to drainage and the sparser canopy. In PSF the
ground surface was usually wet. A positive relationship between RE and
SWC was also found in half-hourly RE (Fig. 7). The effect of VPD on RE
was negative in OPP although not significant. VPD would have reflected
the water content of aboveground plant debris in stacking rows and
frond piles, which were not touching the soil surface. Thus, high VPD
enhanced debris desiccation and probably decreased its decomposition.
The albedo of OPP was 0.119 + 0.005 around midday (Fig. 1) and
significantly lower by 0.02 than that of PSF (Kiew et al., 2018), which
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Fig. 5. Relationship between light-saturated NEE (PPFD > 1000 pmol m 2
s~ 1) and vapor pressure deficit (VPD). Data were binned equally into 20 classes
according to VPD and averaged. Error bars denote 1 standard deviation. A re-
gression line was significantly drawn (p < 0.001).
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Fig. 6. Relationship of the difference between measured and predicted light-
saturated NEE (PPFD > 1000 umol m ~2 s~ 1) with (a) groundwater level (GWL)
and (b) soil water content (SWC). Light-saturated NEE was predicted from
vapor pressure deficit (VPD) using the regression line in Fig. 5. The NEE dif-
ference was calculated as “measured” minus “predicted”. Data were binned
equally into 20 classes according to GWL or SWC and averaged. Error bars
denote 1 standard deviation. A significant trend was found in both panels
(p < 0.01).
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Fig. 7. Relationship between nighttime NEE and (a) groundwater level (GWL)
and (b) soil water content (SWC). Data were binned equally into 20 classes
according to GWL or SWC and averaged. Error bars denote 1 standard devia-
tion. A significant trend was found only in panel b (p = 0.0013).
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Fig. 8. Path diagrams of GPP and RE using monthly data for the oil palm
plantation (OPP) and the peat swamp forest (PSF). P is precipitation, T, air
temperature, VPD vapor pressure deficit, SWC soil water content and GWL
groundwater level. GFI stands for a goodness-of-fit index. Solid and broken lines
denote positive and negative effects, respectively. The significant level of path
coefficients is denoted by * (p < 0.05) or ** (p < 0.01).

decreased absorbed shortwave radiation. The OPP's albedo was lower
than that (0.14 = 0.01) of a 12-year-old oil palm plantation on mi-
neral soil (Meijide et al., 2017). The difference in albedo between the
two plantations was partly due to different soil types. In addition, CH4
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Fig. 9. Comparison of annual GPP, RE and NEE from 2011 to 2014 between the
oil palm plantation (OPP, white) and the peat swamp forest (PSF, gray;
(Kiew et al., 2018)). Vertical bars denote 1 standard deviation.

emission was less in OPP (2.19 + 0.21 g C m~ 2 yr™') than in PSF
(417 = 069 ¢ C m~2 yr ') mainly because of lowered GWL
(Wong et al., 2020). The difference in annual CH4 emissions (—1.98 g
C—CH,m™2yr™1) can be converted into —20 g C—CO, m ™2 yr ! using
a global warming potential (GWP) factor of 28 over a timescale of 100
years (IPCC, 2013). The decreased CH, emission was too small to
compensate for the large difference in NEE (1130 g C m ™2 yr™!) be-
tween PSF and OPP.

5. Conclusions

Eddy CO, flux was measured for four years above an oil palm
plantation established on tropical peat, which was converted from a
peat swamp forest. In comparison with a peat swamp forest, the plan-
tation showed less GPP by about 30% and almost the same RE, which
resulted in an annual NEE of 994 g C m~2 yr™! on average in the
plantation. The large positive NEE was caused by less GPP due to low
palm density. The palm density of the plantation was only 87 palms
ha~!. The 43% of planted palms died in 10 years mainly because of
toppling. The serious toppling resulted from insufficient peat compac-
tion during land preparation. Although peat compaction is an essential
procedure to develop plantations on peat, the importance of compac-
tion was not well understood in 2004 when the plantation was estab-
lished. In addition, a large amount of plant debris left in the plantation
probably contributed to the large NEE through decomposition espe-
cially under many canopy gaps due to low palm density.

Further field studies on eddy CO- flux are necessary in healthy oil
palm plantations established on adequately compacted peat. Moreover,
studies in young plantations on peat are important, because a young oil
palm plantation showed a large positive annual NEE of 1012 g C m ™2
yr~! even on mineral soil (Meijide et al., 2020). It is expected that more
CO, is emitted from young plantations on peat.
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