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ABSTRACT

To evaluate the hypothesis that plant-mediated exygupplies decrease methane (CH
production and total global warming potential (GWR)a tropical peatland, the authors
compared the fluxes and dissolved concentratiorgreénhouse gases (GHGs; £ Earbon
dioxide (CQ), and nitrous oxide (dD)) and dissolved oxygen (DO) at multiple peatland
ecosystems in Central Kalimantan, Indonesia. Saabgystems included tropical peat swamp
forest and degraded peatland areas that were bam#dr drained during the rainy season.
CH, fluxes were significantly influenced by land uselalrainage, which were highest in the
flooded burnt sites (5.75+6.66 mgC i %) followed by the flooded forest sites (1.37+2.03
mgC m? h™), the drained burnt site (0.220+0.143 mgC i), and the drained forest site
(0.0084+0.0321 mgC thh ™). Dissolved CH concentrations were also significantly affected
by land use and drainage, which were highest irfldagled burnt sites (124+84mol L™
followed by the drained burnt site (45.2+2%®0l L), the flooded forest sites (1.15+1.38
umol L™, and the drained forest site (0.860+0.8i0l L™). DO concentrations were
influenced by land use only, which were signifidaritigher in the forest sites (6.9+5.6n0l
L™) compared to the burnt sites (4.0+2ufhol L™Y). These results suggested that ,CH
produced in the peat might be oxidized by plantiated oxygen supply in the forest sites.
CO, fluxes were significantly higher in the draineddst site (340+250 mgC T™h™* with the
water table level of —20 to =60 cm) than in theimked burnt site (108+115 mgC frh * with

the water table level of —15 to +10 cm). DissoN&@, concentrations were 0.6 to 3.5 mmol
L™, also highest in the drained forest site. Thesalte suggested the enhanced, @®ission

by aerobic peat decomposition and plant respiraitiothe drained forest site.,8 fluxes
ranged from -2.4 to -8, #gN m 2 h™* in the flooded sites and from 3.4 to §gN m?h™tin

the drained sites. The negativeN fluxes might be caused by, ® consumption by
denitrification under flooded conditions. DissolvBdO concentrations were 0.005 to 0.22
umol L™ but occurred at <0.0dmol L™ in most cases. GWP was mainly determined by CO
flux, with highest levels in the drained foresesitn spite of almost the same £fux, GWP

in the flooded burnt sites was 20% higher than itnaihe flooded forest sites due to the large

CH,4 emission (not significant). JD fluxes made little contribution to GWP.

Key words: Dissolved oxygen (DO), greenhouse gas (GHG), ladan tropical peatland,
and water table level.
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1. INTRODUCTION

Tropical peatland ecosystems in Southeast Asiarc4& million hectares, comprising 56%
of the tropical and 6% of the global peatland arHais ecosystem’s high carbon density
allows for a large regional peat carbon store 0b &8y, equivalent to 77% of the tropical and
11-14% of the global peat carbon store (Page e2@l1), which is comparable to the total
fossil fuel emissions released throughout the woxldr 9 years (van der Werf et al., 2008).
Given the size of this carbon reservoir, tropicaghitands play a critical role as a global sink
for gaseous carbon. Inversely, if environmentalditbons (e.g., land use type, groundwater
level) change, these peatlands may become a nmjaresof gaseous carbon and greenhouse
gases (GHGSs), such as £@H, and NO.

In recent decades, considerable portions of pahtfagoutheast Asia have been reclaimed to
support agroforestry and rice paddy development dhforestation and development of
peatlands is usually accompanied by the drainingaikr from these areas, releasing much
carbon through aerobic peat decomposition. In axdithe water table level can drastically
decrease during exceptionally long dry periods, cWwhirequently occur in ElI Nifio and
Southern Oscillation (ENSO) years (Hirano et 802 2012; van der Werf et al., 2008).

Several trials have been conducted to restore tawteopical peatlands (Page et al., 2009).
For example, restoration efforts have includedimgisind stabilizing the water table level by
blocking drainage canals, which reduces aerobit ¢gies@omposition in the flooded peatlands.
However, flooding can also increase anaerobig @taduction. Soil denitrification, which is

a major contributor to pO production, is also generally promoted under ceduconditions.
The radiative forcing effects of GHand NO are 25 and 298 times higher, respectively, than
that of CQ (over a 100-yr time horizon; IPCC, 2007). Consediye the increases in the
production of CH and NO under flooded conditions could possibly offsetrdases in
aerobic peat decomposition and associated €@issions. A large portion of previously
drained peatland has lost its original vegetatiot surface layer through deforestation and/or
fire. Under such conditions, the recovery of thdewaable level will not be able to restore
ecosystem function and carbon balance to thoseciasst with original vegetation levels.
The change in GHG dynamics in tropical peatlants sdter drainage, deforestation, peat fire,

and re-wetting has not been fully studied to date.
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After reviewing the existing data, Couwenberg e{2010) have demonstrated that the range
of CH, fluxes in tropical peatlands was one-fifth thatsetved in temperate and boreal
peatlands. They attributed low @lemissions to the poor quality of woody tropicabpe
which contains higher levels of recalcitrant matksri(e.g., lignin). Williams and Yavitt
(2010) reported that the biochemical compositiohdlignin affect soil methanogenesis.
Another explanation involved the oxygen supply frplant roots. Vascular plants in wetlands
usually possess special morphological adaptaticwg;h as hypertrophied lenticels,
adventitious roots and enlarged aerenchyma (Joabssal. 1999), which promote gas
exchange between the atmosphere and the rhizosphdrallow for the entry of oxygen to
the root zone (Kozlowski, 1997; Megonigal and DE§92). According to a recent review by
Laanbroek (2010), the percentage of ,G¥kidized before entering the atmosphere ranges
from O to up to >90% of the potential ¢Hfflux. Several studies conducted in temperate and
boreal wetlands reported that an increase in measant depth was associated with a
decrease in the amount of root tissue and dissobwgden (DO) concentrations and an
increase in dissolved GHoncentrations (van der Nat and Middelburg, 1998z Fet al.,
2011; Liebner et al., 2012). Thus, if plant-mediatxygen transport and Ghdxidation also
occur in tropical peatlands, significant differemcen soil CH fluxes, dissolved CIi
concentrations, and DO concentrations in peat peséer would be expected between

vegetated and non-vegetated lands.

Given these relationships, we hypothesized thaD@®) supplied from plant roots should
oxidize CH, produced in saturated tropical peat soil and 2) @kidation should reduce total
GWP in a tropical peat swamp forest. To evaluaesdhhypotheses, we compared DO and
GHG fluxes and dissolved concentrations in an estesy containing submerged forest
vegetation with those in degraded peatland aresshtve been burned and/or drained during

the rainy season.

2. MATERIALSAND METHODS

2.1. Study site
This study was conducted in a tropical peat swarep bbcated near Palangka Raya City (02°
19 25.20 S, 113° 5416.88 E), Central Kalimantan Province, Indonesia. Mdsthe peat
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swamp forest in this region was previously defaesind drained during a national project
(i.e., the Mega Rice Project) in the late 1990sh@uigh the project was terminated in 1999, it
left vast tracts of devastated peatland (Notohasipo, 1998; Muhanmad and Rieley, 2002).
A large portion of the devastated peatland was eqently abandoned because it was
unsuitable for the intended agricultural productitm these areas, several large fires have
occurred during the dry season, severely damagitlg thhe vegetation and soil. These fires
were mainly ignited as a result of agriculturaliates, including land clearance and ash
production by local farmers. Some of these fireeagp uncontrollably to become wildfires
(Usup et al., 2004).

Six locations were established as study sites.€Thites were placed in a peat swamp forest
that was not affected by deforestation or fire (FWW2, and FD; forest sites). The other
three sites were located in a degraded peatlaedtaff by fire (BW1, BW2, and BD; burnt
sites). The burnt sites were deforested in 1995bamded in 1997, 2002 and 2009 during El
Niflo years. The flooded forest sites (FW1 and F\A2) the flooded burnt sites (BW1 and
BW2) were close to the flood plains of the Sebargad Kahayan Rivers, respectively. Sites
FD and BD were located in the middle of a peat ddotemed between these two rivers.
These two sites are influenced by a large draimagel, which runs through the peat dome

southward to the Java Sea (>100 km long).

In the forest sites, the ground surface was covbyed dense canopy of peat swamp forest,
although the composition of tree species was pusioaffected by selective logging until the
late 1990s (Hirano et al., 2012). Dominant spe@sssent includedlristania whittiana,
Combretocarpus rotundatus, Palaquium leiocarpum, and Semonurus scorpioides. In the
burnt sites, the ground surface was covered bysfeand grasses, such as Kalakai
(Senochlaena palustris) and Pakis/Paku-pakuaidphrolepis sp.), with patchy depressions.
Trees, such as TumihCg¢mbretocarpus rotundatus), were found sparsely. Detailed
information about the vegetation around the stuthsss provided elsewhere (Jauhiainen et
al., 2005; Page et al., 1999; Sundari et al., 20&Rakai et al., 2006; Tuah et al., 2001; 2003).
Based on the USDA Soil Taxonomy, the study sitesevedl classified as Typic Tropofibrists
(Takakai et al., 2006). The peat depths were 2-& FRW1 and FW2 and about 4 m at the
other sites. The volumetric carbon density of thatpvas 71.5+17.3 kg th(Shimada et al.,
2001). Annual precipitation and annual mean aimgemature over the nine study years (2002—
2010) were 2540+596 mm and 26.2+0.3°C, respectii@iydari et al., 2012). The dry season
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normally begins in June and ends in October. Fadiservations were conducted during the

wet season from December 2011 to May 2012.

2.2. GHG fluxes

Greenhouse gas fluxes at the ground surface weasurexd monthly using a closed-chamber
method (Morishita et al., 2003; Takakai et al., 00oma and Hatano, 2007). A set of
cylindrical stainless steel chambers (18.5-21 cmiiameter and 25 cm in height), each with
an acrylic lid fixed to a sample collector and agsure-regulating bag, was used for the flux
measurement. Stainless steel collars were permgr@anted at three locations at each site.
First, 400 mL of the air inside the chamber waitalto a Tedldt bag as the sample at 0
min before closing the chamber lid. The chamber thas quickly capped with the lid. After
6 min, 250 mL of the air inside the chamber wasdferred into another Tedfabag. CO
concentrations in these bags were determined odakieof sampling with a non-dispersive
infrared (NDIR) analyzer (ZFP9; Fuji Electric, JapaThe lid was then removed temporarily,
and the air inside the chamber was ventilated. N&&imL of the air inside the chamber was
periodically collected into pre-evacuated vial esttwith butyl rubber stoppers at 0, 20 and
40 min after closing the lid for GHand NO analyses. ClHconcentrations were determined
using a gas chromatographer (GC-8A, Shimadzu, Kydapan) equipped with 1) a flame
ionization detector (FID) maintained at 130°C anda22-m-long activated carbon column
(80/100 mesh; Stainless column, Serial No. D-O@lSmadzu, Kyoto, Japan) maintained at
70°C with pure nitrogen gas as a carrierONconcentrations were determined with a gas
chromatographer (GC-14B, Shimadzu, Kyoto, Japan)ppgd with 1) an electron capture
detector (ECD) maintained at 340°C and 2) a 1-ng-lBarapak N column maintained at 60°C
with proportional gas (5% CHn Ar). We did not measure fluxes when water tdblels
exceeded the height of the chamber. As a resultc Gldxes at several sites were not
measured in December 2011 (FW1, BW1 and BW?2), Repr2012 (BW1), and March 2012
(FW1, FW2 and BW1). Due to a separate technicakisae could not measure GHG fluxes
in January 2012 for any site, with the exceptioRr\df2.

Gas flux was calculated as the change in gas ctnatiem inside the chambeAC,) against
closure time At) according to the following equation:

F = p, x(V/A) X (AC, / At) x [273/(273+T)] (1)
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whereF is the gas flux (gC or gN Thh™), p, is the gas density (0.536 x*1@ i for CO-C

and CH-C; 1.259 x 18 g m 3 for N,O-N), V/A is equivalent to the height of the chamber
from the water or ground surface (m), and the air temperature during the sampling period
(°C). Air temperature was measured with a digitrimometer (TESTO 625, Lenzkirch,
Germany) before closing and after opening the cleayrdnd the mean of both temperatures
was used in Eq. 1. A positive flux is indicativegafs emissions from the soil or water surface
into the atmosphere, while a negative flux indisagas uptake from the atmosphere. The total
flux in global warming potential (GWP) was calceldtas the C®equivalent carbon flux

(COx-eq gC m? h™Y) according to the following equation:
GWP =Fcop+ Fena X (16/12) x 25 x (12/44) Frzo X (44/28) x 298 x (12/44)  (2)

where 25 and 298 are the factors used for conge@iH, and NO fluxes, respectively, to
their GWPs over a 100-yr time horizon (IPCC 20@rx (16/12), (44/28), and (12/44) are the
conversion factors for C to GHN to N,O, and CQto C, respectively.

2.3. Dissolved GHG concentrations

To determine the concentrations of GHGs dissolvedéat water, two types of in-situ
headspace methods were applied. We used an irgitilibration chamber for COand a
rapid equilibration method for GHand NO. An in-situ equilibration chamber (i.e., a small
chamber designed to equilibrate air with the surding dissolved gases) was developed
according to previous studies (Faulkner et al. 91%8 and DelLaune, 2006). An inverted 60-
mL plastic syringe was used as the chamber andcaasected aboveground to a thin tube,
which was equipped with a three-way stopcock atuihyger end. A chamber was installed at
depths of 20, 40, 60, and 80 cm. First, 60 mL gfr@e air was injected through the tube, and
the stopcock was closed to keep the injected am fescaping. Two to four weeks following
the injection, the air was extracted from the chandnd collected into an aluminum sample
bag. CQ concentrations were determined on the day of sammccording to the same
method used to measure £flux described above. The dissolved gas conceottrém pore

water €, mol mol'") was given by Henry’s law:

c _C,x10°xP

= ®
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where Cq is the concentration of the sample air (ppnR®)is the total pressure inside the
chamber (atm), anty is Henry’s constant (mol mdi atmi?). The effect of water pressure
above the chamber was reflectedPinThe value oKy, a function of soil temperature, was
cited from a chemical engineering handbook (SocétZhemical Engineers, Japan, 1999).
Soil temperature was preliminarily observed at degtf 5, 10, 30 and 50 cm (see below). The
average temperatures between 10 and 30 cm anddre®@eand 50 cm were used as the soil
temperatures at 20 and 40 cm, respectively. Smipé&atures at 60 and 80 cm were assumed

to be equivalent to that at 50 cm.

TheC; in the molar ratio was converted@(mol L™*) according to the following equation:

[mol mol™]x g,

4G
IL™] =
G [mol L] "

(4)

wherep,, is the water density (1000 g, andm, is the molecular weight of water {8,
18.01 g molY). The time required to reach G@quilibrium was investigated beforehand at
the same study sites as follows. The,@0Gncentrations in the air samples collected fakhagw
different equilibration durations (5 to 100 daysere&y compared, and no statistically
significant differences were observed. Therefor®; @ the collected samples was assumed

to be in equilibrium with C@dissolved in the surrounding water.

Gas samples for the analyses of dissolved, @Rd NO were obtained by rapidly
equilibrating a fixed volume of air with pore watara syringe. Water samples were collected
from the same depths as those used for dissolvedht@@surements (i.e., 20, 40, 60, and 80
cm). At the beginning of field observations, a watampler consisting of a stainless steel
pipe (0.7 cm in diameter), a plastic tube and egtway stopcock was installed at each depth.
During the observation intervals, the sampler viledfwith water, and the stopcock was kept
closed. Before sampling, the water remaining ingampler was removed. First, 30 mL was
collected from the sampler directly into a 60-mlagilc syringe. Next, the same volume of
O,-free air was injected into the same syringe. Tyrtenge was then shaken by hand for two
minutes (100 times). After that, 20 mL of the d&at was equilibrated with the water sample
was stored in a pre-evacuated vial. The conceotratof CH and NO in the bottles were

determined in the same manner used for flux measents for these gases. According to this
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rapid equilibration method, the dissolved gas catregions in pore water could be calculated
using the following equation (Albert al. 2000):

GV, +alV) -G, IV,
v

G ()

whereCyyq is the initial concentration of the gas in thef@e air,a is the water:air partition
coefficient, andvy andV, are the volume of the gaseous and liquid phasspectively. Eq. 5

can be simplified provided th&@>>Cpy andVy =V, in the following equation:
G =C,+a) (6)

Here,a is defined aCi/Cq4, whereC, is the dissolved gas concentration in the liquicge
inside the syringe. The variab® was calculated in the same manneCas Egs. 3 and 4,
assuming that the temperature inside the syringe egaal tol. The variableCy was also

converted to the same unitGfas follows:

C, [ppmv]x10™®

C,[molL™] = v

(7)

whereV (L mol™) is the volume of 1-mol air at total press&¢= 1.0 atm), and temperature

T (°C) can be calculated as:

V = 224x Ly 1 273
P 272

(8)

2.4. DO concentration

Dissolved oxygen concentrations were measuredurbgi extracting pore water directly into
a closed cell equipped with a DO sensor to avortam between the water sample and the
atmosphere. A luminescent DO probe (LDO10101; Haokeland, USA) was used because,
in principle, it neither consumed oxygen nor regdiwater flow toward the sensor during
measurement. The closed cell consisted of theftipeoprobe, a 60-mL plastic syringe, and a
connecting PVC adapter (Fig. 1). Pore water wasaetdd from the same type of water

sampler used for the measurement of dissolved Gbp@rately installed at depths of 10, 20,
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40, and 80 cm. The water was first stored in tleparatory syringe and then pushed into the
closed cell. As the water entered, the cell plunges synchronously pushed out. After

measurement, the water was drained from anothkepeoel DO was measured in December

2011 and March, April, and May 2012.

Dead space in the closed cell was initially fillth ambient air or pore water at different
depths. To approximate the true value of the DOcentration in the cell, 50 mL of pore
water was repeatedly extracted until the measueddevwas stabilized. The stroke of the
extraction was limited to 10 times to reduce thituence of the inflow of pore water from
other depths. Finally, DO was determined basedhensequential data of measured DO by

solving a numerical convergence model with EX@blver.

2.5. Environmental parameters

Water table levels were measured and recorded aviphessure logger (Hobo U20, Onset,
Bourne, USA) settled near the bottom of a perfat&®®C pipe (ca. 1.5 m from the ground
surface). The influence of the change in atmosphgressure was canceled based on the
pressure data observed at the ground surfaceifesréé the well of FD, where the water table
level was lower than —20 cm during the observapeniod (seeResults). The water table
level in the well was converted to that at the posiof the flux chambers by canceling the
small differences in the altitude of the groundface. Precipitation was measured in the
vicinity of the study sites with a tipping buckeinm gauge linked to a HOBO Pendaetent

data logger.

Values for pH and electric conductivity (EC) wereasured at depths of 10, 20, 40, and 80
cm. Water samples were extracted from the samelesnpsed for DO measurements. The
values of pH and EC were determined in situ witltadde sensors (pH: B-212, Horiba,
Japan; EC: B-173, Horiba, Japan).

For the measurement of dissolved nitrogenous ibi®s{ and NH"), 50 mL of water were
collected into a plastic bottle at depths of 10,4 and 80 cm using the same samplers used
for DO measurements. These water samples weredstor@ refrigerator until analysis.
Concentrations of N® were measured by ion chromatography (Dionex QIC |y,
Thermo Fisher Scientific, Waltham, USA). Conceritras of NH," were determined by
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colorimetry based on the indophenol-blue method amad ultraviolet-visible
spectrophotometer (UV mini 1240, Shimadzu, Kyoapah).

Prior to the flux observations made in this stugyyrly monitoring of soil temperatures was
conducted in February, June, and December 20Hedtdoded sites and in July 2011 for all
study sites. Soil temperatures were measured ahslep 5, 10, 30, and 50 cm with a T-type
thermocouple and recorded to a 4-ch data logge84hermo Recorder, Sato Shoji, Japan).

One monitoring effort was usually continued ovéo 4.0 consecutive days.

2.6. Statistics

A one-way analysis of variance (ANOVA) was conddcte test for differences in the
environmental parameters among the six study sresddition, the effects of land use (forest
or burnt area) and drainage (flooded or drained)GHiG fluxes were tested by two-way
ANOVA,; and the effects of land use, drainage angtlden dissolved gas concentrations were
tested using three-way ANOVA. Multiple comparis@sts among the sites and depths were
conducted using the Bonferroni method. A probapilével less than 0.05 (P<0.05) was
considered statistically significant. All analysesre performed in IBM SPSS Statistics Ver.
21.

3. RESULTS

3.1 Environmental parameters

Fig. 2 shows the temporal changes in precipitatiot water table level that occurred during
the observation period. The water table levels siocally increase at all sites following large
amounts of rainfall, but they were generally stdlden December 2011 to April 2012. In late
May, the water table levels were at their lowest thu lower monthly precipitation amounts
(94 mm compared to 205-371 mm in other monthsgsSiwW1, BW1, and BW2 generally

remained flooded during the study period. At BWiemporary rise in water table level was
recorded in late March despite the fact that haauyfall was not recorded and that similar
increases at other sites were not observed. Theirrisvater table at BW1 may have been
caused by an increase in the Kahayan River's waterl. Sites FW2 and BD remained

flooded for 45% and 60% of the observation perredpectively. With a water table level at

below —20 cm during the study period, site FD wexgen flooded.
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The air temperatures observed following flux chambmeasurements and other
environmental parameters are summarized in TablAirltemperatures at the burnt sites
ranged from 32 to 34°C and were higher than thoskeaforest sites (27-28°C); however, a
significant difference in air temperature was netedted between the same land use types.
Forest sites likely had lower temperatures becahsy were more shaded by dense
vegetation. Diurnal soil temperatures varied bynasgch as 6°C at a depth of 5 cm, but
variations were less than 1°C at 50 cm. Althougholiserved large differences in diurnal
variation in soil temperatures, differences in ylaniean soil temperatures were small at all
depths and study intervals. The largest differanceaily mean soil temperature was 3.3°C
and occurred at BW1 at a depth of 5 cm (Februaydoember 2011); temperatures differed
by < 2°C for all other depths and sites. The aversagl temperatures were 24.5-25.5°C at the
forest sites and 27.6-28.1°C at the burnt siteeateng differences in air temperature
between the different land use types. The vertgstributions in average soil temperatures
are shown in Fig. 5b.

The pH of peat water ranged from 3.5 to 4.0 amdmg gstudy sites, indicating acidic
conditions. The electric conductivity (EC) of pemater ranged from 35 to 125S cm*

among the study sites and was higher in the faiéss. Variations in pH and EC between
measurement depths and months were smalk-N@oncentrations ranged from 0.0519 to
0.260 mg L* and were relatively higher in the burnt sites. /NN concentrations ranged

from 0.061 to 0.205 mgL, with no significant differences among the stuillgss

3.2.  GHGfluxes

Temporal changes in GHG (i.e., GHCO,, and NO) fluxes are shown in Fig. 3. Fluxes in
GHGs and C@equivalent GWP were averaged for each group (filedsy land use and
drainage) and are summarized in Table 2, with t&ults of two-way ANOVA. The
relationships between water table levels and theses are shown in Fig. 4.

The site-specific averages of ¢Huxes ranged from 0.0084 to 5.75 mgC*m™* (Table 2).
We periodically observed high GHmissions at BW1 and BW2 (Fig. 3a) and negativq CH
fluxes (= CH, absorption) at the forest sites. At FD, 7 of 15ameed fluxes were negative.
However, on average, all sites were a net, Gblrce during the observation period. In the

burnt sites, higher average ¢fuxes were associated with higher average wataetlevels
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(Fig. 4a). Relative to the burnt sites, theGldxes at the forest sites were consistently lower
regardless of water table levels. The results a~tvay ANOVA indicated that both main
effects (land use and drainage) and their intevactvere significant, and GHlux at the

flooded burnt sites was significantly higher thaoge of the other sites (Table 2).

The site-specific averages of gfluxes ranged from 108 to 340 mgCh™* (Table 2). CQ
fluxes tended to be relatively low (<150 mgC?h™) and stable until February 2012, with
higher values (>350 mgC h™) occurring after March 2012 at FW2, FD and BD (FRh).
Among the study sites, GAlux was highest at FD, except for in April 2018.the forest
sites, slightly lower average GQOluxes were associated with higher average watblet
levels (Fig. 4b). In contrast, the largest {dx was associated with the highest water table
level at BW1. However, this trend may have beearéifact of sampling effort; Cdlux was
not measured at BW1 from December 2011 to FebrR@ty, when this flux was generally
low at all other sites. According to the resultgswd-way ANOVA, the effects of land use and
the interaction of land use and drainage were fgmt, and CQ flux at the drained forest
site was significantly higher than that at the wledi burnt sites (Table 2).

The site-specific averages of,M flux ranged from -8.7 to 8.uigN m? h™* (Table 2).
Although we observed variation in,® fluxes in early April at BD and BW?2, little vatian

was observed in this flux at other sites during dbservation period (Fig. 3c). On average,
the NO fluxes at the drained sites tended to be posiivereas they tended to be negative at
flooded sites. This difference suggested that digarninfluenced whether a site acted as a sink
or a source of pO in tropical peatlands. However, the relationgbgiween NO flux and
water table level was unclear (Fig. 4c). The resofttwo-way ANOVA suggested that there
were no significant differences in,® fluxes between sites based on either land use or

drainage (Table 2).

GWP was mostly affected by G@ux, followed by CH flux. At BW1 and BW2, 18-25% of
the GWP were attributed to GHwhile most of the GWP (>92%) was due to .Cid other
sites. As a result, average GWP at the floodedtksites was 20% larger compared to the
flooded forest sites, although the £fluxes at both sites were similar (Table 2). Thasults

of two-way ANOVA were similar to those for the aysik of CQ flux, except that the simple
main effect of drainage in the burnt area was figamt (Table 2). This exception was

probably due to the fact that Glemissions in the flooded burnt sites were largantthose in
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the drained burnt site. According to the post hest,tGWP in the drained forest site was
significantly higher than the GWPs of the drainednb sites, as was observed for {{Dx.

3.3. Dissolved concentrations of GHGs and DO

The vertical distributions of the dissolved concatibns of GHGs (i.e., CHCQO,, and NO)

and oxygen are shown in Fig. 5. Soil temperaturefiminarily observed in 2011 are also
plotted in Fig. 5b. The results of three-way ANOWA these dissolved gases based on land

use, drainage and depth are summarized in Table 3.

Dissolved CHconcentrations in the burnt sites ranged from 525@umol L™ (except at 20
cm in BD), 1-4 orders of magnitude higher than emiations measured in the forest sites
(where dissolved CHwas <2umol L™ Fig. 5a). From 20 to 60 cm depth, dissolved;CH

concentrations increased with increasing depthat B

Dissolved CQ ranged from 0.5 to 3.5 mmol L (Fig. 5b). Dissolved COconcentrations at

FD were highest at depths of 40, 60, and 80 cmoduwall the study sites, showing an
increasing trend with depth. In contrast, BW1 shdwedecreasing trend with depth, with
dissolved CQ being highest at 20 cm out of all the study si@ther sites did not show clear
vertical trends. Similar to COflux, dissolved C®@ showed an increasing trend during the

observation period at all sites, especially afterdh 2012 (time series data are not shown).

We applied the daily mean soil temperature averdgedach depth and site (Fig. 5b) to the
calculation for dissolved COconcentration (Eq. 3). The largest diurnal vaomtin soil
temperature at a depth of 20 cm was 3.2°C, recaatl&® in July 2011. This means that the
difference between the daily average and the atioatly soil temperature was as much as
+1.6°C. According to the sensitivity analysis féretdissolved C® calculation, errors of
+1.6°C in soil temperature produced differences4®% in dissolved C® Because diurnal
variations in soil temperatures were less than@ Bt all other sites and at the lower depths,
errors associated with the use of daily mean saoiperatures in calculations were less than
+4.2% for all other sites.

The dissolved BD concentrations were typically <0.Qinol L™ (142 data/167 in total; Fig.
5c). Only five data points for dissolvecs® were >0.1umol L™; four of these points were
obtained at depths of 20 and 40 cm in FD, and iftie goint was at 20 cm in BW2. As a
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result, dissolved pD concentrations in the drained forest site weghdr compared to other

sites at 20 and 40 cm.

Dissolved oxygen concentrations were generally ga®! L™, much lower than DO in a
solution which is in equilibrium with the atmospleeoxygen level (220—28amol L™; Fig.
5d). In the burnt sites, DO concentrations decitdsdween depths of 10 and 20 cm and
became stable below 20 cm, suggesting the pres#nae oxygen supply from the ground
surface. According to the results of three-way AMOQWnly the main effect of land use was
significant (forest; 6.9+5.6mol L™ > burnt; 4.0+2.Qumol L™).

4. DISCUSSION

4.1. CH4fluxes and dissolved concentrations

In this study, CH fluxes were mainly influenced by drainage condisiqTable 2; Fig. 4a).
Previous studies have reported positive relatigpsshietween mean water table level and
seasonal Cllemissions in non-flooded northern peatlands (&ghier and Moore, 1993;
Pelletier et al., 2007). In tropical peatlands,hiaimen et al. (2005) found that GHuxes
were between -75 and 26@C m? h™* and generally increased with increasing wateretabl
level (=70 to +20 cm). Melling et al. (2005a) shawbat CH fluxes ranged from —4.53 to
8.40 ugC mi? h'' in a mixed peat swamp forest (water table levéd to —20 cm), from
~7.44 to 1021,gC m? h™*in a sago plantation (-40 to 0 cm), and from —38.8.17ugC ni?
h™ in an oil palm plantation (-80 to —30 cm) and allscreased with increasing water table
levels. We observed similar GHluxes and trends in the drained sites as thogerted in

these previous studies (Table 2).

Based on a comprehensive review on,@tix observation in tropical peatlands, Couwenberg
et al. (2010) has recently reported that,Glixes are generally low and often distinctly
negative for water levels below —20 cm, while teade higher and more variable at higher
water levels. Jauhiainen et al. (2005) found thdj fluxes were positive at water table levels
>-50 cm and were negative at levels <-60 cm attilmes that were in the vicinity of our
study area. Jauhiainen et al. (2008) also repdhatl CH, fluxes began to increase as the
water table levels rose higher than —40 to —20 rcra drained forest or higher than -30 to O

cm in a deforested, burned site. Considering thatioeship between CHflux and water
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table level, there is an empirical depth of watdle level at which CiHproduction and
oxidation are balanced. In this study, the draifugdst site was both a weak sink and source
of CH, (Table 2; Fig. 3a) with a water table level thatnged from —-39.7 to —=7.0 cm at the

time of flux measurement, similar to the water Iswabserved in the previous studies.

In contrast to the CHfluxes, dissolved Cldconcentrations were mainly affected by land use
(Fig. 5a). Ueda et al. (2000) found that dissol&d, concentrations in groundwater in a
coastal peat swamp in Thailand varied from 0.041@pumol L™, with average values of 48
and 226umol L™ in wet seasons spanning 4 years at two samplias. ${oschorreck (2000)
reported that Cllin pore water at the top 8 cm of a silty loam sedinm@n@n island in the
Amazon River ranged from 0 to 9@@nol L™. Terazawa et al. (2007) found that dissolved
CH, concentrations in groundwater ranged from 5.68a! gmol L™ in a floodplain forest
located in northern Japan. Pangala et al. (2018gntey reported that dissolved GH
concentrations observed in the vicinity of the @ed forest sites in this study ranged from
113-1539umol L™, much higher than our results. Several differenisesveen the two
studies, including sampling depths (50-150 cm ingaa et al., 2013 compared to 20-80 cm
in this study) and procedures, may have resultedhis discrepancy in dissolved GH

concentrations. However, the primary reason fa difference is unclear.

The CH, flux in the drained forest site was the lowest @luall sites (Table 2), likely because
this site had the lowest water table level (20—®0below the ground surface; Fig. 2). Under
such aerobic conditions, methanotrophic activity uldo have been promoted over
methanogenesis. Hanson and Hanson (1996) inditlaédinoxic soils produce GHwhile
well-drained soils act as a sink for atmospheric, @de to CH oxidation. In the drained
burnt site, CH fluxes were lower than in the flooded forest sit@$hough dissolved CH
concentrations were much higher in the burnt sit®pared to the forest sites (Fig. 5a).
Previous studies suggested that,CGliffusing toward the atmosphere is oxidized to,&®
methanotrophic bacteria when oxic conditions ares@nt in the upper peat profile
(Couwenberg et al., 2010; Inubushi et al., 2008hi&nen et al., 2005; 2008). In the drained
burnt site, the occasionally non-flooded condit{pig. 2) would create an aerobic layer near
the ground surface. This would allow €produced in deeper peat layers to be oxidized and
CH,4 emissions and dissolved ¢Ebncentrations at a depth of 20 cm to decreaseeMer, in

the flooded burnt sites, the lack of an aerobifasérlayer prohibited CHoxidation, resulting
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in a higher CH flux compared to other sites and a higher disgbl@&l, concentration at 20

cm compared to deeper layers.

4.2. CO;fluxes and dissolved concentrations

In tropical peatlands, Melling et gR005b) reported that soil G@luxes ranged from 100—
533 mgC m? h! in a mixed peat swamp forest, from 63-245 mgC m® in a sago
plantation, and from 46-335 mgC frh™* in an oil palm plantation in Sarawak, Malaysia.
Jauhiainen et al. (2005) also reported that, GOxes were 132-166 mgC fmh™ in
hummocks and 37.9-188 mgCh* in hollows in a tropical peat swamp forest in Gaht
Kalimantan. The C@ fluxes obtained in this study were comparable Htos¢ found in
previous studies. Ueda et gR000) reported that the dissolved £@oncentrations in
groundwater in a coastal peat swamp in Thailan@ggrom 0.240 to 3.29 mmolt during

the wet season, similar to the range observedsrsthdy.

The high CQ fluxes (Table 2 and Fig. 3b) and dissolved,@0Oncentrations at depths of 40—
80 cm (Fig. 5b) in the drained forest site suggkesitat CQ production was enhanced due to
root respiration at this site. In addition, the evratible level at this site was consistently at 20—
60 cm below the ground surface, much lower thandtier sites (Fig. 2). The aerobic
conditions that resulted from the low water tald®el in the drained forest site should
promote peat decomposition and contribute to high €missions at this site. Dissolved £0
concentrations at 20 cm were lower than those gpeatelayers, which could be attributed to
diffusive CQ loss into the atmosphere through the unsaturagedhyer in the drained forest
site.

The CQ fluxes and dissolved concentrations in the draimennt site, which were
significantly lower than those in the drained forgge (Table 2; Figs. 3b and 5b), suggested a
low root respiration rate from poor vegetation aovesufficient drainage relative to the
drained forest site (Fig. 2) may have also inhdbit€(O, production through peat
decomposition in the drained burnt site. In thedled forest sites, the inhibition of aerobic
peat decomposition would suppress ;Cé@€missions and result in lower dissolved ;CO
concentrations. In the flooded burnt sites, a cously flooded condition (Fig. 2) would
inhibit CO, diffusion into the atmosphere and cause the higéotled CQ concentrations at
20 cm.
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The increasing trends in GG@lux and dissolved concentration during the obaton period
(Fig. 3b), which differed from the trends in ¢HN,O, and other environmental factors, could
be attributed to the increase in plant root respinaas opposed to microbial peat
decomposition. Although we could not determine ¢hase of this trend from data collected
in this study, the acclimation of plant roots tdusated conditions may be one possible
explanation (Drew et al., 1994; Mommer et al., 2004

4.3. Flux and dissolved concentration of N,O

Like the fluxes in Ch, the NO fluxes observed in this study were generallyteglato
drainage condition. Melling et al. (2007) reportkdt the NO flux ranged from -3.4 to 19.7
ugN mi2h™in a mixed swamp forest, from 1.0 to 178@N m 2 h™* in a sago plantation, and
from 0.9 to 58.4ugN mi2 h™* in an oil palm plantation. The R fluxes in the mixed peat
swamp forest in that study were comparable to thasserved in the drained sites of this
study. Takakai et al. (2006) also measure® Hux at locations that were identical several of
those observed in this study. According to thesulis, the average ® fluxes in the wet
season (2002 to 2004) weret43 pgN mi 2 h™* in the drained forest site and3H0ugN m 2

h™ in the drained burnt site, comparable to the ofsgiEms made in the wet season (2011—
2012) in this study. Ueda et al. (2000) found tdetsolved NO concentrations in the
groundwater of a coastal peat swamp in Thailandestairom 0 to 0.012umol L™}, with
average values of 0.006 and 0.g@8ol L™ (in the wet seasons of 4 consecutive years) at two

sampling sites. These results were similar to tlofserved in this study.

Given that methanogenesis is an anaerobic probass$einds to occur after all other electron
donors have been consumed (Burgin and Groffmarf)2@ie flooded sites in this study were
likely anaerobic. Under anaerobic conditions, eaémospheric BD can be absorbed into
peat water and consumed by denitrification, whigidiaes organic carbon by reducing NO
(Burgin and Groffman, 2012). A recent review indezhthat net negative N fluxes have
been reported in numerous previous studies, shothiaglow mineral N and high moisture
content are favorable for,® consumption (Chapuis-Lardy et al., 2007). In ttisdy, the
flooded burnt sites consumed morgONthan the flooded forest sites (Table 2). Thisldde
attributed to differences in DO concentrations hvaignificantly higher concentrations in the
forest sites compared to the burnt sites (TabEg;5d).
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NOs; concentration is one of the important controllfagtors for soil N processes, including
nitrification and denitrification. In this studyhe effect of N@ on NO flux was unclear,
although there were significant differences in diesd NG~ concentrations in peat water
among the study sites (Table 1). Takakai et alD§2®ound that the pO flux in a cropland in
the vicinity of our study area increased with iraiag NQ -N content in the top 10 cm of
soil. In that study, however, the NGN content was significantly higher in cropland @20
300 mg kg' dry soil) than in the drained forest or in theidea burnt sites (0.43-91 and
0.79-5.9 mg kd dry soil, respectively). In this study, the to#D; -N content was likely too

small to influence PO emissions.

4.4. Effect of plant rootson dissolved GHGsand DO

Ueda et al. (2000) measured DO concentrationseigtbundwater of a coastal peat swamp in
Thailand, finding that most concentrations weretethe detection limit and had a maximum
value of 14umol L™ . Liebner et al. (2012) observed a rapid decrefieen(>80% to 0% of
air saturation) in DO in the top 20 cm of soil im alpine wetland and a constant DO profile
below the top layer. Given these observationss ilikely that DO in saturated peat soils
remains very low even near the ground surfaceainto DO concentrations observed in this
study (Fig. 5d). Most of DO in peat water would dmsumed in the top 10 cm, thus there

was no significant differences among depths at sagaty site.

The high dissolved CHFig. 5a) and the low DO (Table 3) in the burtésimay be due to a
lack of large trees, which have large and deep sgstems that can supply oxygen into the
rhizosphere. The increase in the concentrationisgotiyed CH with depth in the flooded
forest sites suggested that £okidation rate by plant-derived,@ay depend on the amount
of plant root biomass, which usually decreases witiheasing depth. Previous studies have
also reported increased dissolved,Gtd well as decreased DO (Liebner et al., 20128pxe
potential (Fritz et al.,, 2011; Koschorreck, 2008hd root density (Fritz et al. 2011) in
saturated peat profiles. Thus,; 8upply via plant roots would reduce net Qstoduction in
forest sites even under flooded conditions. Thdimedn DO by CH oxidation could be

compensated by this plant-mediated oxygen supply.

In addition, dissolved pO concentrations at depths of 20 and 40 cm in thimeld forest site
(Fig. 5c) could also be explained by the effectdodinage and soil Oon denitrification.

Namely, a water table level that was consistendlyG® cm below the ground surface (Fig. 2)
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and high DO concentrations (Fig. 5d) created diygbkic conditions in the peat profile,
which is favorable for BD production. Burgin and Groffman (2012) found thédO
production in intact soil cores collected from garian wetland in the northeastern US
increased with increasing ;Cconcentration. However, nitrification is also amportant
microbial N process that producesON Bollmann and Conrad (1998) suggested that the ma
source of NO was through nitrification when soil moisture @asviand through denitrification
when soil moisture is high. Therefore, the highaamirations of dissolved ® in the drained

forest site may have been due to nitrificatiorhia drained surface layer.

5. CONCLUSIONS

Our first hypothesis was supported given that 1), @hhissions in the flooded burnt sites
were significantly larger than those in the floodéorest sites, 2) dissolved GH
concentrations in the burnt sites were much highan those in the forest sites, and 3) DO
concentrations in the forest sites were signifilganigher than those in the burnt sites. In this
study, however, CHfluxes were affected by drainage conditions rathan land use. The
CH, flux and the dissolved Cftoncentration at a depth of 20 cm in the draingahtbsite
were similar to values observed in the forest sisegygesting that CHoxidation in the
surface soil layer occurred in the drained burrie.siGiven the high dissolved GH
concentrations observed in the deep layers, €hissions in the drained burnt site will likely

rapidly increase when this area is flooded again.

Our second hypothesis was weakly supported by bsereed GWPs in the flooded burnt
sites, which were 20% higher than those in thediéabforest sites (no significant difference;
P=0.493). CQ fluxes in both sites were almost equivalent, aigh ICH; emissions in the
flooded burnt sites actually increased GWPs atetls#ies. In this study, however, GWP was
mainly determined by COflux. Consequently, GWP and G@ux in the drained forest site
were the highest for all study sites, angDNlux made little contribution to GWP.
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Captionsfor Figures

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Diagram of a closed cell for DO measurement.

Seasonal changes in precipitation (vertical bans) water table level at each site

(lines with symbols).

Seasonal variations in the fluxes of a)£b) CQ, and c) NO at the ground surface.

Error bars show standard deviations.

Relationship between water table level and theefuaf a) CH, b) CQ, and c) NO

averaged for the observation period. Error barsvsstandard deviations.

Vertical distribution in dissolved concentrationsa) CH,, b) CQ, ¢) N;O, and d)
oxygen (DO) averaged for each depth. Soil tempezapueliminarily observed in
2011 was plotted with dissolved (). Error bars show standard deviations. For
better identifiability, the depths in the profileere slightly shifted from their actual
depths (20, 40, 60, and 80 cm for £B0O;,, and NO; 10, 20, 40, and 80 cm for DO;
5, 10, 30, and 50 cm for soil temperature).
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Fig. 1. Diagram of aclosed cell for DO measurement.
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a) Dissolved CH, b) Dissolved CO, with soil temperature
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Fig. 5. Vertical distribution in dissolved concentrations of a) CHg, b) CO,, ¢) N2O, and d) oxygen
(DO) averaged for each depth. Soil temperature preliminarily observed in 2011 was plotted
with dissolved CO, (b). Error bars show standard deviations. For better identifiability, the
depths in the profiles were dlightly shifted from their actual depths (20, 40, 60, and 80 cm
for CH4, CO,, and N2O; 10, 20, 40, and 80 cm for DO; 5, 10, 30, and 50 cm for soil
temperature).



Table 1. Environmental factors at all study sites averdgedhe observation period

Air temperature EC NO; -N NH,"-N
Site Description pH

(°C) (1S cm) (mg L) (mg L™)
FW1 Flooded forestsite #1 28.2 +1.0 ab (3) 3.6 +0.1 ab (31) 85+8 ¢ (31) 0.0565+0.0492a (15) 0.0741 +0.0928 (15)
FW2 Flooded forestsite #2 274 +1.2 a (5) 3.6 £0.2 ab (31) 8¢ +14 ¢ (31) 0.0519 +0.0319a (13) 0.143 £0.214 (13)
FD  Drained forest site 289 +15 ab (5) 35+01a (17) 128+16 d (17) 0.0781 +0.0325ab  (9) 0.086 +0.130  (9)
BW1 Flooded burntsite#1 33.9+40 ¢ (2) 37+02 b (31) 56 + 10 b (31) 0.260 +0.253 b (15)  0.194 +0.491 (15)
BW2 Flooded burntsite #2 31.7 +2.2 bc (4) 3.7+02 b (32) 50+ 12 b (32 0.211 +0.219 ab (15) 0.205 +0.263 (15)
BD  Drained burnt site 328+14c (5 4002 c (28) 35+5 a (28 0.0915 +0.0401 ab (13) 0.061 +0.110 (13)

1. Values are means and standard deviations ofaemaental factors.

2. Numbers in parentheses represent sample sézehtsite.

3. Values within the same column with different eraase letters differ significanth?€0.05; corrected by Bonferroni method).



Table 2. Comparison of GHG fluxes among different land aisé drainage conditions

CH, flux CO, flux N-,O flux GWP
Sites (mgC m?h™) (mgC m?h™) (ugN m2h™ (CO-eq mgC m*h™)
Flooded forest sites (FW1 and FW2) 182.03 a (24) 195+ 199 ab (23) -2.4+ 16.9 (24) 208+ 204 ab  (23)
Drained forest site (FD) 0.00840.0321a (15) 340+ 250b  (15) 3.4+ 19.2 (15) 340+ 250b  (15)
Flooded burnt sites (BW1 and BW2) 5F%.66b  (18) 198+ 165ab (18) -8.7+ 41.9 (16) 249+ 171ab  (18)
Drained burnt site (BD) 0.2260.143a  (15) 108+ 115a (15) 8.1+ 75.5 (14) 111+ 113a  (15)
ANOVA df F df F df F df F
Main factors and interaction
Land use 1 7.34** 1 6.33* 1 0.01 1 4.13*
Drainage 1 16.49** 1 0.36 1 1.23 1 0.00
Land use*Drainage 1 6.05* 1 6.64* 1 0.29 1 8.59**
Error 68 67 65 67
Smple main effects
Land use under flooded condition 15.85** 0.00 0.22 0.47
Land use under drained condition 0.03 11.30** 0.09 10.73**
Drainage in forest vegetation 1.36 5.32* 0.18 4.34*
Drainage in burnt area 20.05** 1.86 1.23 4.26*

. Numbers in parentheses represent sample sizasimlevel.

A WO N BB

. Symbols * and ** meaR<0.05 andP<0.01, respectively.

. Fluxes are shown in means + standard deviatlositive fluxes mean net emission from peat soil.

. Values within the same column with different &raase letters differ significantl{?€0.05; corrected by Bonferroni method).



Table 3. Results of three-way ANOV A on dissolved gas concentrations among different land use, drainage and depth

Dissolved CH, Dissolved CO, Dissolved N,O DO
df F F F F
Main factors
Land use 1 12595 ** 1 854 ** 1470 * 1487 *
Drainage 1 2825 ** 1 1448 ** 1473 * 1 0.66
Depth 3 0.41 3 4.09 ** 3 1.96 3 0.20
Error 151 137 151 73
Interactions
Land use* Drainage 1 2784 ** 1 47.98 ** 1656 * 1 0.62
Land use* Depth 3 0.50 3 6.70 ** 3 159 3 038
Drainage* Depth 3 526 ** 3 936 ** 3 157 3131
Land use* Drainage* Depth 3 5.30 ** 3 167 3 1.9 3 031

Symbols* and ** mean P<0.05 and P<0.01, respectively.



