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• Eight-year monitoring of soil CO2 and CH4

fluxes from 3 types of peat swamp forests.
• CH4 fluxes vary between forest types sig-
nificantly, whereas CO2 fluxes did not.

• Environmental factors affect CO2 and CH4

fluxes more strongly from two forest
types.

• Soil factors aremore significant for the gas
fluxes from another forest type.
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Information on temporal and spatial variations in soil greenhouse gas (GHG) fluxes from tropical peat forests is essential to
predict the influence of climate change and estimate the effects of land use on global warming and the carbon (C) cycle. To
obtain such basic information, soil carbon dioxide (CO2) and methane (CH4) fluxes, together with soil physicochemical
properties and environmental variables,weremeasured at threemajor forest types in theMaludamNational Park, Sarawak,
Malaysia, for eight years, and their relationshipswere analyzed. Annual soil CO2fluxes ranged from860 to 1450 gCm⁻2 yr⁻1

without overall significant differences between the three forest sites, while soil CH4 fluxes, 1.2–10.8 g C m⁻2 yr⁻1, differed.
Differences in GHG fluxes between dry and rainy seasons were not necessarily significant, corresponding to the extent of
seasonal variation in groundwater level (GWL). The lack of significant differences in soil CO2 fluxes between the three
sites could be attributed to set-off between the negative and positive effects of the decomposability of soil organic matter
as estimated by pyrophosphate solubility index (PSI) and GWL. The impact of El-Niño on annual CO2 flux also varied be-
tween the sites. The variation in soil CH4 fluxes from the three sites was enhanced by variations in temperature, GWL,
PSI, and soil iron (Fe) content. A positive correlation was observed between the annual CH4 flux and GWL at only one
site, and the influence of soil propertieswasmore pronounced at the sitewith the lowest GWLand thehighest PSI. Variation
in annual CH4 fluxes was controlledmore strongly by temperature where GWLwas the highest and GWL and plant growth
fluctuations were the least. Inter-annual variations in soil CO2 and CH4 fluxes confirmed the importance of long-termmon-
itoring of these at multiple sites supporting different forest types.
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1. Introduction

Tropical peatland has ca. 68.5 Pg of carbon (C), or 11–14% of the total
global peat C stock (Page et al., 2011; Dargie et al., 2017), and plays a
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significant role in the global C cycle as either a vast C sink or source depend-
ing on many dynamic factors. Current estimates of the total tropical
peatland area are 90–170 M ha, of which approximately 38% is located
in Asia (Gumbricht et al., 2017; Xu et al., 2018). Indonesia and Malaysia
have the largest areas at 13.43 M ha (Anda et al., 2021) and 2.23 M ha
(Xu et al., 2018), respectively. In Malaysia, 69% of all peatlands (1.7 M
ha) are in Sarawak, with 26% (0.6 M ha) in Peninsular Malaysia and 5%
(0.1 M ha) in Sabah (Leete, 2006). Overall, ca. 36% of Malaysian peatlands
are used for agriculture.

Conversion of peat swamp forest to agricultural land for plantations (oil
palm, Acacia) and smallholdings has significantly reduced during the past
few years due to policy changes by the Indonesian and Malaysian govern-
ments. However, vast areas of peatlands still remain as arable land, which
raises considerable concerns about their impact on the amount and dynam-
ics of C in peat soils. An evaluation of the carbon dioxide (CO2) and meth-
ane (CH4) fluxes from peat swamp forest soils as reference datasets is
therefore necessary to accurately estimate the impact of land use change
on C emissions (Ishikura et al., 2019). However, compared to studies on
CO2 and CH4 fluxes from more accessible agricultural lands, there are
fewer studies on those from peat swamp forests (Melling et al., 2005;
Wright et al., 2013; Teh et al., 2017).

A tropical peat basin characteristically has a dome-shaped surface and the
vegetation across it is not homogeneous. It typically comprises different
forest types associated with the topography. At the basin margin the vegeta-
tion is characterized by tall trees representing various species and by a com-
plex structure. There are gradual transitions to shorter trees with fewer
species toward the dome centre. In Sarawak and Brunei six phasic communi-
ties (PC) in peat dome vegetation have been identified, i.e., Mixed Peat
Swamp (MPS), Alan Batu (ABt), Alan Bunga (ABg), Padang Alan, Padang
Selunsur, and Padang Keruntum (Anderson, 1961). These tend to occur
concentrically from the peat dome margin to its centre in the above order
(although not all PCs are found in every peat dome) and may be associated
with variations in peat thickness, hydrology, and nutrient availability.

Differences in forest structure and vegetation affect C emissions from
peat soil through several mechanisms. These include the provision of a pos-
sible pathway for gas transport to the atmosphere involving aerenchyma
and stem lenticels (Pangala et al., 2015), stimulation of microbial activity
and modification of the redox state in the rhizosphere by exuding organic
substrates (Whiting and Chanton, 1993; Saarnio et al., 2004), and release
of oxygen from roots (Hoyos-Santillan et al., 2016). Vegetation also influ-
ences CO2 and CH4 fluxes by controlling soil microclimate (e.g. soil
Fig. 1.Map of Sarawak, Malaysia, and location of study sit
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temperature and soil moisture) and light intensity (Hirota et al., 2006;
Couwenberg et al., 2011) and by supplying litter as a peat source material
(Wright et al., 2013; Upton et al., 2018), which in turn affects soil chemical
properties and influences groundwater level and soil hydraulic properties
(Dommain et al., 2010; Baird et al., 2017). For example, large and spread-
ing tree buttress roots restrict water movement across the forest floor in a
tropical peatland (Dommain et al., 2010), causing ponding and anoxic or
anaerobic conditions.

It is important tomeasure CO2 and CH4 fluxes from different vegetation
communities formore precise estimation of the contribution of peatlands to
global C cycles because the relationship between GHG fluxes and environ-
mental variables such as light intensity, soil temperature, GWL, and hydrau-
lic conductivity varies between such communities (Hirota et al., 2006;
Couwenberg et al., 2011; Acosta et al., 2017). Teh et al. (2017) suggested
that vegetation type may underlie different patterns in seasonal CH4 flux
from peatlands in Peru. Couwenberg et al. (2011) reported that GHG fluxes
from temperate peatlands can be estimated based on records in the litera-
ture for each group of vegetation types coupled with GWL class. On the
other hand, Hoyos-Santilan et al. (2019) stated that the CO2 and CH4 fluxes
from forested tropical peatlands are independent of the vegetation commu-
nity type andmainly controlled by GWL. So far, the data are still insufficient
to evaluate the effect of vegetation type on soil C fluxes from peatland, par-
ticularly in tropical regions in Asia.

Variations in physico-chemical properties of peat soils may also be
related to differences in the quality of the original plant materials, e.g.
their C/N ratio and lignin content (Ong et al., 2015), and environmental
conditions that influence the decomposition rate of organic matter and
the transport and accumulation form of elements (Sjögersten et al., 2011;
Lampela et al., 2016). Girkin et al. (2019) thought that differences in chem-
ical properties, such as pH and total C content, of tropical peats derived
from different vegetation types influence GHG fluxes. Wright et al. (2013)
posited that the relationship between soil properties, including dissolved
organic C content or C/P ratio, and CO2 flux, was specific to sites with dif-
ferent vegetation types. Information on the soil qualities associated with
vegetation types from the viewpoint of soil C emissions is so sporadic that
it is necessary to obtain better-integrated knowledge on these topics. Fur-
thermore, long term records of GHG fluxes, environmental conditions,
and soil qualities are needed to prevent biases in the estimation of GHG
fluxes and determination of their controlling factors.

The present study aims to evaluate the effects of forest type on the mag-
nitude of C emissions from tropical peat soils. For this purpose, soil CO2 and
es in the Maludam National Park (Sangok et al., 2017).
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CH4 fluxes, together with soil physicochemical properties and environmen-
tal variables, were measured at three major forests types in the Maludam
National Park, Sarawak, Malaysia, for eight years (2011 until 2018) and
their relationships were analyzed taking into account the geographical
and biological characteristics of each forest type.

2. Materials and methods

2.1. Study sites

The Maludam National Park, located in Betong, Sarawak, Malaysia,
covers an area of 52,278 ha and is Sarawak's largest totally protected
peatland forest. The park is bordered by the Batang Lupar and Batang
Saribas rivers (Fig. 1), which flow into the South China Sea. The Maludam
peatland has a convex dome-shaped surface, and the peat depth is shal-
lower near the riverbank and increases toward the centre of the dome
(Melling, 2016). Four forest types or Phasic Communities, each with differ-
ent characteristics, have been identified, and these are: Mixed Peat Swamp
(MPS; 26,408 ha); Alan Batu (ABt; 9428 ha); Alan Bunga (ABg; 14,719 ha);
and Padang Alan forests (1214 ha). They occur in the above sequence from
the river to the centre of the dome.

Experimental sites were established at the MPS, ABt, and ABg forests.
The ABt and ABg forest sites were ca 3.2 km and 4.6 km, respectively,
from the MPS forest site. The MPS forest site was located at the lowest ele-
vation, close to riverbanks, where tree species diversity was greater than in
the other forest types. Three of the five dominant species observed in the
MPS forest belonged to the genus Shorea (Table 1). Both the ABt and ABg
forest types were dominated by S. albida, but the species composition of
the sub-dominant trees and the growth of S. albida differed between them
(Momose and Shimamura, 2002), i.e., trees in the ABt forest had bigger but-
tresses with more extensive root systems than those in the ABg forest. The
extensive root system in the ABt forest created a vacant layer at around
20–30 cm depth (Melling, 2000). The forest floor also varied between the
three sites. The MPS forest site had only a few apparent hummocks and
hollows, and hardly any of the trees had prominent pneumatophores.
However, the forest floor at the other two sites was characterized by
hummock-hollowmicrotopography (Ishikura et al., 2019) and the presence
of pneumatophores, which were more prominent in the ABg forest than in
the ABt forest.

2.2. Measurement of soil CO2 and CH4 fluxes

Soil CO2 and CH4 fluxes and environmental variables were monitored
on a monthly basis from January 2011 to December 2018. The CO2 and
CH4 fluxes were measured between 0900 and 1300 h by a closed-
chamber method using an open-ended stainless-steel cylinder (diameter,
20 cm; height, 25 cm) with a flange as described by Melling et al. (2005).
Eight cylinders were installed at each forest site by placing them directly
on the soil surface. Only slight pressure was applied to push the cylinder
into the soil to a depth of three cm to prevent gas leakage from the base
of the chamber. The cylinders were left for 30 min to equilibrate the pres-
sure inside and outside the chamber. The first gas sample for CO2 flux
was collected using a 25-mL syringe and transferred into a 500-mL airtight
Table 1
Location and characteristics of study sites.

Site MPS

Coordinates 1° 25′ 51.41” N, 111° 07′ 52.06″ E
Distance to coast (m) 1200
Peat depth (cm)a 535 ± 10
14C age (yBP)a 1602 to 5162
Dominant vegetationb Gonystylus bancanus, Dactylocladus stenostachys, and three Shorea

(S. platycarpa, S. scabrida, and S. uliginosa)

a Data from Sangok et al. (2020). Peat depths correspond to the mean values reco
sites (mean ± range, n = 2).

b Data from Monda et al. (2018).
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bag (Tedler® bag) connected to the syringe through a silicone tube with a
stopcock. This operation was performed 10 times in succession to obtain a
total sample size of 250mL. A plastic disk had affixed to its lower side: a sil-
iconewasher, a plastic bag to adjust the pressure in the chamber, and a 500-
mL Tedler®bag. A silicone tube was inserted into the lid using a leak-proof
seal. The end of the silicone tube that exits the chamber was connected to
the Tedler® bag via a three-way stopcock with another silicone tube be-
forehand. At 4 min after closure (Ishikura et al., 2018; Chaddy et al.,
2021), 250 mL of gas inside the chamber was collected using a 25 mL sy-
ringe connected to the silicone tube and transferred into the Tedler® bag.
The CO2 concentration in the gas samples was analyzed using a CO2 ana-
lyzer (ZFP9GC11, Fuji Electric, Tokyo, Japan) within six hours of collec-
tion. The proportional increase in CO2 concentration in the chamber up
to 40 min was confirmed in complementary experiments at the three forest
types. The proportional increase in CO2 concentration in the chamber
within 10 min has also been confirmed in another peatland in Malaysia
(Cooper et al., 2020). For CH4 flux measurement, 20-mL gas samples
were collected at 0, 10, 20, and 40 min after chamber closure using a 25-
mL plastic syringe and transferred into 15-mL pre-vacuumed GC vials.
The vials were brought back to the laboratory and CH4 concentration was
determined using a gas chromatograph with a flame ionization detector
(7890A, Agilent). Both CO2 and CH4 fluxes were calculated based on the
linear accumulation of gases with time after closure of the chamber using
the following equation:

F mg C m–2 h–1� � ¼ ρ x h x
Δc
Δt

x
273

273þ T
x α, (1)

where F is the gas flux; ρ is the gas density at 273 K and 1 atm; h is the
height of the chamber from the soil surface; Δc/Δt (10−6 m3 m−3

h−1) is the change in the gas concentration in the chamber within a
set time; T (°C) is the air temperature in the chamber during the sam-
pling period; and α is the conversion factor from CO2 or CH4 to C. Accu-
racy of flux data was enhanced by outlier removal using the box-and-
whisker plot method, in which values either lower than the first quartile
(Q1) minus 1.5 times the interquartile range (IQR) or greater than the
third quartile (Q3) plus 1.5 times the IQR were removed as outliers.
Due to this treatment, 16% and 13% of CO2 and CH4 flux data were ex-
cluded, respectively.
2.3. Environmental variables

Soil temperature at 10 cmdepth, air temperature, and relative humidity
were measured in the vicinity of each chamber (n=8) during the gas sam-
pling time using a portable temperature probe (Checktemp1, Hanna,Woon-
socket, RI, USA) and a digital thermometer/relative humidity meter
(TESTO 625, Testo SE & Co. KGaA, Lenzkirch, Germany). Groundwater
level (GWL)wasmeasured by auguring holes after the removal of the cham-
bers (n = 8). Water levels above the soil surface were measured directly
using a measuring tape. Precipitation (PT) was measured at each site by
rain gauges placed where there was no tree canopy directly above.
ABt ABg

1° 27′ 12.51″ N, 111° 08′ 57.26″ E 1° 27′ 47.89″ N, 111° 09′ 28.64″ E
4400 5900
743 ± 8 883 ± 43
1134 to 4043 928 to 3277

species Shorea albida Shorea albida

rded when peat cores were collected and do not reflect the overall depth in the
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2.4. Collection and analysis of soil samples

Soil samples (n = 8) were also collected monthly, after completion of
the gas sampling, using a 100-cm3 soil corer, from the surface five cm
layer where gas samples were collected. The volume of the gas phase in
the undisturbed soil cores was measured using a digital actual
volumenometer (DIK-1150, Daiki, Saitama, Japan). The core samples
were weighed before and after oven drying at 105 °C for 48 h to calculate
bulk density (BD) and water-filled pore space (WFPS). Soil samples (n =
2) from the 0–25 and 25–50 cm layers were also collected using a peat
auger (Model 04.09, Eijkelkamp, Giesbeek, the Netherlands) for measure-
ment of physicochemical properties. These soil samples were air-dried,
sieved (<2 mm), and stored at 4 °C before analysis.

Soil pH (H2O) was measured for a suspension of soil in ultrapure
water at the ratio of 2:5 (w/v) using a pH meter (Metrohm 827,
Metrohm, Herisau, Switzerland). Ash content was obtained from the
mass change during the combustion of 1–2 g of dry soil using a
thermo-gravimetric analyzer (TGA 701, Leco, St. Joseph, MI, USA).
Total C and nitrogen (N) contents were determined using a NC analyzer
(Tru-Mac CN, Leco, St. Joseph, USA). Degree of humification of peat was
evaluated from the pyrophosphate solubility index (PSI; Kaila, 1956),
by shaking 0.5 g soil with 50 mL of 0.025 M sodium pyrophosphate
for 18 h at 25 °C and measuring the extract's absorbance at 550 nm
(UV/VIS Lambda 35, Perkin Elmer, Waltham, Massachusetts, USA). Am-
monium (NH4

+) N, nitrate (NO3
−) N, and sulphate (SO4

2−) were deter-
mined for an extract of six g soil shaken for one hour with ultrapure
water at 25 °C, using an ion chromatograph (Metrohm 716 Compact
IC, Switzerland). Exchangeable cations were extracted with 1 M ammo-
nium acetate (pH 7.0) and the residual soils were used to determine cat-
ion exchange capacity (CEC) according to Thomas (1982). The
extracted cations were determined using inductively coupled plasma-
optical spectroscopy (Optima 7300DV, Perkin Elmer, USA). Total con-
tents of phosphorus (P), potassium (K), calcium (Ca), magnesium
(Mg), iron (Fe), manganese (Mn), and zinc (Zn) in the soil samples
were measured by digesting soil with a mixture of concentrated hydro-
chloric acid and nitric acid and determining those concentrations in the
digestive solution using Optima 7300DV.
Fig. 2. Variations in soil CO2 (a) and CH4 (
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2.5. Statistical analysis

Data were analyzed using R Statistic Software version 3.5.1 (R Core
Team, 2017). One-way analysis of variance (ANOVA), followed by Tukey's
honestly significant difference (HSD), were used to analyze differences in
soil physicochemical properties, environmental variables, and GHG fluxes
between the three types of forests. An independent sample t-test was per-
formed to assess the differences in GHG fluxes and environmental variables
between the dry (May to August; n= 32) and wet (October to February; n
= 40) seasons, in which data recorded during transition periods including
September, March, and April were excluded. Repeated measure analysis of
variance was used to assess the effect of site, year, and site by year interac-
tion on annual CO2 and CH4 fluxes. Linear and multiple regression analysis
with backward stepwise inclusionwere applied to analyze the relationships
between GHG fluxes and environmental and physicochemical properties.
Multicollinearity between the independent variables was checked using
the variance inflation factor (VIF). Variables with a VIF >10 (only total N
content in this study) were excluded from the analysis. Principal compo-
nent analysis (PCA) was used to explore the variations in the peat soil prop-
erties and their relationships with forest types. Differences were regarded
as significant if P < 0.05.

3. Results

3.1. Soil CO2 and CH4 fluxes

Variations in soil CO2 and CH4 fluxes from the three forest sites are
shown in Fig. 2. Soil CO2 fluxes varied in the ranges of 31–310, 22–276,
and 31–298 mg C m−2 h−1 at the MPS, ABt and ABg forests, respectively,
generally roughly on a one-year cycle. At the MPS forest site, the mean
soil CO2 flux in the dry season (May–August), 159 mg C m−2 h−1, was sig-
nificantly higher than that in the wet season (October–February), 120mg C
m−2 h−1 (Table 2). On the contrary, soil CO2 fluxes from the ABt and ABg
forest sites showed no significant differences between the dry and wet sea-
sons. Mean soil CO2 flux at the ABt forest site was 145mgCm−2 h−1 in the
dry season and 129 mg C m−2 h−1 in the wet season, while fluxes at the
ABg forest site were also similar during the dry season (149 mg C m−2
b) fluxes between Jan 2011–Dec 2018.



Table 2
Average, median, 95% confidence interval of soil CO2 fluxes, CH4 fluxes and environmental variables from three forest sites for whole, dry season (May to August) and wet
seasons (October to February).

Variable Site Average (SE) Median 95% Confidence interval Cohen's

Whole Dry Wet Whole Dry Wet Whole Dry Wet d

CO2 flux
(mg C m−2 h−1)

MPS 135.7 (5.7) a† 159.0 (8.8) Aa‡ 120.4 (8.9) Ba 133.8 151.1 112.5 124.4–147.0 141.1–176.9 102.5–138.3 0.73
ABt 131.3 (5.6) a 145.2 (8.8) Aa 129.4 (9.5) Aa 121.6 140.5 128.1 120.2–142.3 127.2–163.1 110.20–148.6 0.29
ABg 145.2 (5.8) a 149.3 (9.6) Aa 145.1 (9.6) Aa 147.8 155.9 145.9 133.7–156.6 129.7–168.9 125.7–164.6 0.07

CH4 flux
(μg C m−2 h−1)

MPS 222.0 (19.8) c 157.1 (23.8) Bc 273.8 (36.4) Ac 176.4 149.6 227.3 182.7–261.3 108.5–205.8 200.2–347.9 0.62
ABt 530.7 (35.5) b 534.6 (65.5) Ab 497.5 (44.0) Ab 441.7 472.6 422.5 460.3–601.1 400.9–668.2 408.4–586.5 0.12
ABg 941.2 (69.7) a 1004.5 (142.3) Aa 854.2 (86.9) Aa 787.3 641.0 789.6 802.9–1079.6 714.2–1294.8 678.2–1030.2 0.23

Precipitation
(mm)

MPS 241.0 (11.7) a 171.6 (13.0) Ba 317.0 (19.2) Aa 219.4 168.7 301.4 217.8–264.3 145–198 278–355 1.43
ABt 238.7 (12.0) a 177.1 (15.2) Ba 314.1 (19.1) Aa 207.6 171.5 275.5 214.7–262.5 146–208 275–352 1.30
ABg 214.3 (11.8) a 157.7 (12.4) Ba 293.6 (21.2) Aa 194.3 156.9 245.9 190.8–237.6 132–186 251–337 1.26

GWL
(cm)

MPS −12.6 (1.2) a −19.2 (2.4) Ba −8.0 (1.2) Aa −10.8 −15.7 −6.4 −14.9–(− 10.3) −24.1–(−14.2) −10.5–(−5.4) 1.05
ABt −7.3 (0.7) b −10.1 (1.4) Bb −5.7 (1.0) Ab −6.5 −7.9 −4.8 −8.8–(− 5.9) −13.0–(−7.4) −7.7–(−3.7) 0.62
ABg −3.9 (0.7) c −6.4 (1.3) Bc −1.1 (0.9) Ac −3.5 −4.9 −0.4 −5.3–(− 2.5) −9.0–3.8 −3.0–0.8 0.82

Air temperature
(°C)

MPS 27.9 (0.1) b 28.2 (0.2) Ab 27.5 (0.2) Bb 27.8 27.9 27.3 27.7–28.1 27.7–28.6 27.1–27.8 0.64
ABt 27.9 (0.1) b 27.9 (0.3) Ab 27.7 (0.2) Ab 27.8 27.8 27.3 27.6–28.1 27.4–28.4 27.3–28.1 0.14
ABg 30.8 (0.2) a 31.6 (0.4) Aa 30.2 (0.3) Ba 30.7 31.6 30.5 30.4–31.2 30.5–32.0 29.5–30.8 0.51

Soil temperature
(°C)

MPS 25.7 (0.1) c 26.0 (0.1) Ab 25.4 (0.1) Bc 25.7 26.0 25.5 25.6–25.8 25.8–26.1 25.2–25.6 0.95
ABt 26.2 (0.1) b 26.4 (0.1) Ab 25.9 (0.1) Bb 26.2 26.4 26.0 26.0–26.3 26.2–26.7 25.8–26.1 0.97
ABg 26.5 (0.1) a 26.6 (0.1) Aa 26.4 (0.2) Aa 26.5 26.6 26.3 26.4–26.6 26.4–26.1 26.1–26.7 0.22

Relative humidity
(%)

MPS 90.7 (0.7) a 90.2 (1.2) Aa 91.7 (1.0) Aa 91.8 91.7 93.1 89.2–92.0 87.9–92.6 89.6–93.8 0.23
ABt 90.7 (0.8) a 90.8 (1.6) Aa 91.2 (1.1) Aa 93.1 93.9 93.7 89.1–92.3 87.6–94.1 89.0–93.4 0.04
ABg 79.6 (1.1) b 78.5 (1.9) Ab 82.0 (1.7) Ab 79.8 76.0 84.4 77.5–81.7 74.6–82.3 78.6–85.4 0.34

† Values followed by different lowercase letters differ between three sites at P < 0.05.
‡ Values followed by different uppercase letters differ between two seasons within each forest site and those followed by different lowercase letters differ among forest

types in each season at P < 0.05, respectively. Cohen’s d value represents the effect size of the seasonal variation and 0.1–0.19, 0.2–0.49, 0.5–0.79, and >0.8 are regarded as
very small, small, medium, and large, respectively.
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h−1) and the wet season (145 mg C m−2 h−1). No significant differences
were observed in mean CO2 fluxes in each season between the three forest
sites (Table 2).

Soil CH4 fluxes differed between the three forests to varying degrees
from year to year (Fig. 2). The range of monthly CH4 fluxes was wider in
the order: ABg (158 to 3400 μg C m−2 h−1), ABt (66 to 1555 μg C m−2

h−1), and MPS (− 39 to 1214 μg C m−2 h−1) forests. At the ABg and ABt
forest sites CH4 fluxes were lower during the 2014–2015 period when the
variation in CH4 fluxes between the three sites was smallest. The average
CH4 flux was higher (P < 0.05) in the order: ABg, ABt, and MPS forests in
both the dry and wet seasons (Table 2). At the MPS forest site the mean
soil CH4 flux in thewet season (273 μg Cm−2 h−1) was significantly higher
than that in the dry season (157 μg C m−2 h−1). However, there were no
Fig. 3. Variations in annual mean fluxes of CO2 (a–c) and CH4 (d–f). Error bars indica
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significant differences in soil CH4 fluxes between the dry and wet seasons
at ABt (535 vs 498 μg C m−2 h−1) and ABg (1005 vs 854 μg C m−2 h−1)
forest sites (Table 2).

Annual CO2 and CH4 fluxes are shown in Fig. 3 and SI Table 1. There
were no significant differences in annual CO2 fluxes between the three for-
est types during the first three years of measurement (2011−2013).
Highest annual CO2 flux was recorded in 2014 at ABt (1358 g C m−2

yr−1) and ABg (1450 g C m−2 yr−1) forests while that at the MPS forest
(959 g C m−2 yr−1) was among the lowest annual CO2 fluxes, along with
those recorded in 2017 and 2018 (911–920 g C m−2 yr−1). Annual CO2

fluxes in 2017 and 2018 were also the smallest for the ABt forest soil but
not for the ABg forest soil. Average annual soil CO2 fluxes from the MPS,
ABt and ABg forest sites during the 2011–2018 period were 1115 (95%
te standard errors. Dashed lines indicate average values between 2011 and 2018.



Table 3
Repeated-measure ANOVAs for annual soil CO2 and CH4 emission in response to
site, year and their interaction.

Parameter Annual CO2 emission Annual CH4 emission

df F P-value df F P-value

Site 2 2.005 0.160 2 110.6 <0.001
Year 7 4.308 <0.001 7 18.59 <0.001
Site x Year 14 5.094 <0.001 14 12.63 <0.001
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confidence interval (CI), 967–1264), 1082 (95% CI, 933–1232), and 1178
(95% CI, 1060–1290) g C m−2 yr−1, respectively, and did not differ signif-
icantly from each other. However, repeated measures ANOVA of the data
revealed that year had a significant (P < 0.05) effect on CO2 flux
(Table 3), and there was also a significant (P < 0.05) effect of forest type
by year interaction on annual soil CO2 fluxes as assumed from the different
patterns of their inter-annual variations.
Fig. 4. Variations in precipitation (a), groundwater level (GWL) (b), air temperature (c)
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Significant effects (P< 0.05; Table 3) of site, year, and site by year inter-
action on annual CH4 fluxes were also shown by repeated measures
ANOVA. Mean annual CH4 flux during the 2011–2018 period (SI Table 1)
was higher (P < 0.05) in the order: ABg (7.39 g C m−2 yr−1; 95% CI,
5.11–9.67 g C m−2 yr−1), ABt (4.20 g C m−2 yr−1; 95% CI, 3.39–5.59 g
C m−2 yr−1), and MPS (1.74 g C m−2 yr−1; 95% CI, 1.25–2.08 g C m−2

yr−1) forest sites. In addition, annual CH4 flux at the ABt and ABg forest
sites showed greater fluctuation compared to that at the MPS forest site.

3.2. Environmental variables

Seasonal variations in precipitation (PT), GWL, air and soil tempera-
tures, and relative humidity are shown in Fig. 4. Cumulative PT and aver-
ages of the other environmental variables for the dry seasons and wet
seasons are presented in Table 2. Annual PT at theMPS, ABt, and ABg forest
sites was 2955, 2957, and 2721mm, respectively. Sincemonthly PT did not
differ significantly between the three sites, their average values are plotted
, soil temperature (d), and relative humidity (RH) (e) between Jan 2011–Dec 2018.



Table 4
Physicochemical properties of 0–25 and 25–50 cm layer soil at three forest sites.

Parameter 0–25 cm depth 25–50 cm depth

MPS ABt ABg MPS ABt ABg

BD† (g cm−3) 0.14 ± 0.03† a 0.11 ± 0.03 b 0.10 ± 0.03 c N.D. N.D. N.D.
WFPS (%) 78.6 ± 7.8 a 76.1 ± 9.5 a 75.9 ± 8.8 a N.D. N.D. N.D.
pH 3.4 ± 0.1 a 3.5 ± 0.2 a 3.4 ± 0.2 a 3.3 ± 0.1 b 3.5 ± 0.2 a 3.4 ± 0.2 a
PSI 40.5 ± 9.9 a 5.8 ± 1.8 b 3.5 ± 1.0 c 42.2 ± 8.5 a 10.1 ± 2.9 b 3.5 ± 1.0 c
Ash content (%) 1.7 ± 0.4 a 1.0 ± 0.2 b 0.7 ± 0.1 c 1.7 ± 0.4 a 1.0 ± 0.2 b 0.7 ± 0.1 c
Total C (g kg−1) 562 ± 22 a 523 ± 20 b 514 ± 20 c 573 ± 20 a 544 ± 19 b 528 ± 22 c
Total N (g kg−1) 17 ± 2 b 18 ± 1 a 16 ± 2 c 13 ± 1 b 16 ± 2 a 16 ± 2 a
CN ratio 33.6 ± 3.4 a 30.0 ± 2.5 b 32.8 ± 3.0 a 44.5 ± 3.6 a 33.8 ± 3.2 b 33.5 ± 3.1 b
CEC 37.8 ± 6.2 a 29.2 ± 5.6 b 29.4 ± 5.5 b 39.5 ± 6.1 a 29.2 ± 4.5 b 30.1 ± 5.8 b
Base saturation (%) 20.1 ± 5.4 c 35.3 ± 9.1 a 30.1 ± 8.7 b 14.5 ± 3.5 b 23.4 ± 6.6 a 22.2 ± 8.4 a
Ex.Na (cmol kg−1) 0.4 ± 0.1 c 0.5 ± 0.2 a 0.5 ± 0.1 b 0.5 ± 0.1 b 0.6 ± 0.1 a 0.6 ± 0.1 a
Ex.K (cmol kg−1) 0.4 ± 0.1 b 0.7 ± 0.3 a 0.6 ± 0.3 a 0.1 ± 0.03 b 0.4 ± 0.2 a 0.5 ± 0.1 a
Ex.Ca (cmol kg−1) 2.3 ± 0.8 b 3.2 ± 1.5 a 2.8 ± 1.3 a 1.4 ± 0.5 a 1.4 ± 0.8 a 1.4 ± 1.0 a
Ex.Mg (cmol kg−1) 4.3 ± 0.5 b 5.4 ± 1.1 a 4.5 ± 1.0 b 3.6 ± 0.5 c 4.4 ± 0.9 a 3.9 ± 0.7 b
Total P (mg kg−1) 370 ± 70 a 341 ± 67 ab 263 ± 56 b 145 ± 62 b 212 ± 107 a 211 ± 88 a
Total K (mg kg−1) 197 ± 75 b 277 ± 130 a 260 ± 133 a 121 ± 71 b 215 ± 111 a 206 ± 91 a
Total Ca (mg kg−1) 970 ± 345 ab 1001 ± 466 a 844 ± 333 b 659 ± 300 a 514 ± 337 b 527 ± 323 b
Total Mg (mg kg−1) 678 ± 80 b 752 ± 125 a 626 ± 119 c 572 ± 79 a 604 ± 115 a 534 ± 112 b
Total Fe (mg kg−1) 1126 ± 164 a 628 ± 91.6 b 317 ± 72 c 771 ± 72 a 481 ± 82 b 295 ± 56 c
Total Mn (mg kg−1) 20.2 ± 4.9 a 19.9 ± 6.1 a 9.4 ± 2.8 b 11.7 ± 2.7 a 11.5 ± 4.3 a 9.9 ± 2.4 b
Total Zn (mg kg−1) 6.6 ± 5.4 b 16.0 ± 9.5 a 7.7 ± 6.6 b 6.8 ± 8.2 b 11.2 ± 7.6 a 8.4 ± 9.7 b
NH4

+ (mg N kg−1) 49.3 ± 27.3 a 40.3 ± 26.4 b 25.2 ± 21.4 c 16.4 ± 12.0 b 23.2 ± 16.6 a 20.0 ± 17.7 ab
NO3⁻ (mg N kg−1) 1.0 ± 0.8 a 1.2 ± 1.0 a 1.2 ± 1.2 a 1.1 ± 1.4 a 2.4 ± 7.0 a 1.6 ± 2.4 a
SO4

2⁻ (mg kg−1) 29.1 ± 14.7 a 19.4 ± 12.2 b 17.9 ± 13.1 b 18.8 ± 9.2 a 15.7 ± 9.4 b 14.4 ± 9.3 b

BD, Bulk density of 0–5 cm depth soil. WFPS, Water filled pore space of 0–5 cm depth soil. N.D., Not determined. PSI, Pyrophosphate solubility index. CEC, Cation exchange
capacity. Ex., Exchangeable.

† Average ± standard deviation (n = 96). Values followed by different letter differ among three sites within each depth at P < 0.05.
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in Fig. 3. The PT values in the wet season (October–February) were gener-
ally higher (P < 0.05) than those in the dry season (May–August). The
smallest monthly PT,< 100mmwas generally recorded in June, July or Au-
gust (Fig. 4). Inter-annual variation was similar for the three sites, and the
lowest annual PT, 2161–2433 mm, was recorded in 2014 when the
monthly PT from February to December was low (< 250 mm), caused by
El-Niño events (Kiew et al., 2018).

Groundwater level was consistently deeper for the MPS forest site
(−52.1 to 4.9 cm, where the negative sign indicates that the GWL was
below the peat surface), followed by the ABt forest site (−31.2 to 6.9
cm), and ABg forest site (−21.6 to 11.2 cm). Seasonal variation in GWL
generally followed that in PT, i.e., GWL was lower during the dry season
than during the wet season (P < 0.001) with the lowest value in each
year being recorded in July or August. The lowest GWL among all the re-
cords at the three sites, −52.1 cm, was observed in August 2018 at the
MPS forest site along with the lowest PT (48.27 mm). There was a positive
correlation (P < 0.01; n=96) between GWL and PT at the MPS (r=0.72),
ABt (r=0.62), and ABg (r=0.49) forest sites, respectively. Neither air nor
soil temperatures showed clear seasonal variations. Although the soil
Fig. 5. Principal component analysis us
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temperature in the MPS forest was higher (P < 0.05) in the dry season
than in the wet season, the difference was<1.0 °C. Air temperatures ranged
from 25.5 °C to 30.1 °C in theMPS and ABt forests, and from 25.0 °C to 35.0
°C in the ABg forest (Fig. 4). As a result, annual mean air temperature was
significantly higher (P < 0.05) in the ABg forest than in the ABt and MPS
forests. A similar trend was also observed for the annual mean soil temper-
ature, although the differences were small (<1.0 °C; Table 2). On the con-
trary, relative humidity was significantly lower (P < 0.05) in the ABg
than in the ABt or MPS forests.
3.3. Soil physicochemical properties

Soils at all sites showed high total C content, low BD, low nutrient
contents, and low pH (Table 4); these are typical characteristics of
ombrotrophic tropical peat soils (Könönen et al., 2015; Hergoualc’h et al.,
2020). The inorganic N pool was dominated by NH4

+ at all sites, as indi-
cated by a higher NH4

+-N content, 28.1–48.5 mg N kg−1, than NO3
−-N,

0.80–0.93 mg N kg−1.
ing soil physiochemical properties.



Table 5
Correlation coefficients between CO2 or CH4 flux and environmental variables or
soil physicochemical properties.

Variables CO2 flux CH4 flux

Environmental
Precipitation −0.37⁎⁎⁎ −0.03
Groundwater level −0.41⁎⁎⁎ 0.30⁎⁎⁎
Air temperature 0.16⁎⁎ 0.35⁎⁎⁎
Soil temperature 0.16⁎⁎ 0.31⁎⁎⁎
Relative humidity −0.15⁎⁎ −0.33⁎⁎⁎

Soil physicochemical properties
Bulk density (g cm−3) 0.04 −0.36⁎⁎⁎
WFPS (%) −0.27⁎⁎⁎ 0.10
pH 0.08 0.15⁎
PSI −0.07 −0.45⁎⁎⁎
Ash content (%) −0.04 −0.42⁎⁎⁎
Total C (g kg−1) −0.04 −0.06
Total N (g kg−1) 0.06 −0.16⁎⁎
CN ratio −0.02 −0.42⁎⁎⁎
CEC −0.02 −0.25⁎⁎
Base saturation (%) 0.01 0.35⁎⁎
Ex.Na (cmol kg−1) 0.01 −0.05
Ex.K (cmol kg−1) −0.02 0.15⁎
Ex.Ca (cmol kg−1) 0.06 0.10
Ex.Mg (cmol kg−1) −0.08 −0.00
Total P (mg kg−1) −0.07 −0.47⁎⁎⁎
Total K (mg kg−1) −0.06 −0.28⁎⁎⁎
Total Ca (mg kg−1) 0.02 0.17⁎⁎
Total Mg (mg kg−1) −0.03 −0.08
Total Fe (mg kg−1) −0.02 0.05
Total Mn (mg kg−1) 0.02 −0.15⁎

WFPS, water filled pore spaces of 0–5 cm depth. PSI, pyrophosphate solubility
index. ⁎, ⁎⁎, and ⁎⁎⁎ indicate that correlation is significance at P < 0.05, P < 0.01,
and P < 0.001, respectively.
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At 0–25 cmdepth, BD, PSI, and contents of ash, total C, total Fe, andNH4
+-

Nwere greater (P<0.05) in the order:MPS,ABt, andABg forest soils. CECand
SO4

2− contents were also higher (P < 0.05) in the MPS forest soils than in the
ABt andABg forest soils. Base saturation and contents of total N, exchangeable
(ex.) Na, ex.Mg, totalMg, and total Znwere higher (P< 0.05) in theABt forest
soils than in the MPS and ABg forest soils. Total K, ex. K, and ex. Ca contents
were also the lowest (P < 0.05) in the MPS forest soils whereas total Mn con-
tent was the lowest (P < 0.05) in the ABg forest soils.

Results for the 25–50 cm layer soils showed similar trends to those for
the 0–25 cm layer soils. However, total N, total P, and NH4

+-N contents
were smaller (P < 0.05) in the MPS forest soil than in the ABt and/or ABg
forest soils, while there were no significant differences in total Mg and ex.
Ca contents between the ABt and MPS forest soils. Base saturation, C/N
ratio, and contents of ex. Na, total N, total Ca, and NH4

+-N did not differ be-
tween the ABt and ABg forest soils.
Table 6
Multiple regression analysis for soil CO2 fluxes (mg C m−2 h−1) and CH4 fluxes (μg
C m−2 h−1) using predictors selected from backward stepwise regression analysis.

Gas Predictor Coefficient Std. coeff. P-value R2

CO2 Precipitation −0.065 −1.905 0.000 0.281
Groundwater level −1.768 −3.794 0.058
WFPS −1.475 −3.606 0.000
Air temperature 3.488 2.177 0.031
PSI −0.631 −2.635 0.009
Bulk density 516.648 2.348 0.020
Intercept 92.977 0.149

CH4 Groundwater level 9.852 0.173 0.002 0.367
WFPS 10.882 0.178 0.001
Relative humidity −7.571 −0.137 0.022
Total C content −44.467 −0.238 0.000
Total Ca content 0.318 0.231 0.001
Total Mn content −18.035 −0.237 0.001
Base saturation 10.023 0.188 0.002
Intercept 2554.819 0.000

WFPS, Water filled pore spaces of 0–5 cm depth soil. PSI, Pyrophosphate solubility
index.
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The PCA results for each soil layer (0–25 cm and 25–50 cm; n=12) il-
lustrated a clear clustering of the three forest types in relation to their dis-
tinct soil physicochemical properties (Fig. 5). For the 0–25 cm layer soils,
the first principal component, PC1 (x-axis), explained 45.1% of the total
variation in the soil physicochemical properties between forest types and
separated the MPS forest soils from the ABt and ABg forest soils. The PC
scores associated with PC1 included soil bulk density, ash content, PSI,
CEC, total C content, and Fe content. The second principle component,
PC2 (y-axis), explained another 25.5% and distinguished ABt forest soils
from ABg forest soils (Fig. 5). The variables that contributed significantly
to the discriminatory power of PC2 included pH, base saturation, total K
content, and Zn content. Although the differences in base saturation and
total K content between ABt and ABg forest soils were insignificant
(Table 4), they had a significant impact on PC2 scores.

For the 25–50 cm layer soils, PCA also clearly separated the MPS forest
soils from the other two forest soils depending on PC1 scores (Fig. 5). PC1
and PC2 explained 58.7% and 15.4% of the total variation among three for-
est types, respectively. The variables associated with PC1 and PC2 scores
were similar to those for the 0–25 cm layer soils, although PC2 did not
clearly distinguish between the ABt and ABg forest soils.

3.4. Factors controlling soil CO2 and CH4 fluxes

The effects of environmental variables and soil physicochemical properties
on themonthly soil CO2 andCH4fluxeswere evaluated by correlation analysis
and backward stepwisemultiple regression analysis, performedusingmonthly
data throughout the 8-year period (n=288). In the simple correlation analy-
sis (Table 5), higher correlation coefficients, −0.37 to−0.41 (P < 0.001),
were observed only for precipitation andGWL. In themultiple regression anal-
ysis, precipitation, GWL, WFPS, BD, air temperature, and PSI were selected as
significant predictors for soil CO2 flux (Table 6). Among them, GWL, precipi-
tation, WFPS, and PSI were negative explanatory variables whereas air tem-
perature and BD were positive explanatory variables.

In the simple correlation analysis betweenmonthly CH4flux and each of
the environmental variables and soil physicochemical properties, BD, total
C content, degree of humification (PSI), and total Fe content showed higher
correlation coefficients (r=−0.36 to−0.47; P< 0.001; Table 5).Multiple
regression analysis showed that CH4 flux could be expressed using GWL,
WFPS, base saturation, and total Ca content as positive explanatory vari-
ables, and RH, total C content, and totalMn content as negative explanatory
variables (R2 = 0.37; P < 0.05; Table 6).

Relationships between annual CO2 or CH4 fluxes and environmental vari-
ables or physicochemical properties at each site were also explored using cor-
relation analysis (n= 8). Annual soil CO2 flux showed a significant negative
correlation with PSI (r = 0.74, P < 0.05; Fig. 6a) at the MPS forest site,
while that at the ABt forest site was negatively correlated with GWL (r =
0.81; P < 0.05; Fig. 6b) and RH (r = 0.71; P < 0.05; Fig. 6f) and positively
with soil temperature (r = 0.71; P < 0.05, Fig. 6d). On the other hand, CO2

fluxes at the ABg site were negatively correlated with both GWL (r = 0.72;
P < 0.05; Fig. 6c) and soil temperature (r= 0.78; P < 0.05; Fig. 6e).

At theMPS forest site none of the environmental variables showed a signif-
icant correlation with annual CH4 flux. However, a positive correlation with
annual CH4 flux could be detected for soil physicochemical properties includ-
ing PSI and the Fe, Mg, and SO4

2− contents at the MPS forest site (r =
0.72–0.90; P < 0.05, Figs. 7a–d). Positive correlation with annual CH4 flux
was also observed at the ABt forest site with GWL (r = 0.76; P < 0.05,
Fig. 7e) and at the ABg forest site with soil temperature (r= 0.93; P < 0.05,
Fig. 7f).

4. Discussion

4.1. Characteristics of the environment in three forest types as potential factors
that control soil CO2 and CH4 fluxes

Environmental variables that were shown to significantly affect soil CO2

and CH4 fluxes included GWL, air or soil temperature, and RH. GWL had a



Fig. 6. Relationships between annual CO2 fluxes and pyrophosphate solubility index (PSI) at MPS forest site (a), groundwater level (GWL) at ABt (b) and ABg (c) forest sites,
soil temperature at ABt (d) and ABg (e) forest sites, and relative humidity (RH) at ABg forest site (f). All R2 values are significant at P < 0.05.

Fig. 7. Relationships between annual CH4 fluxes and pyrophosphate solubility index (PSI) (a), total Fe (b), total Mg (c), and sulphate (d) contents at MPS forest site,
groundwater level (GWL) at ABt forest site (e), and soil temperature at ABg forest site (f). All R2 values are significant at P < 0.05.
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negative correlation with soil CO2 flux and a positive correlation with soil
CH4 flux (Table 5) as has been shown in previous studies (Jauhiainen
et al., 2005; Couwenberg et al., 2010; Ishikura et al., 2019; Hoyos-
Santillan et al., 2019). The enhanced aeration of soil under low GWL may
have promoted the decomposition of soil organic matter (SOM) to CO2,
while CH4 production and CH4 oxidationmay have been inhibited and pro-
moted, respectively. In the Maludam peatland water flows down from the
peat dome centre toward its edge, where it is bounded by rivers (Cobb
et al., 2017). The surface topography at the periphery of the Maludam
peat dome is steeper than at the flat centre (Sangok et al., 2020), as is gen-
erally observed for peat domes (Ritzema andWösten, 2002). Steeper topog-
raphy probably leads to deeper GWL at the MPS forest site, resulting from
more and faster regional groundwater flow and high groundwater im-
ports/exports to surface water bodies (Marklund and Worman, 2007;
Schaller and Fan, 2009). Since the seasonal variation in GWL followed
that in PT to a greater extent at the MPS than at the ABg forest site, the im-
port and export of dissolved and suspended materials may be more drastic
in the MPS forest soils, as will be discussed below. The positive correlation
of CH4 flux with RH may reflect that with temperature indirectly because
RH shows an inverse trend compared with temperature, i.e., lower on
sunny days and higher on cloudy or rainy days.

Topography and hydrology gradients may also be indirectly related to
the difference in air and soil temperatures among the three forest types
through their influence on the flora and forest structure (Shepherd et al.,
1997; Page et al., 1999). Tree population, plant height, and canopy
branching were less developed in the ABg forest than in theMPS or ABt for-
ests (Ahmui, 2021, unpublished data). Such combinations could allow
more incident energy to reach the forest interior and the soil surface
(Ashcroft and Gollan, 2012) resulting in higher soil and air temperatures
in the ABg forest than in the ABt and MPS forests. In addition, larger trees
and a dense canopy can increase evapotranspiration rates (Dawson, 1996;
Rahman et al., 2019) resulting in a lower ambient air temperature due to
the evaporative cooling process as water vapor is released from leaves
into the air (Akbari, 2002). The lower RH at the ABg forest site than at
the ABt and MPS forest sites may be related to the higher air temperature,
which accelerates vaporization. Air and soil temperatures correlated posi-
tively with both CO2 and CH4 fluxes (Table 5). Although their ranges,
24–28 °C and 25–35 °C, respectively, were smaller than those in northern
peatlands, similar relationships have also been observed by Melling et al.
(2005) and Hirano et al. (2009), where the maximum differences in soil
temperature were approximately 5 °C. Increases in soil CO2 and CH4 fluxes
with temperature aremost likely related to enhancedmicrobial activity and
root respiration (Melling et al., 2005).

4.2. Characteristics of soil physicochemical properties in three forest types as po-
tential factors that control soil CO2 and CH4 fluxes

Soil physicochemical properties that were shown to significantly affect
soil CO2 and CH4fluxes includedWFPS, BD, PSI, and total contents of C, Ca,
Mn, Fe, Mg and SO4

2−. Soil WFPS has generally been used as an indicator of
aeration status (Ball, 2013; Smith et al., 2018) and is strongly influenced by
seasonal variation in environmental conditions such as precipitation and
GWL. The WFPS as a negative factor for CO2 flux (Table 6) suggests that
soils with low WFPS are more suitable for aerobic microorganisms. Con-
versely, the positive effect of WFPS on CH4 flux suggested that soils with
highWFPS aremore suitable formethanogens. Higher soil BD could restrict
CO2 flux, because it can result in a higher soil moisture and lower gas diffu-
sivity (Chaddy et al., 2021). The BD as a positive factor in CO2 flux in the
present study (Table 6) may reflect more strongly the positive effect of
the higher amount of SOM available to microorganisms per unit volume
on CO2 production (Table 6). In contrast to this, the total C content as a
weak negative factor may reflect the progression of humification that ac-
companies the concentration of C relative to H, and O (Klavins et al.,
2008). In PCA, the ABt forest soils were separated from the ABg forest
soils due to the higher PSI and the higher contents of ash, total C, total
Mg, and micronutrients, including Fe, Mn, and Zn (Fig. 5). These results
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suggest that plant residues were more degraded and the nutritional status
better than in the ABg forest. The ABt forest soils can receive water-
soluble elements exported from the ABg forest due to water flow from the
peat dome centre toward rivers. Although the ABt forest soils also export el-
ements to theMPS forest, the supply of elements from the ABt toMPS forest
soils may be less than that from the ABg to the ABt forest soils due to the
difference in the absorption by plants based on the higher biomass in the
ABt than ABg forest (Tie, 1990; Sjögersten et al., 2011).

The MPS forest soils had a higher BD with a higher degree of humifica-
tion than the ABt and ABg forest soils based on PSI and total C content.
Those, with a higher CEC, suggest a larger cation adsorbing capacity of
MPS forest soils. However, only Fe content was observed to be higher in
the MPS forest soils than in the soils of the other forest types, while total
contents of K, Mg, Zn, and N, as well as contents of Na, K, Ca, and Mg in
the exchangeable form were lower than in the ABt forest soils (Table 4).
A possible cause of these contradictory results is the higher peat decompo-
sition rate at theMPS forest sites, with the release of greater amounts of nu-
tritional elements into the soil water, which are then absorbed by the well-
developed vegetation at the MPS forest site or lost due to leaching and lat-
eral flow under larger fluctuations in GWL (Fig. 4). Unexpressed variable
charges under acidic conditions could also counteract the advantage of
the higher CEC of MPS forest soils.
4.3. Soil CO2 fluxes from three forest types

Soil CO2 flux in the MPS forest was characterized by significant sea-
sonal variation (dry season > wet season; Table 2). Higher rates of SOM
mineralization and/or root respiration during the dry season compared
to the wet season could be attributed to lower GWL and higher soil tem-
perature (Table 2). In fact, at the ABg forest site, where seasonal varia-
tion in GWL and soil temperature was small, CO2 flux for the dry and
wet seasons was similar (Table 2). CO2 fluxes in the wet season were
the smallest at the MPS forest site. This could be at least partly explained
by the wet season's soil temperature there, which was the lowest
(Table 2).

In the case of the ABg forest soil, higher soil temperatures than at the
MPS and ABt forests may have enhanced microbial activity. On the other
hand, a longer period of anaerobic conditions (Fig. 4) could suppress the ac-
tivity of soil macrofauna and soil microbes such as aerobic bacteria and
fungi. The MPS forest soil is more aerobic and thus favours the biological
decomposition of SOM. However, the SOM mineralization rate there was
not higher than in the other two forest types, probably due to its quality,
as reflected in a high PSI and high C/N ratio (Table 4), as well as a low car-
bohydrate content (Sangok et al., 2017). Sangok et al. (2017) found differ-
ences in CO2 and CH4 fluxes from the Maludam soils of the three forests
studied in this paper when these were left under identical andmore aerobic
conditions in an oil palm plantation. They attributed the results to the
unique SOM composition of the three soils, i.e., soils with a larger carbohy-
drate C content emitted a greater amount of CO2. Both the environmental
variables and the degradability of SOM in the ABt forest were intermediate
between those of the MPS and ABg forests. Thus, similar annual CO2 fluxes
from the three forest sites can be interpreted as resulting from the balancing
of positive and negative factors.

Another possible cause of the lack of significant differences in soil CO2

fluxes among the three forest types is variation in the amount and compo-
sition of root exudate (Girkin et al., 2018a) and root respiration depending
on the plant growth rate and vegetation community. As the soil CO2 fluxes
presented here do not distinguish heterotrophic (microbial) from autotro-
phic (root) respiration, this influence cannot be fully evaluated. Melling
et al. (2013) and Girkin et al. (2018b) reported that root respiration in a
tropical peat forest contributed up to 63% of overall CO2 flux from the
peat surface. However, as such estimates are limited in number and forest
type and the methodology to estimate root respiration separately from
heterotrophic respiration has not been well established, more research is
required.
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4.4. Soil CH4 fluxes from three forest types

Significant differences in CH4 flux between the dry and wet seasons
were observed only at the MPS forest site, as in the case of CO2 flux. The
wider aerobic zones in the MPS forest soil profile during the dry season
may reduce CH4 production while increasing CH4 oxidation and gas diffu-
sion in the soil (Table 2). In contrast, small variations in GWL at the ABt
and ABg forest sites (Table 2) may have brought about only small seasonal
variations in CH4 flux (Knox et al., 2019).

Annual mean CH4 fluxes, in contrast to CO2 fluxes, varied significantly
among the three forest types, being higher in the order: ABg, ABt, and
MPS forest sites. Site variation in soil CH4 fluxes has often been attributed
to GWL variation (Jauhianen et al., 2005; Ishikura et al., 2019; Swails
et al., 2021). A water table that remains near or above the soil surface dur-
ing most of the year at the ABg forest site creates a longer period of anaer-
obic conditions and promotes CH4 production by methanogens, while
simultaneously suppressing CH4 oxidation by methanotrophs. The wider
range in CH4 fluxes at the ABg forest site was also likely one of the charac-
teristics of CH4 fluxes in tropical peatland with high GWL (Couwenberg
et al., 2010; Swails et al., 2021), which could be related to soil temperature
(Fig. 7).

Conversely, the lowest GWL in the MPS forest appeared preferable to
CH4 oxidation by methanotrophs. In fact, recently Dom et al. (2021)
found thatMethylovirgula ligni, a methanotroph, was themajor soil bacterial
species in the MPS forest in Maludam Natioanal Park. However, since the
CH4 fluxes from the three forest type soils buried in an oil palm plantation
were also greater in the order: ABg, ABt, andMPS forest soils (Sangok et al.,
2017), SOM decomposability, which had been a significant factor for CH4

fluxes from peat soils in previous studies (Wright et al., 2011), also varies.
Total C content, BD, ash content, PSI, and CEC, which were greater in the
MPS forest soil, than in the ABt and ABg forest soils (Table 4), were nega-
tively correlated with soil CH4 flux over the three forests (Table 5). These
observations suggest that the amount and degree of decomposition/humifi-
cation of SOM are among the important factors that determine soil CH4 flux
(Le Mer and Roger, 2001; Couwenberg et al., 2010). The total Fe and SO4

2−

contents in soil were also higher at the MPS than at the ABt and ABg forest
sites (Table 4) andwere negatively correlated (n=288; P< 0.05) with CH4

fluxes (Table 5). These potential oxidizers are also negative factors in CH4

production due to competition for substrates between methanogens and
bacteria that reduce Fe3+ and SO4

2− (Segers, 1998; Megonigal et al., 2004).
Some authors (Pangala et al., 2013; Sjögersten et al., 2020) have re-

ported that trees emit a significant amount of CH4 in tropical peat forests,
with CH4 flux varying between tree species and between individuals of
the same species of different diameters orwood and lenticel densities. How-
ever, the contribution of tree-mediated fluxes to total flux in different forest
types is still unclear. Wong et al. (2020) reported mean annual CH4 flux
from the Maludam National Park using the eddy covariance method. As
the location of the monitoring tower was in the ABt forest close to the
ABg forest, gas flux from both forests may have contributed. Their result,
8.46 g C m⁻2 yr⁻1, is higher than the soil CH4 flux from the ABt forest
(4.48 g C m⁻2 yr⁻1), but comparable to that from the ABg forest (7.45 g C
m⁻2 yr⁻1). If the difference between the two methods is attributed to fluxes
from vegetation, the contribution of tree-mediated fluxes to the total flux
may vary by forest type.

4.5. Inter-annual variations in soil CO2 and CH4 fluxes

The range in annual soil CO2 fluxes from the present study, 859 to
1450 g C m⁻2 yr⁻1, was similar to the range reported for other tropical peat
swamp forests in Southeast Asia, 898 to 1490 g C m⁻2 yr⁻1 (Inubushi et al.,
2003; Jauhiainen et al., 2005; Novita, 2016; Hergoualc’h et al., 2017;
Ishikura et al., 2019). However, values reported by Melling et al. (2005)
and Hirano et al. (2009), 2100 and 2592 ± 228 g C m⁻2 yr⁻1, respectively,
where GWL was low as −45.3 cm (Melling et al., 2005) or -80 to 20 cm
(Hirano et al., 2009), fell outside the range found at our sites. Although
mean annual soil CO2 fluxes during 2011–2018 did not vary significantly
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between the three sites, repeated measure analysis showed a significant in-
teraction between site and years. Years with the driest conditions (lowest
annual precipitation, SI Table 1) due to El-Niño events in 2014, resulted
in the highest annual CO2 fluxes at ABt and ABg. Tang et al. (2020) also ob-
served higher ecosystem respiration along with lower precipitation and
GWL in 2014 compared to 2011–2013. The MPS forest appeared less sensi-
tive to the El-Niño event as there the annual CO2 flux in 2014 was among
the lowest of any year and smaller than that for 2013 (Table S1). The differ-
ent responses to climatic events emphasized the importance of considering
forest type to avoid underestimation of CO2 emissions from tropical
peatland, particularly in areas that include multiple forest types, even
though we could not find a plausible cause of this different trend at the
MPS forest site.

The inter-annual variations in CO2 fluxes at ABt and ABg forest sites,
where PSI was much smaller and fluctuated less than at the MPS forest
site, were attributable to variations in microclimate, especially GWL, as
shown in Figs. 6b–e. The slope in the relationship between CO2 flux and
GWL was less steep at the ABg forest site (Fig. 6c) than at the ABt forest
site (Fig. 6b), and the relationship between CO2 flux and soil temperature
at the ABg forest site could be regressed to a quadratic formula (Fig. 6e).
These results may affect each other, i.e., the negative effect of lower GWL
on CO2 flux was conspicuous when soil temperatures were lower so that
CO2 flux appears to decrease as temperature increases, while it was weak-
ened when soil temperatures were higher and CO2 flux increased with in-
creasing soil temperature. Negative correlation between RH and CO2 flux
at the ABt site (Fig. 6f) may reflect the opposite trend between temperature
and RH. In addition, combination of low RH and high temperature may en-
hance the rate of photosynthesis by enlarging stomatal opening (Melling
et al., 2005), resulting in greater supply of readily decomposable organic
substrates from roots.

Annual soil CH4 emissions in theMPS forest, 1.17 to 2.47 g Cm−2 yr−1,
and ABt forest, 2.10 to 5.82 g C m−2 yr−1, shared similar ranges to those
reported for other Southeast Asian peatlands, 1.02 to 5.24 g C m−2 yr−1

(Inubushi et al., 2003; Jauhiainen et al., 2005; Hirano et al., 2009;
Novita, 2016; Swails et al., 2021). However, mean annual CH4 flux in the
ABg forest (7.39 g Cm−2 yr−1) wasmuch higher than these. This was prob-
ably due to the higher GWL at the ABg forest site, which is mostly near or
above the surface and rarely drops below −20 cm except during the dry
season. Site by year interactions were also observed in our data (Table 3).
For example, the lowest annual CH4 fluxes at the ABt and ABg forest sites
in 2014 correspond to the lowest GWL and PT values (Table S1) following
the El-Niño event, while a similar trend was not observed at the MPS forest
site. Positive correlation between annual CH4 flux and GWL was observed
only in the ABt forest. Significant positive correlation (r = 0.76; P <
0.05) could also be observed at the ABg forest site by removing a high
value (outlier) in 2012. Although we could not determine the cause of the
high CH4 fluxes recorded in March to May 2012 that increased the annual
mean value from our available information, the CH4 fluxes at the ABg site,
where the fluctuation of GWL was the smallest, may be controlled more
strongly by temperature (Fig. 7f). Therefore, it is a matter of concern that
future increases in temperature due to global climate change could further
increase CH4 fluxes from a high GWL peatland such as the Maludam ABg
forest site.

Only positive correlations were observed between annual CH4 fluxes
from the MPS forest soils and soil physicochemical properties, although
the degree of humification and Fe and SO4

2−contents (Fig. 7) are regarded
as negative factors for CH4 production. CH4 production starts after NO3

−,
Mn(IV), Fe(III), and SO4

2− are reduced. If Fe in the MPS forest soil com-
plexed with SOMwith a high PSI is not available to iron reducing bacteria,
CH4 production can start earlier, after the start of the wet season. Another
hypothesis is that more Fe(III) and SO4

2− in the form of FeS accumulated
in the years when reducing conditions suitable for methanogenesis oc-
curred for a longer periods and/or in a wider area. However, as the amount
of SO4

2−wasmuch smaller than that of Fe(III), a larger Fe(III) accumulation
was likely to be more related to SOM with a higher PSI (r= 0.7; P < 0.05;
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data not shown) which is possibly linking with a higher content of O-
containing functional groups.

Based on themean annual fluxes (SI Table 1) and total areas of the three
forest types, which occupy 99% of forest zones in the Maludam National
Park, soil CO2 and CH4 fluxes from the park could be estimated at 5.69 ×
105 t C yr−1 and 1.09 × 103 t C yr−1, respectively. If the mean annual
fluxes from one of the three forest types are used in the calculation, soil
CO2 fluxes range between 5.64 × 105 and 5.95 × 105 t C yr−1 and CH4

fluxes range between 8.44 × 102 and 3.77 × 103 t C yr−1. Total CO2

and CH4 fluxes from Maludam National Park estimated using data from
the three forest sites for one of the years 2011–2018, also vary by a factor
of up to 1.2 and 1.8 times, respectively. These variations will increase as
the area to be estimated expands, suggesting that measurements over lon-
ger time periods are important for a variety of major forest types, especially
in the case of CH4 flux.

Nitrous oxide (N2O) is anothermajor GHG fluxed from tropical peat for-
ests. Annual N2O flux from tropical peat swamp forests reported in the lit-
erature (Inubushi et al., 2003; Melling et al., 2007; Jauhiainen et al.,
2012; Cooper et al., 2020; Deshmukh et al., 2021; Swails et al., 2021)
ranged from 0.06 to 0.7 kg N ha−1 yr−1, contributing from <1% to 28%
of the total GHG fluxes in CO2 equivalents. We are aware of the importance
of determining the effects of forest type on soil N2O flux and have been con-
ducting research on this topic at the same sites. The results will be reported
in the near future.

5. Conclusions

This paper demonstrates that long-termmeasurements at sites of differ-
ent forest types or phasic communities are important to estimate GHG
fluxes from tropical peat soils and to predict more precisely future changes
in GHG fluxes and the fate of peatlands under future climate scenarios. The
analysis of data collected for eight years led us to conclude that the intensity
of soil physicochemical properties and environmental variables as deter-
mining factors of CO2 and CH4 fluxes varies depending on the forest type,
in particular between MPS and two Alan forest types, and their balance
brings about similar CO2 fluxes and diverse CH4 fluxes across the peat
basin. These conclusions suggest that there are risks to using short-term,
or even long-term, monitoring data from a single forest type to estimate
GHG fluxes, especially CH4 fluxes, from a wider area that includes multiple
forest types. Forest types should also be considered when comparing GHG
fluxes from a peat swamp forest and an agricultural peatland to estimate
the effect of land use change on it.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.159973.
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