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Large variation in carbon dioxide
emissions from tropical peat swamp
forests due to disturbances
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The huge carbon stock of tropical peat swamp forest (PSF) in Southeast Asia has been threatened by
environmental disturbances due to quasi-periodic El Nifio-Southern Oscillation (ENSO) droughts,
biomass and peat burning, smoke haze, drainage, and deforestation. Carbon dioxide (CO,) emissions
from such disturbances have not been well quantified because of insufficient field data. Therefore, we
quantified the ecosystem-scale CO, balance and examine the disturbance effects from a long-term
field experiment for 12-15 years at three PSF sites with different degrees of degradation in Indonesia.
Here, we show a drastic change of an undrained PSF from a CO, sink to a source owing to the transient
groundwater lowering by the droughts, a significant decrease in ecosystem photosynthesis due to the
radiation attenuation by smoke haze in drought years, and long-lasting CO, emissions through
enhanced peat decomposition by drainage. The impact on CO, emissions was greater from drainage

than drought-induced disturbances.

A huge amount of soil carbon has accumulated over millennia, coexisting
with peat swamp forest (PSF) in insular Southeast Asia'. However, land
conversion from PSF to plantations has accelerated since the 1990s, and
agricultural land use with drainage covered 50% of the peatlands of
Peninsular Malaysia, Sumatra, and Borneo (15.7 Mha) in 2015°. In addition,
PSFs degraded by logging and drainage were left in 23% of the peatland
area’. Another study’ reported that drainage occurred in at least 65% of
peatlands in Southeast Asia. Land conversion and forest degradation lower
groundwater levels (GWL) and enhance oxidative peat decomposition’,
resulting in extensive carbon dioxide (CO,) emissions™’. To assess peat CO,
emissions at national and regional scales, the IPCC method’, in which CO,
emissions are calculated as the product of the area of each land-use category
and the corresponding Tier 1 emission factor (EF), has been commonly
used™™. Although simple and practical, this method excludes spatio-
temporal variations in GWL, transitional variations in peat oxidation after
drainage, and CO, uptake through biomass growth””. Peat decomposition
rates strongly depend on GWL"'*"" and show a decreasing trend over time
after drainage'*"*. Moreover, vegetation’s CO, uptake (photosynthesis) and
emissions (respiration) must be quantified to assess the CO, balance of the
ecosystem’.

El Nifo-Southern Oscillation (ENSO) events cause drought every few
years'>'’, leading to a sharp drop in GWL, even in undrained PSF"".
Therefore, drought enhances peat oxidation' and increases the risk and
severity of wildfires, which immediately emit large amounts of CO, through
the combustion of biomass and peat'*”’. A wildfire burns the ecosystem at
various levels depending on the intensity and duration of the fire and
consequently changes ecosystem functions™. In addition, smoke emitted
during fires disturbs the radiation environment, resulting in the attenuation
of solar radiation and an increase in the diffuse radiation fraction”’. We
reported the disturbance effects on the ecosystem-scale CO, balance (net
ecosystem CO, exchange: NEE) of PSFs by comparing the eddy CO, flux
measured simultaneously at three sites of almost undrained (UF), drained
by a large canal (DF), and repeatedly burned (DB) PSFs in Central Kali-
mantan, Indonesia, using 4-6-year-long data until 2009". However, the
previous study should be updated using a longer dataset to detect the long-
term effects of drainage and robustly quantify the disturbance effects.
Therefore, we report updated findings on the effects on annual NEE, which
is almost equivalent to CO, EF for unmanaged forests, of 1) transient GWL
lowering by the ENSO droughts, 2) radiation attenuation by smoke haze, 3)
persistent GWL lowering by drainage, and 4) repeated vegetation burning

'Research Faculty of Agriculture, Hokkaido University, Sapporo, Japan. 2Forestry Research Institute, Hokkaido Research Organization, Bibai, Japan. *School of
Human Science and Environment, University of Hyogo, Himeji, Japan. “Research Institute for Sustainable Humanosphere, Kyoto University, Uji, Japan. *Faculty of
Agriculture, Enime University, Matsuyama, Japan. ®Graduate School of Agriculture, Kyoto University, Kyoto, Japan. "Hokkaido Institute of Hydro-climate,

Sapporo, Japan. ®University of Palangkaraya, Palangkaraya, Indonesia.

e-mail: hirano@agr.hokudai.ac.jp

Communications Earth & Environment| (2024)5:221


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01387-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01387-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01387-7&domain=pdf
http://orcid.org/0000-0002-0325-3922
http://orcid.org/0000-0002-0325-3922
http://orcid.org/0000-0002-0325-3922
http://orcid.org/0000-0002-0325-3922
http://orcid.org/0000-0002-0325-3922
http://orcid.org/0000-0002-3644-9585
http://orcid.org/0000-0002-3644-9585
http://orcid.org/0000-0002-3644-9585
http://orcid.org/0000-0002-3644-9585
http://orcid.org/0000-0002-3644-9585
http://orcid.org/0000-0002-7070-616X
http://orcid.org/0000-0002-7070-616X
http://orcid.org/0000-0002-7070-616X
http://orcid.org/0000-0002-7070-616X
http://orcid.org/0000-0002-7070-616X
http://orcid.org/0000-0002-1447-7710
http://orcid.org/0000-0002-1447-7710
http://orcid.org/0000-0002-1447-7710
http://orcid.org/0000-0002-1447-7710
http://orcid.org/0000-0002-1447-7710
http://orcid.org/0000-0001-6019-0828
http://orcid.org/0000-0001-6019-0828
http://orcid.org/0000-0001-6019-0828
http://orcid.org/0000-0001-6019-0828
http://orcid.org/0000-0001-6019-0828
mailto:hirano@agr.hokudai.ac.jp

https://doi.org/10.1038/s43247-024-01387-7

Article

from a long-term field experiment of 1215 years at the three sites (Sup-
plementary Fig. 1).

The UF drastically changed from a CO, sink in normal years to a large
source in dry years caused by the ENSO droughts. The large change in an
annual NEE (22.6 + 14.6 Mg CO, ha™" yr™'; mean +1 standard deviation
(SD)) was attributed to an increase in ecosystem respiration (RE) due to
enhanced peat decomposition by transient GWL lowering and decreases in
gross primary production (GPP) due to stomal limitation by a water deficit
and radiation attenuation by smoke haze; smoke haze contributed more to
the GPP decrease than a water deficit did. The DF was a CO, source even in
normal years owing to persistent GWL lowering by drainage. The difference
in annual NEE between the DF and UF indicates that annual CO, emissions
due to drainage was 15.2 + 6.43 Mg CO, ha™"' yr™' over the 20 years after
canal excavation. Considering the occurrence frequency of the normal and
dry years, the additional CO, emissions by drainage were 1.6 times greater
than those by droughts during the common measurement period. At the
DB, a large amount of CO, was emitted suddenly through biomass burning
in 2009. On average, the effect of repeated burning on CO, emissions, which
was estimated as the difference in annual NEE between the DB and UF, was
almost equivalent to that of drainage.

Results and discussion
Carbon dioxide balance of the undrained forest
Mean annual precipitation was 2557 +432 mmyr ' (+1 SD) between 2002
and 2018, and the annual number of dry months (monthly precipitation
<100 mm) was 2.6 + 1.2 months yr, indicating that the study site is a tropical
rainforest or humid forest™. Monthly precipitation showed a general seasonal
pattern with a decrease in ]uly—October1 % consequently, the GWL showed a
similar seasonal pattern (Supplementary Fig. 2). At the DF, the GWL
remained belowground even during the wet season because of drainage.
The mean annual NEE of the undrained UF for 2005-2017 was
-100+132Mg CO, ha™' yr' with a random uncertainty of
0.70 + 0.073 Mg CO, ha™' yr ', indicating the UF was a small CO, sink with
a mean annual GWL of -0.15 + 0.12 m (Supplementary Table 1). In con-
trast, an intact PSF in Riau, Indonesia’ was a strong source of 15.3 + 3.70 Mg
CO, ha™" yr' with a mean annual GWL of -0.24 + 0.22 m, whereas a
secondary PSF in Sarawak, Malaysia™ was a larger sink of -4.99 + 1.87 Mg
CO, ha ' yr ' with a mean annual GWL of -0.19 + 0.03 m.

Drought effect

To examine drought effects, the experimental period of 2002-2018 was
classified based on the annual dry-period length (DPL)* into seven dry,
seven normal, and three wet years (Supplementary Table 2); the dry and wet

years were linked to El Nifio and La Nifa events, respectively. The two wet
years (2010 and 2016) occurred in the years following strong droughts of
2009 and 2015, respectively. In the dry years, the GWL was much lower
during the dry season and even in November and December after the rainy
season began (Supplementary Fig. 3).

Annual CO, flux data of the undrained UF from 2005 to 2017 (Sup-
plementary Table 1) were compared among the year types to detect drought
effect. The UF was a CO, sink in the normal and wet years (-9.52 + 6.93 and
-279+699Mg CO, ha™' yr', respectively) but a large source
(13.1 £12.9 Mg CO, ha™' yr™") in the dry years (Fig. 1). In the dry years
(GWL =-0.30 + 0.07 m), the UF emitted an additional net CO, emission of
226Mg CO, ha' yr' compared with the normal years
(GWL =-0.08 + 0.05 m). The large source was due to the significantly larger
RE and smaller GPP in the dry years (Fig. 1). The large RE was caused by a
lower GWL (Fig. 1) and its resultant enhancement of peat
decomposition*'*”. The annual RE and NEE linearly increased as GWL
decreased, respectively (Fig. 2). Apart from haze effect (described later), the
small GPP was attributed to a smaller GPP,, (light-saturated GPP without a
vapor pressure deficit (VPD) limitation™) (Fig. 1). GPP, showed a
decreasing tendency as GWL decreased when GWL was lower than a
threshold (=-0.7m for UF) (Supplementary Fig. 4). In addition, the
reference surface conductance™” (G; ), which mainly depends on sto-
matal opening, showed a similar decreasing tendency at low GWL (Sup-
plementary Fig. 5). Therefore, the decreased annual GPP in the dry years
was partly caused by stomatal limitation due to a water deficit from lower
GWL and higher VPD (Supplementary Fig. 3). In contrast, smaller GPP and
GPP, values in the wet years (Fig. 1) were probably due to sustained damage
from severe drought in previous years (2009 and 2015). Monthly GPP
continued to decrease after drought for approximately one year, even in the
wet season (Supplementary Fig. 3), resulting in a small net primary pro-
duction (NPP =2.53 +4.66 Mg C ha™' yr") with no biomass increment at
the UF in 2016 (Supplementary Table 3).

Smoke haze effect

Fire occurs around the study site in the dry season almost every year” except
for wet years” (Supplementary Fig. 2). During dry years, fires spread widely
and emit a large amount of smoke”. The smoke haze diffuses and attenuates
solar radiation™ (Fig. 3). Although diffuse radiation increases the light-use
efficiency of forest GPP**”, smoke shading affects GPP negatively. Radiation
attenuation is an artificial disturbance because fires are mostly ignited by
people in Southeast Asia™. The duration of smoke haze was found to be half a
month to two months during three months from September to November,
based on the time series of daily photosynthetic photon flux density (PPFD)
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Fig. 1 | Comparison of annual gap-filled CO, fluxes and GWL at the UF site

among the normal (N), dry (D), and wet (W) years. a NEE, b RE, ¢ GPP, d light-
saturated GPP (GPP) without the limitation of vapor pressure deficit (VPD), and e
GWL. The normal years were 2005, 2007, 2008, 2011, and 2012; the dry years were

2006, 2009, 2014, and 2015; and the wet years were 2010, 2016, and 2017. Error
bars denote 1 standard deviation. Different letters in each panel denote significant
differences among the year types at significant levels of 0.05, according to

Tukey’s HSD.
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Fig. 2 | Relationships of annual gap-filled CO, fluxes with annual mean GWL at
the UF, DF, and DB. a RE, b GPP, and ¢ NEE. DB data were separated into two
periods ending in 2009 and starting in 2010, because a fire occurred in 2009. Sig-
nificant regression lines are drawn for RE for UF (RE = -63.9 GWL + 128, R = 0.65,
P <0.001), RE for DF (RE = -78.5 GWL + 93.6, R = 0.75, P < 0.0001), NEE for UF
(NEE = -91.4 GWL + 14.8, R = 0.69, P < 0.0001), and NEE for DF (NEE = —64.8

GWL+17.5,R=0.52,P=0.015). d NEE at the UF and DF are also plotted along with
literature data (degraded and intact peat swamp forests in Riau, Indonesia and a
secondary peat swamp forest in Sarawak, Malaysia. A significant regression line is
drawn (NEE = -63.0 GWL - 11.1, R = 0.71, P < 0.0001). Shadows denote the 95%
intervals.

and diffuse radiation fractions. During the three months, the PPED, diffuse
fraction, and midday VPD were significantly lower by 16%, higher by 15%,
and higher by 12%, respectively, in the dry years (Fig. 3).

The cumulative GPP at the UF during the three months was sig-
nificantly lower in the dry years (D1: 29.8 + 3.85 Mg CO, ha™") than in the
normal years (N: 36.3 +2.05Mg CO, ha™') (Fig. 3). The difference of
6.49 Mg CO, ha™' for the three months was almost comparable to the
difference in annual GPP (9.61 Mg CO, ha™' year™') between dry and
normal years (Fig. 1). To separate the effects of radiation attenuation and
dryness on the GPP decrease, dry years’ GPP under no-haze conditions was
simulated from the measured half-hourly VPD and GWL in each dry year
and half-hourly PPFD averaged for normal years using a light curve para-
meterized for normal years (Methods). The simulation resulted in a
cumulative GPP of 34.8 + 1.10 Mg CO, ha™' (D2). Thus, GPP decrease due
to radiation attenuation (haze) and dryness (water deficit) were estimated to
be 5.04 (=34.8-29.8) and 1.43 (=36.3-34.8) Mg CO, ha ", respectively; the
5.04 Mg CO, ha™" accounts for 3.5% of annual GPP in the normal year
(Fig. 1). The light-use efficiency of GPP (a in Eq. (1)) increased as GWL
decreased when GWL was lower than —1 m (Supplementary Fig. 4). The
higher light-use efficiency at low GWL was attributed to higher diffuse
radiation fractions caused by smoke haze (Fig. 3). However, the negative
effect of smoke shading on GPP was more than the positive effect of higher
light-use efficiency.

Drainage effect
Drainage has expanded to at least 65% of Southeast Asian peatlands’. In the
short term, drainage affects the peatland CO, balance in the same manner as

drought does. However, the drainage effect lasts for a long period. We
examined the long-term effects of drainage by comparing the annual CO,
fluxes between the drained DF and undrained UF (Supplementary Table 2).

Over the common measurement period of 2005-2016, the DF was a
large CO, source (12.9+11.9 Mg CO, ha™' yr"), whereas the UF was a
small sink (-1.52+13.6 Mg CO, ha™' yr™") (Supplementary Table 1).
Annual RE was significantly larger at the UF by 7.85 + 8.56 Mg CO, ha™
year™', even with higher GWL (Supplementary Fig. 6), probably because of
larger autotrophic respiration arising from larger biomass (Supplementary
Table 3). Soil chamber studies conducted at the same sites showed that soil
respiration including root respiration was higher at the UF”, but soil CO,
emissions through peat decomposition was higher at the DF*. The mean
annual GWL was significantly lower at the DF (-0.46 £ 0.13 m) than the UF
(-0.15£0.13m) (Supplementary Table 1), but the inter-site difference
decreased with time at a rate of 1.46 cm yr ™' (Supplementary Fig. 7). Sub-
sidence due to drainage™ and natural sedimentation in the unmanaged large
canal (Supplementary Fig. 1) would have raised the GWL at the DF.
According to the GWL rise, the inter-site RE difference (DF - UF) linearly
increased in a negative direction (Supplementary Fig. 8), indicating that the
RE decrease at the DF owing to less peat decomposition.

The annual GPP was significantly smaller at the DF by 22.3 + 8.83 Mg
CO, ha™' yr™' (Supplementary Fig. 6). The smaller GPP was mainly due to
lower leaf area index (LAI); the LAI of the DF accounted for 76-84% of the
UF in 2013-2016 (Supplementary Table 3). The DF forest seemed to
acclimate to drainage to some extent'*'™"' because surface conductance
(Ggref)» which is mainly controlled by stomatal opening, remained high until
a lower GWL than at the UF (Supplementary Fig. 5). Although the initial
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Fig. 3 | Comparison of mean daily variations at the UF between the normal (2005,
2007, 2008, 2011, 2012, and 2013) and dry (2006, 2009, 2014, and 2015) years for
three months from September to November. a GWL, b PPED, c diffuse solar
radiation fraction, d midday (10-14 h) VPD, and e GPP. Shadows denote 1 standard
deviation (SD). In addition, f cumulative GPP values for the three months

(mean + 1 SD) were compared (D1: measured GPP after gap filling in the dry years,
D2: simulated GPP in the dry years without smoke haze, and N: measured GPP after
gap filling in the normal years). Different letters denote significant difference at
significant levels of 0.05 according to Tukey’s HSD.
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Fig. 4 | Cumulative change of monthly gap-filled NEE from canal excavation
(January 1997) at the UF and DF and from the beginning of flux measurement
(April 2004) at the DB, and monthly GWL variations at the three sites. a NEE and
b GWL. Before flux measurement began in June 2004 at UF and October 2001 at DF,
NEE was estimated monthly from estimated GWL (Supplementary Fig. 10) using a
regression equation between NEE and GWL (Supplementary Fig. 11) (dashed line). For
the DB, CO, emission through biomass burning (158 Mg CO, ha ' yr™') in 2009 is
included. Shadows denote the 95% intervals. Pink bars denote the dry years. For DF, the
initial emissions immediately after canal excavation were estimated alternatively (gray
line). Over the 20 years until 2016, cumulative CO, emissions from the DF were 276 and
286 Mg CO, ha ™' yr ', respectively, with and without considering initial large emissions,
whereas that from the UF was -17.1 Mg CO, ha™' yr' (a small CO, sink).

canopy conditions of the DF before the canal excavation are unknown, the
lower LAI could have been caused by higher mortality, which were probably
caused by long-term GWL lowering™. The mortality of DF increased from
1.61% in 2014 to 6.11% in 2015 owing to severe drought and then further
increased to 9.66% in 2016 owing to the after-effects of the drought, resulting
in a decrease in biomass (Supplementary Table 3).

The cumulative NEE (net CO, emissions) of the DF over 20 years after
canal excavation until 2016 was 286 and 276 Mg CO, ha™' (Fig. 4),
respectively, with and without considering initial large CO, emissions
(Methods); cumulative emissions increased by 3.6% with the initial large
emissions. Compared to the UF (~17.1 Mg CO, ha™'), the net effect of
drainage on annual CO, emissions was estimated to be 15.2 Mg CO, ha™"
yr~ ' over the 20 years (Table 1).

Controlling factors

The ENSO droughts lowered the mean annual GWL by 0.22 m and changed
the undrained UF from a CO, sink (Normal: —9.52 Mg CO, ha™'yr ") toa
source (Dry: 13.1 Mg CO, ha™' yr™"). The additional CO, emissions due to
the droughts (22.6 Mg CO, ha™' yr ") resulted from a water deficit (17.6 Mg
CO, ha™! yr™!) and human-induced smoke haze (5.04 Mg CO, ha ' yr™')
(Table 1). Between 2005 and 2016, excluding the wet years of 2010 and 2016,
the mean annual additional emissions were calculated to be 7.04 Mg CO,
ha™' yr' from a water deficit and 2.02 Mg CO, ha™' yr™' from haze, con-
sidering the occurrence frequency of dry years (four of 10 years). Over the 20
years, a large canal lowered the GWL at the DF by 0.32m on average
compared to the UF. As a result, additional CO, was emitted at an annual
rate of 152 Mg CO, ha™" yr' (Table 1). However, the inter-site GWL
difference decreased with time (Supplementary Fig. 7), resulting in a
decrease in the RE at the DF (Supplementary Fig. 8). A large amount of CO,
(158 Mg CO, ha™ yr™') was emitted during a fire in 2009 from the
repeatedly burned DB”'. After the 2009 fire, the DB changed drastically from
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Table 1 | Mean annual NEE of the three sites and additional CO, emissions due to disturbances

a) Mean annal NEE and groundwater level (GWL) (mean + 1 standard deviation)

Mean annual gap-filled NEE (Mg CO, ha~' yr™) GWL (m)
1997-2016 2005-2016 1997-2016 2005-2016
Weighted average® Normal® Dry°® All? Normal® Dry°®
UF —0.86+10.9 —0.47+14.8 —9.52 +6.93 13.1+12.9 —-0.16+£0.12 —0.15+0.13 —0.08 £0.05 —0.30+0.07
DF1¢ 13.8+9.45 13.5+13.0 7.43 +8.76 225+14.2 —0.48+0.13 —0.46+0.13 —0.40 +£0.06 —0.62 +0.06
DF2° 14.3+9.75
DB N/A 12.0 +56.1" —7.78+18.4 41.7 +83.2 N/A —0.17+£0.19 —0.05+0.03 —-0.33+0.17
b) Additional CO, emissions (mean * 1 standard deviation)
Additional CO, emissions (Mg CO, ha'yr™')
1997-2016 2005-2016
Weighted average® Normal® Dry°
Drought_all® N/A 9.06 N/A 22.6+14.6
Drought_water” N/A 7.04 N/A 17.6+15.2
Drought_haze' N/A 2.02 N/A 5.04 £3.99
Drainage?’ 14.7 +6.28 13.9+8.85 16.9+5.82 9.41+11.1
Drainage2® 15.2+6.43
Burning' N/A 12.5+51.2 1.73+13.7 28.6 +84.2

“Weighted average of the normal and dry years for 10 years, excluding the wet years of 2010 and 2016.

2005, 2007, 2008, 2011, 2012, and 2013.

€2006, 2009, 2014, and 2015.

9For 1997-2001, montly NEE was calculated from GWL using a relationship for DF (Supplementary
°For 1997-2001, montly NEE was calculated from GWL using a relationship for UF (Supplementary
fIncluding fire emissions.

Fig. 11).
Fig. 11).

9Difference in annual NEE between the normal and dry years (Dry — Normal) at the UF. The sum of “Drought_water” and “Drouhgt_haze”.

"Emissions by a water deficit. Residual between “Drought” and “Drought_haze”
Uptake decrease by smoke haze.

IDifference in annual NEE between the UF and DF1 (DF1 - UF).

*Difference in annual NEE between the UF and DF2 (DF2 — UF).

'Difference in annual NEE between the UF and DB (DB - UF).

a continuous CO, source to a considerable sink (Fig. 4). The drastic change
would have been caused by a large decrease of decomposition materials
(plant debris) on the ground by burning and a large increase in GPP due toa
rapid vegetation growth after the fire. However, the sink capacity is insuf-
ficient to recover large amounts of fire emissions’. Compared over the
common period, the impact of drainage was 1.6 times greater than that of
drought and almost equivalent to that of repeated burning (Table 1).

The mean annual NEE values of the UF and DF were -1.00 + 13.2 Mg
CO,ha'yr ! (2005-2017) and 14.2 + 10.9 Mg CO, ha " yr * (2002-2016),
respectively (Supplementary Table 1). When a fluvial carbon loss of
approximately 3 Mg CO, ha™' yr ' isadded”, the annual net CO, emissions
were similar to the IPCC Tier 1 EF¢o, of 0 Mg CO, ha™" yr* for “tropical
rewetted organic soils” and 19.4 Mg CO, ha™ yr™" for “tropical forest land
and cleared forest land (shrubland), drained™, respectively, despite different
approaches (eddy covariance vs. chamber) and materials (ecosystem vs.
only soil). Although CO, emissions depend on GWL and vary inter-
annually, the IPCC EF(, might be usable to approximate the decadal mean
ecosystem-scale net CO, emissions (NEE) of the PSF.

Annual NEE of PSFs increases as mean annual GWL decreases
according to a single line (Fig. 2), as well as in northern peatlands”. The
slope of the line (-63.0) was very similar to that reported in a previous study
(-64.65)’. The linear relationship based on long-term multipoint data was
practical and robust for predicting the annual NEE of Southeast Asia’s PSFs
because the data covered the main regions of peat distribution (Central
Kalimantan, Riau, and Sarawak)' and included intact and drained (degra-
ded) PSFs. The relationship indicates that every 10 cm decrease in mean
annual GWL increases annual NEE by 6.30 Mg CO, ha™' yr™'. Moreover,
annual NEE would become zero at GWL of -0.18 m. The areas of pristine
and degraded PSFs in Indonesia’ were estimated to be 0.86 and 3.00 Mha in

2015. Under the assumption that the degraded PSF is drained’, the annual
CO, emissions from all PSFs were calculated at 37.1 and 90.6 Tg CO, yr™!
over Indonesia in the normal and dry years, respectively, using the mean
annual GWL of the UF and DF (Table 1). The annual emissions in the
normal and dry years account for 5.4% and 13.1% of Indonesia’s fossil fuel
CO, emission in 2022 (692 Tg CO, yr~')*, respectively. Overall, drought-
induced GWL lowering increases CO, emissions from PSFs by a factor of
2.44 (=90.6/37.1); the large interannual variation potentially contributes to
the positive effect of tropical drought on the atmospheric CO, growth
rate’™*’. In Sumatra and Kalimantan (Indonesian Borneo), precipitation in
the dry season is predicted to decrease under global warming, linking to sea
surface temperature variability over the equatorial Pacific”. Therefore, the
GWL in PSFs would decrease in the future, potentially resulting in an
increase in peat decomposition at a rate of 2.43 Tg CO, yr ' per every
centimeter lowering of the mean annual GWL over Indonesia (3.86 Mha).
In contrast, 10 cm rewetting of degraded PSF (3.00 Mha) can decrease CO,
emissions by 19 Tg CO, yr .

Methods

Study site

The CO, balance was measured at three peat swamp forest sites with dif-
ferent degrees of degradation: an almost undrained forest (UF), severely
drained forest (DF), and repeatedly burned forest (DB)'***’. The study sites
were located within 15km on tropical peat near Palangkaraya, Central
Kalimantan, Indonesia (Supplementary Fig. 1). The UF site (2.32°S, 113.90°
E) was in a National Park designated in 2006 but was selectively logged until
the late 1990s. In addition, the site was slightly drained by small ditches
made for logging; however, the shallow ditches were mostly buried
naturally”. The DF site (2.35° S, 114.04° E) was severely drained by a large
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canal system (originally approximately 25 m width x 3.5-4.5m depth)
constructed in 1996-1997 as part of the Mega Rice Project (MRP)
infrastructure™ (Supplementary Fig. 1), and was selectively logged until the
end of the 1990s. The DB site (2.34° S, 114.04° E) (Supplementary Fig. 1) was
located across the large canal and repeatedly burned during the EI Nifio
years of 1997 (stand replacing), 2002 (peat burning), 2009 (moderate
burning), and 2014 (light burning), and was drained further by a small ditch
(approximately 1.5m width) constructed in 2014 for plantation
development™. Over the experimental period, canopy heights increased
from 23 to 25 m and 26 to 28 m in the UF and DF, respectively. At the DB,
the canopy increased from approximately 0.2 m in 2004 to 2 m in 2016 with
a rapid decrease due to the 2009 fire’'. The peat depths were 2-3 m,
approximately 3m, and approximately 4m at the UF, DF, and DB,
respectively. From 2002 to 2018, the mean annual precipitation was
2557 +432 mmyr~' (mean + 1 standard deviation (SD)), with a monthly
maximum of 320 + 108 mm month™' in December and a monthly mini-
mum of 79 + 76 mm month™" in August. In the same period, the mean
annual air temperature at the tower top was 26.2 + 0.27 °C with a small
seasonal variation between 259+0.34°C in December and
26.8 £0.46 °C in May.

Flux and environmental measurement

The eddy fluxes of CO,, sensible heat (H), and latent heat (IE) were mea-
sured using the eddy covariance technique on towers at three sites with a
sonic anemometer-thermometer (CSAT3; Campbell Scientific Inc., Logan,
UT, USA) and an open-path CO,/H,0O analyzer (LI7500; Li-cor Inc., Lin-
coln, NE, USA)"*“*® between July 2004 and August 2018 at the UF,
November 2001 and June 2017 at the DF, and April 2004 and October 2016
at the DB. Measurement heights were 36.5 m at the UFand 41.3 m at the DF.
At the DB, the height increased three times from 3.0 m to 13.6 m following
tree growth. The CO, storage change in the space under the flux sensors was
calculated from the vertical profile of the CO, concentration measured using
a closed-path CO, analyzer (LI800 or LI820; Li-cor Inc.)"”*". Shortwave
radiation, net radiation (R,), photosynthetic photon flux density (PPFD), air
temperature, and relative humidity were also measured. Groundwater level
(GWL) was measured at a hollow position at each site. The diffuse short-
wave radiation fraction was calculated from the atmospheric clearness
index, which is the ratio of downward shortwave radiation at the tower top
to extra-terrestrial solar radiation around midday (10-14 h)*. The envir-
onmental measurements were extended to December 2019 and January
2017 at the UF and DB, respectively.

Flux calculation, quality control, gap-filling, and partitioning

The half-hourly eddy CO, flux was calculated using the Flux Calculator
software’ with the same corrections as in our previous study *". Flux data
were excluded to avoid flow distortion when the wind flowed from the tower
direction"”. Flux data were also excluded when it was rainy. A stationarity
test was conducted to control the data quality >, and the net ecosystem
CO, exchange (NEE) was calculated as the sum of the eddy CO, flux and
CO, storage change.

To exclude underestimated nighttime NEE caused by calm weather
conditions, the change-point method was applied annually to determine the
thresholds™. Nighttime (PPFD <20 umol m™* s™') NEE data, which is
equivalent to ecosystem respiration (RE), were sorted by GWL and binned
into quarters. Each binned dataset was further sorted by the SD of the
vertical wind speed (0,,) and binned again into equal-sized 50 groups. Using
the 50 datasets, the change point (threshold) was determined for each of the
four GWL ranges, and the four change points were then averaged as an
annual threshold. If o,, was lower than the threshold value, the measured
NEE was excluded. Although the air temperature was originally used™,
GWL was used in this study because it mainly controls RE in tropical
peatlands”. In addition, o,, was used instead of the friction velocity (#*)
because the change points were determined more robustly using o,, than
u**. The annual o,, thresholds were 0.305 + 0.073 and 0.304 + 0.050 m s™*
(mean * 1 SD) at the UF and DF, respectively. At DB, the thresholds were

determined to be 0.152ms™" for 2015 and 0.144ms ' for 2016, but we
failed to determine change points until 2015, when the vegetation was still
short. Thus, o, thresholds were not applied to the DB during or before 2014.

Outliers included in the surviving data were further screened using the
Smirnoff-Grubbs rejection test (a=0.05) separately for daytime
(PPFD >20 mol m ™ s™') and nighttime annually. Finally, including data
gaps due to power problems and system malfunctions, the annual survival
fractions of half-hourly NEE data were 44.8 +10.1% (UF), 38.8 +15.4%
(DF), and 56.6 + 18.1% (DB) for daytime and 5.8 + 1.8% (UF), 5.2 + 5.6%
(DF), and 40.2 + 12.5% (DB) for nighttime; the higher nighttime fraction at
DB was due to no application of o,, thresholds until 2015. To fill these data
gaps, the marginal distribution sampling method (MDS)> was applied to
the half-hourly daytime NEE using PPFD, vapor pressure deficit (VPD), air
temperature, and GWL as environmental variables. However, nighttime
NEE or nighttime RE was gap-filled from only GWL using the look-up table
method™. Half-hourly nighttime RE data were sorted by GWL and equally
binned into seven groups. The look-up table, consisting of seven mean RE
against the GWL, was created annually. The simple look-up table method
was selected instead of the MDS method because the MDS method provided
unstable outputs owing to the low fraction of surviving data. Half-hourly
daytime RE was estimated from GWL using annual look-up tables for
nighttime RE, and gross primary production (GPP) was calculated as the
difference between daytime RE and NEE (GPP = RE — NEE). Gap-filled
half-hourly data of CO, flux, meteorology, and groundwater level are
available in a repository”’.

The uncertainty in the annual NEE summation caused by random
errors and gap filling was evaluated using the 24-h differencing
approach®”. Difference between two NEE measurements exactly 24 h apart
was calculated as a random error, if environmental conditions were similar.
Details of the methods are given in our previous study’".

Biometric measurement

Four circular plots with a radius of 21 m were established in cardinal
directions, 50 m from the tower at each site (Supplementary Fig. 9). Three
concentric subplots (SPs) of different radii were embedded in each plot. The
radii of SP1, SP2, and SP3 were 7 m (154 m?), 14m (616 m?), and 21 m
(1385 m®), respectively. Within the SPs, all trees with diameters (DBH) at
breast height (1.3 m) of 3-10, 10-20, and >20 cm were tagged for tree
surveys in SP1, SP2, and SP3, respectively, at the UF and DF in September
2013, and tree species and DBH were recorded. At the DB, targeted DBHs
were 3-5, 5-10, and >10 cm, respectively, but trees with a DBH > 10 cm
were not found. In the UF and DF, 53 and 62 tree species were identified,
respectively. The top five dominant species in the stem area were Cratox-
ylum arborescens, Beilschmiedia madang, Pampaning Bitik, Com-
bretocarpus rotundatus (Tumih), and Neoscortechinia kingii in the UF,
accounting for 32.1% of the total stem area, and these five species accounted
for 22.1% at DF. However, in the DB, only Combretocarpus rotundatus
dominated the tree species at 98.5%. Simultaneously, four litter traps with an
opening area of 1.0 m* were installed at a height of 1 m in each SP2, totaling
16 traps at each site. In addition, four rectangular plots (4 x 10 m) were
established near the circular plots at the DB to estimate the biomass and leaf
area index (LAI) of the fern plants (Stenochlaena, Blechnum, and Lygodium
spp.). Each rectangular plot was divided into ten subplots measur-
ing2mx2m.

The DBH of all tagged trees was measured annually from September
2013 to 2016. From the DBH, aboveground biomass (stems, branches, twigs,
and leaves) (AGB, kg tree "), belowground biomass (coarse roots) (BGB, kg
tree”"), and leaf dry mass (LDM, kg tree ") were calculated using allometric
equations”, which were determined for tropical peat swamp forests in
Sumatra, and then summed for each plot. The LDM was converted to LAI
using a stand-level leaf mass per unit leaf area (LMA: total leaf mass/LAT) of
1.8 Mg ha™’, which was determined from a field survey in a UF forest”.

Litterfall, including branches, twigs, leaves, seeds, fruits, and flowers,
was collected monthly from litter traps and dried at 80 °C for 48 h. Litter
sampling was conducted from October 2013 to September 2014 at DB,
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December 2015 at DF, and September 2016 at UF. Litter traps at DB were
burned during the 2014 fire. The annual net primary production (NPP) of
trees was calculated as the sum of the annual change in total tree biomass
(AGB + BGB) and the annual litter fall. Biomass and litterfall (dry mass)
were converted to carbon using a factor of 0.464%”, Because fine root NPP,
which was not measured, contributed to 21% of the total NPP on average for
the mature tropical rainforest in Amazonia®, the annual NPP was corrected
by adding fine root NPP using a factor of 1.27 (=1/(1 — 0.21)).

The height and vegetation coverage of fern plants were measured
nondestructively in each rectangular subplot at the DB. AGB and LAI were
estimated using linear (AGB, R*=0.88) and power (LAI, R*=0.88) rela-
tionships, respectively, with the product of plant height and vegetation
coverage. Measurements were conducted monthly from October 2013 to
September 2014, immediately before the 2014 fire.

The results of biometric measurement are summarized in Supple-
mentary Table 3.

Environmental response of gross primary production

The response of GPP (pumol m *s™") to PPFD (umol m ™ s™') was examined
using the following non-rectangular hyperbola for half-hourly GPP data
partitioned from measured daytime NEE (not gap-filled), considering VPD
dependence™:

- PPFD + GPP,, — \/(oc~PPFD+ GPP,.)’ —4-a-GPP,, -9 PPFD

- 2.9

max )

(1
GPP,,. = GPP, - exp{—k- (VPD — VPD,) },if VPD>VPD,  (2)
GPP,.,. = GPP,,if VPD < VPD, (3)

where a is the initial slope of the curve (umol CO, pmol photon ™), GPP,,,
is the light-saturated GPP, VPDy, is the VPD threshold (kPa), GPP is the
GPP,,,.x without the VPD limitation (VPD < VPD,), k is the coefficient of
the VPD response, and 6 is the curvature. VPD, was set to be 1.0 kPa at all
sites”. The parameters of a, GPP, k, and 6 were determined by curve fitting
using OriginPro 2021b software (Origin Lab Corporation, Northamp-
ton, MA, USA).

When we simulated the effect of haze smoke on GPP at the UF (Fig. 3),
GPP, in Egs. (2) and (3) was replaced with GPP, gwr because GPP, showed
a decreasing tendency at low GWL (Supplementary Fig. 4).

GPPy gy = GPP, - [0.461 - (GWL + 0.7) + 11,if GWL<—0.7m (4)

GPPy gy = GPPy,if GWL> — 0.7m (5)

Surface conductance and its response to vapor pressure deficit
The bulk surface conductance to water vapor (G, m s ') was calculated
backward from the Penman-Monteith equation® by replacing the available
energy (R,—G) with the eddy energy flux (H + IE) because the soil heat flux
(G) was not measured®.

VPD
11 e (R, —G) +p-C,pG, - 1P X .
-G, IE e ©)

G

N

G, stands for the bulk aerodynamic conductance (m s™'), € signifies
s /Y, s represents the slope of the relationship between saturation vapor
pressure and temperature (kPa K™'), y denotes the psychrometric con-
stant (0.067kPa K™), p represents the air density (kg m~), and C,
denotes the specific heat of air at constant pressure (1007 J kg™' K™'). The

G, was calculated using the following equation® as:

2 -1
2 (dh\* u
_ AN 7
Ca Lc u* (dv> + u*z} @

where k is the von Karman constant (=0.4), u* denotes the friction velocity
(ms™), dh represents thermal diffusivity, dv stands for the molecular dif-
fusivity of water vapor, and u signifies mean wind velocity (m s™"). The ratio
of dh to dv was set as 0.89%. G, was only calculated when there was no
antecedent precipitation within five hours to avoid the effects of canopy
evaporation. In addition, to avoid the effect of light intensity on stomatal
conductance, G, was calculated only when the PPFD was higher than
1000 pmol m s ™". The units of G, were converted to mmol m>s™". Because
the canopy was closed at the UF and DF, dry G, was almost equivalent to
stomatal conductance, whereas ground surface evaporation was incorpo-
rated into G; at the DB because of its open canopy.

The relationship between G, and VPD was examined using™*":

G, = G, (1 — m- In(VPD)] )

where G ¢ is the reference G, (mmol m > s™") at VPD = 1.0 kPa, and m is
the sensitivity of G, to VPD. The parameters Gj f and m were determined
by curve fitting using the OriginPro 2021b software (OriginLab
Corporation).

Cumulative net ecosystem CO, exchange after canal
construction

To calculate the cumulative CO, emissions from 1997 after canal con-
struction near the DF, the NEE was estimated from the GWL until the flux
measurement began. First, monthly mean GWLs at the UF and DF were
estimated from GWL data measured since 1993 at the Takahashi site”
460 m from the UF using linear relationships (Supplementary Fig. 10), and
the monthly mean NEE was calculated from the estimated GWL using
linear relationships between NEE and GWL at each site (Supplementary
Fig. 11). The 95% confidence intervals of cumulative NEE were calculated
according to the law of error propagation. However, this method potentially
underestimates large CO, emissions immediately after drainage began'*"".
Therefore, monthly NEE before flux measurement at the DF was further
estimated from the estimated DF's GWL using the linear relationship
between NEE and GWL at the undrained UF (Supplementary Fig. 11).

Classification of years by precipitation patterns
To examine the effect of drought mainly caused by the ENSO, the years from
2002 to 2018 were classified into normal, dry, and wet years using the dry
period length (DPL), which is defined as the number of days with a 30-day
moving precipitation total smaller than 100 mm™. Over the 17 years, DPL
ranged from 0 days in 2010 to 166 days in 2009, with a mean of 85 + 46 days
(%1 SD). In this study, the thresholds were determined as follows: dry >100,
normal >40, and wet <40 days. As a result, seven years (2005, 2007, 2008,
2011, 2012, 2013, and 2018) were normal, seven years (2002, 2003, 2004,
2006,2009, 2014, and 2015) were dry, and three years (2010, 2016, and 2017)
were wet (Supplementary Table 1).

Monthly burned fraction (BF) data around the study sites™ (Global
Fire Emission Database; https://globalfiredat.spages/data/) showed that fires
occurred in the dry season almost every year, except for wet years (Sup-
plementary Fig. 2). The BF increased in the dry years following sharp
negative GWL peaks. The resultant dense smoke or haze decreased the
PPFD and increased the diffuse radiation fraction, especially in 2002, 2006,
2009, 2014, and 2015 (Supplementary Fig. 2).

Data availability

The CO, flux, meteorology, and groundwater level data that support the
findings of this study are available on figshare [https://figshare.com/s/
6aefe20137486d0a6{62].
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