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Tropical peatlands cycle and store large amounts of carbon in their soil and biomass' ™.
Climate and land-use change alters greenhouse gas (GHG) fluxes of tropical peatlands,
but the magnitude of these changes remains highly uncertain®**. Here we measure net
ecosystem exchanges of carbon dioxide, methane and soil nitrous oxide fluxes between

October 2016 and May 2022 from Acacia crassicarpa plantation, degraded forest
and intact forest within the same peat landscape, representing land-cover-change
trajectories in Sumatra, Indonesia. This allows us to present a full plantation rotation
GHG flux balance in a fibre wood plantation on peatland. We find that the Acacia
plantation has lower GHG emissions than the degraded site with a similar average
groundwater level (GWL), despite more intensive land use. The GHG emissions from the
Acacia plantation over a full plantation rotation (35.2 + 4.7 tCO,-eq ha' year™, average +
standard deviation) were around two times higher than those from the intact forest
(20.3+3.7tCO,-eq ha™ year™), but only half of the current Intergovernmental Panel
on Climate Change (IPCC) Tier 1emission factor (EF)? for this land use. Our results
can help to reduce the uncertainty in GHG emissions estimates, provide an estimate
of theimpact of land-use change on tropical peat and develop science-based peatland
management practices as nature-based climate solutions.

Over the Holocene, tropical peatlands have accumulated at least 75 Gt
of carbon (C) in partially decomposed debris (wood, roots, litter, leaves)
under waterlogged anoxic environments'>. A fine balance between
hydrology, ecology and landscape morphology has resulted in this
long-term C store® %, Climate and other environmental changes are,
however, affecting this C store as aresult of warming, drying conditions
and change in disturbance rates® 7. Particularly, decreased rainfall,
increased seasonality and frequent days without rainfall are resulting
in GWL drawdowns™?"®, which cause C loss™ ™.

Tropical peatlands are among the world’s most threatened eco-
systems owing to land demand driven by population growth and
economic development?. In Southeast Asia, which hosts at least
one-third of the total tropical peatlands®*, most peatland conver-
sion has occurred since the late 1990s?. A total peatland area of 7.8
million hectares is managed for agriculture and silviculture, of which
more than one million hectares are under fibre wood (mostly A. cras-
sicarpa) plantations?. Artificial GWL drawdown in agriculture and
plantations on peatland exposes previously accumulated peat organic
material to oxygen and promotes aerobic decomposition of organicC,
resulting in carbon dioxide (CO,) emissions**?* and associated land
subsidence* %, At present, the IPCC Tier 1 CO, EF?° for short-rotation

tree plantations on tropical peat is entirely based on the use of
short-term measurements from the 3-8 years after drainage using
subsidence? and soil-chamber? techniques. Furthermore, tropical
peatlands emit methane (CH,)*?® and nitrous oxide (N,0)"?, potent
GHGs, yet assessments of the contributions made by these gases to
the full peatland GHG balance are scarce®. Existing estimates of GHG
emissions from tropical peatlands continue to be debated?**° with
large observed variability (0.04-2.79 GtCO,-eq year™)*®* and resulting
uncertainty”,

From a climate-forcing perspective, the effects of aland-use change
onthe atmospheric GHG concentrations (that s, the extra GHG fluxes
that the atmosphere will see because of current land use) will be deter-
mined by the change in emissions relative to those occurring before
the land-use change?. Despite the increasing awareness of the sig-
nificance of GHG fluxes from managed peatlands, there have been
few experimental studies evaluating the GHG balance before and
after aland-use change has occurred. Thus, a better quantitative and
process-based knowledge of how the tropical peat C storeresponds to
land-use change under current climate conditionsis an urgent area of
enquiry that can inform strategies for responsible peatland manage-
ment* under national and global frameworks of climate change.
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Fig.1|Location of the study area, Kampar Peninsulain Sumatra, Indonesia.
a, Location of research sites with satelliteimages from Landsat 8 (source:
https://earthexplorer.usgs.gov/). Photographs of the eddy covariance
instrumentsinstalled at the top of the tower at Acacia plantation (b), degraded
site (c) and intactsite (d). For detailed site information, see Methods. Integrated
eddy covariance footprint contour lines from10% to 80%in10% intervals over
Acaciaplantation for October 2016-May 2021 (e), degraded site for October

This study represents, to the best of our knowledge, the first GHG
balance investigation undertaken in any fibre wood plantation on
peatland (and indeed any soil type) globally to cover a full plantation
rotation and all major GHG flux terms, including biomass C loss owing
to plantation establishment, Cexportin harvested wood and fluvial C
exports. We compare the GHG balance at the Acacia plantation with
morethan5 years of measurements at the degraded site and 5 years of
measurementsattheintactsite (Figs.1and 2and Extended Data Table1).

CO, flux

Overa4.7-year period encompassing one full Acacia plantationrotation
(the fourth rotation during 17-22 years after drainage), the average
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2016-May 2022 (f) and intact site for June 2017-May 2022 (g). GWL, peat
subsidence, oxidative peat decomposition, soil N,O flux and soil-sampling
locations at Acacia plantation (h), intactsite (i) and degraded site (j).
Anintegrated climatologic footprint analysisindicated that approximately 80%
of fluxes originated within1,000 min the upwind direction of each tower. Esri,
HERE, Garmin, (c) OpenStreetMap contributors and the GIS user community.

GWL was -0.65 + 0.17 m, for which a negative GWL indicates that the
water level was below the peat surface (Extended Data Table 2). Net
ecosystem exchanges of CO, (NEE-CO,; net gaseous CO, exchange
between ecosystem and atmosphere) varied with plantation age; it was
highest (48.4 + 4.7 tCO, ha™ year™) inthe first year after planting, lowest
(-8.8 +4.5tCO, ha™ year™) inthe third year with highest tree growth and
thenroseagainto11.7 + 6.0 tCO, ha year before harvesting (Extended
Data Fig. 1and Extended Data Table 3) (for which positive NEE-CO,
values indicate net CO, emissions and negative values indicate net CO,
uptake). The substantial net CO, emissions during the early stage of
the plantation were mainly because of the low photosynthetic rates
of the young trees and also potentially driven by the decomposition
of organic matter from harvested residues (that is, leaves, branches,
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Fig.2|GHG balance of Acacia plantation, degraded and intact peat swamp
forestin Sumatra, Indonesia. To quantify total GHG balance in carbon dioxide
equivalent (CO,-eq), we used a sustained-flux global-warming potential (SGWP)
of1,45and 270 for CO,, CH,and N,O, respectively, over al00-year time period™.
Total GHG balance = (net ecosystem CO, exchange + net ecosystem CH,-C
exchange + fluvial Cexport + Cexportin harvested wood, where applicable) +
(netecosystem CH, exchange x SGWP) + (soil N,O flux x SGWP). We assumed

bark, roots and stumps) from the previous plantation rotation. After
canopy closure, the emissions from oxidative peat decomposition
(Extended Data Table 3) were largely outbalanced by high rates of
photosynthesis and C fixation (Extended Data Fig. 1). Over the plan-
tationrotation, the average NEE-CO, was 9.5 + 4.5 tCO, ha year™ (Fig. 2
and Extended Data Table 4). The average peat subsidence rate was
-3.0 + 0.9 cmyear™ (Extended Data Table 5) (negative peat subsid-
ence indicates that the ground surface elevation was falling). The C
export in harvested wood was 26.3 + 1.4 tC ha™, corresponding to
96.5+5.2tC0O,ha™(20.5+1.1tCO, ha™ year ' whenannualized over the
plantation rotation; Fig. 2 and Extended Data Table 4). Thus, the sum
of NEE-CO, and C export in harvested wood indicates that the Acacia
plantation functioned asa CO, source of 30.0 + 4.6 tCO, ha™ year” over
the plantationrotation (Fig. 2 and Extended Data Table 4). The observed
net CO, emissions can be attributed to peat aeration owing to a con-
sistently deep GWL, which enhances heterotrophic respirationrates,
combined with a higher soil temperature (intact site =27.5+ 0.5°C
versus Acaciasite =29.3 + 1.0 °C; Extended Data Table 2) owing toboth
canopy-cover loss and GWL drawdown, which further boosts microbial
activities and heterotrophic respiration. Note that this calculation
conservatively assumed that all harvested C would be returned to the
atmosphere as CO,, as harvested wood was used to produce bioenergy
and pulp products, whichis common practice for these types of forest
plantation.

We also calculated avoided emissions of 7.3 + 0.4 tCO,-eq ha™ year™,
resulting fromthe use of tree biomass for bioenergy (see Supplementary
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Acacia plantation from degraded and intact sites, respectively.

thatallfluvial Cexportisultimately converted to CO, (ref. 38). Avoided
emissions from bioenergy production are calculated by assuming that 54% of
harvested wood is used for bioenergy production (details in Supplementary
Methods). The bold numbersindicate netimpact of land-use change. Positive
valuesindicate emission to the atmosphere and negative valuesindicate
avoided emission.

Methods), in place of coal burning that would otherwise have been used
tosupport pulp mill operations (Fig. 2 and Extended Data Table 4). This
avoided emission through bioenergy production as a by-product of
the pulp manufacturing process could be considered to partly offset
emissions from the plantationitself, althoughit clearly does not negate
the peat CO, emission.

In degraded peat swamp forest, the GWL was consistently low
throughout the study period at the degraded site, with an average
of —0.69 + 0.18 m (Extended Data Table 2). NEE-CO, did not show
clear seasonal and interannual variability. The degraded site emit-
ted 40.8 + 4.4 tCO, ha™ year™ and subsided -3.6 + 1.2 cm year (Fig. 2
and Extended Data Table 3), consistent with previous observations
in ref. 17. The observed large CO, emissions can be attributed to
peat aeration owing to a consistently deep GWL as described for the
Acaciasite. Coarse woody debris from fallen dead trees may also have
contributed to the CO, emissions, as fallen trees do not decompose
instantaneously, providing alagged but sustained contributionto CO,
emissions.

Inintact peat swamp forest, the GWL followed the seasonal and
interannual variability in rainfall (Extended Data Table 2), in line with
theinitialmeasurementsinref. 17. The GWL remained below the peat
surface for >80% of the study period, indicating that a substantial
part of the upper peat profile was aerated. NEE-CO, showed strong
seasonal and interannual patterns corresponding to the GWL fluc-
tuation (Extended Data Fig.1). The results indicate that large net CO,
emissions during dry seasons were not entirely balanced by relatively



small net CO, uptake during the wet seasons (Extended Data Fig. 1).
Over a 5-year measurement period, the annual NEE-CO, ranged
from 9.1+3.7t025.6 +4.1tCO, ha year™, with an average value of
15.3+3.7tCO, hayear™ (Extended Data Table 3). The CO, emissions
owing to GWL drawdown are consistent with previous studies in tropi-
cal peatlands in which reduced peat accumulation rates*", a hiatus
in peat genesis® or even C loss* " have been reported in response to
droughts driven by intense and frequent El Nino-Southern Oscilla-
tion activity.

The evapotranspiration measurements clearly indicate that actual
daily evapotranspiration (4.2 mm day™) exceeded daily rainfall for
around 76% of the study period (Extended Data Table 2). Notably, we
observed more than 220 days without rainfall every year (Extended
Data Table 2). During days without rainfall, the GWL would recede
at an average rate of 10.3 mm day’, resulting from the seepage and
evapotranspiration in this ombrotrophic environment. The seep-
age rates owing to groundwater and subsurface flows, as calculated
from GWL drawdown between midnight and 06:00 local time (when
evapotranspiration is negligible; Extended Data Fig. 2), was 1.4 mm
during a single 12-h night (that is, 2.8 mm day™), which is similar to a
pristine tropical peatland in Brunei’. The evapotranspiration resulted
in GWL drawdown of 7.5 mm day during days without rainfall at our
study site. During prolonged drought periods induced by climate
extremes in 2019, when we observed only 45 mm rainfall during a
consecutive 90-day period, the GWL fell to below —0.70 m, resulting in
alarge peatsurfacedrop of 7.0 + 1.3 cmin theintactsites (Extended
Data Table 5). The peat surface had not rebounded from the 2019 per-
turbation by the end of the record, resulting in a total subsidence of
-7.1+2.4 cmduring the period December 2017-May 2022 (Extended
Data Table 5).

The close link between net rainfall (total rainfall minus evapotran-
spiration) and GWL (Extended Data Fig. 2) confirms that observed
relatively low rainfall combined with increased seasonality and days
without rainfall play a central role in shaping the seasonal and inter-
annual variability of intact tropical peatland hydrology and therefore
of CO, fluxes’. The EI Nifio* and positive Indian Ocean Dipole (I0D)*
observationsindicate that the region has experienced several moder-
ate to very strong drought events in the recent past, suggesting that
tropical peatland ecosystems are exposing and responding to changes
in rainfall regime, which may limit their role as a carbon sink.

Giventhat GWLs at our intact forest site were slightly lower (annual
rainfall =1,883 mm year; Extended Data Table 2) than those reported
for a pristine peat swamp forest (annual rainfall = 2,880 mm year™)’,
we cannot entirely rule out some impact of surrounding land use on
the hydrology and function of the peat dome as a whole. However,
plantation water management is not believed to have affected forest
hydrology at the flux tower footprintin the study area. Previous analysis
suggested that such effects occurred within 300 m of the plantation
boundary?®, and recent multivariate analysis indicates that subsid-
enceintheinterior forest is independent of distance from plantation
canals®. Thisis furtherindicated by subsidence at rates of -1.4 cm year™
(Extended Data Table 5) observed at sampling locations between 7 to
10 km from the active plantationedge (Fig.1). There was clearly astrong
association during the study period between C loss, subsidence and
droughts driven by regional climate extremes?. Our results indicate
that even low-level or indirect human disturbance (for example, by
means of climate change) canlead to Closs, highlighting the hydrocli-
matic vulnerability of C in forested tropical peatlands™™.

Other GHG fluxes and C loss

Net ecosystem exchanges of CH, (NEE-CH,; net gaseous CH, exchange
between ecosystem and atmosphere) were positive at all sites, but lower
inthe Acaciaplantation and degraded site thanin the intact site (Fig. 2
and Extended Data Table 4), consistent with lower GWLs promoting

methanotrophy in the aerobic zone”. GWL drawdown below the root
zone will also limit plant-mediated transport of CH, from the anaerobic
zone to the atmosphere?. The finding that CH, emissions remained
positive despite low GWLs (Fig.3) may be attributed to emissions from
vegetation and water surfaces?.

Soil N,O fluxes at the Acacia plantation were higher than at the
degraded and intact sites (Fig. 2 and Extended Data Fig. 3), but were
within the range of fluxes reported from oil palm plantation on peat®-°,
Higher emissions from the plantation can be explained by acombina-
tion of leguminous Acacia trees that increase mineral nitrogen (N)
availability through N fixation; accelerated mineralization of the peat
under aerobic conditions (Extended Data Fig. 3) releasing mineral N
asammonium (Extended Data Table 1) and producing N,O and nitrate
during the nitrification process; and high availability of labile C and
nitrate fromrapid fine-root turnover (Extended Data Table 1), provid-
ing a substrate for denitrifier heterotrophs.

A previous study®® within the same landscape reported fluvial C
exportof0.3+0.1and 0.5+ 0.1tC ha™ yearintheintactand degraded
sites, respectively. Owing to lack of fluvial C-export measurements for
the Acacia plantation, we used a value of 0.4 + 0.1tC ha™ year™ from
amanaged oil palm plantation in Southeast Asia®. Notably, fluvial
C exports are fairly small compared with direct CO, emissions. We
conservatively assume that all fluvial C export is ultimately emitted
as CO, (ref. 38). The increased fluvial C export from the plantation
and degraded forest may be attributed to enhanced mineralization
with deeper GWL?.

Finally, the measured aboveground and belowground biomass C
stock was highestin the intact forest (aboveground biomass =105.6 +
21.7 tC ha™and belowground biomass = 24.8 + 5.1tC ha™) and decreased
in the degraded forest (aboveground biomass =88.7 +22.9 tC ha™
and belowground biomass =18.2 + 4.7 tC ha™) and the Acacia planta-
tion (aboveground biomass = 35.2 +1.9 tC ha and belowground bio-
mass =7.2+ 0.4 tC ha™, averaged over whole plantation rotation). Over
a100-year timescale (see Methods), biomass Closses owing toland-use
change fromintact forest were 0.9 + 0.0 and 3.2+ 0.9 tCO, ha™ year™
inthe degraded forest and Acacia plantation, respectively (Fig. 2 and
Extended Data Table 4). Biomass C loss owing to plantation estab-
lishment on degraded forest was 2.4 + 0.9 tCO, ha™ year™ (Extended
DataTable 4).

Net GHG balance of Acacia plantation

Comparison of GHG fluxes at the Acacia plantation and degraded and
intactsitesin this tropical peat landscape indicates that conversion of
intact forest to Acacia plantation or degraded forest results in a sub-
stantialincreasein CO,and N,O emissions and adecrease in CH, emis-
sions. Overall, the associated warming impact of higher CO, and N,0
emissionsislarger than the accompanying coolingimpact of lower CH,
emissions (Fig. 2). We calculated total GHG balances of all sites using a
sustained-flux global-warming potential of 1, 45 and 270 for CO,, CH,
and N,0, respectively, over a100-year time period®. The GHG balance
andthe subsidencerateinthe Acacia plantation were around two times
higher than those measured at the intact site (Fig.2 and Extended Data
Table 5). The measured CO, emissions in this study indicate that the
long-termrate of C accumulation of 2.8 tCO, ha™ year™in the Kampar
Peninsula® may no longer be occurring. If we take the measured GHG
balance of the intact forest site as areference, and treat our data from
the fourth Acacia rotation as representative of longer-term condi-
tions, thenthe conversion of intact site to Acacia plantationresultsina
long-term netincrease in GHG emissions of18.1 + 6.0 tCO,-eq ha year™
(Fig.2).

Our study is the first, to our knowledge, to provide an estimate of
CO, emissions from tropical Acacia plantation on peat based on the
eddy covariance method, over a full plantation rotation. The CO, EF is
criticalto GHG inventories in Acacia plantations, given that, in Acacia
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Fig.3|GWL controls carbon dioxide and methane fluxesin tropical
peatlands. a, Carbon dioxide (CO,). b, Methane (CH,). Relationship between
net CO,and CH, fluxes and GWL were derived from published eddy covariance
flux studiesin tropical peatlands. The solid lines show the best-fit models and
the dashed lines show 95% confidence intervals. The statistical testused a
significancelevel of 5%. Positive valuesindicate net emission to the atmosphere,

plantation, about 90% of peat on-site GHG emissions is released as
CO, (Fig.2). We were able to reduce the uncertainties associated with
variations in flux during the full plantation rotation and in biomass
removal at the end of the rotation, which make estimating the average
Cbalance of high-latitude peatlands with multidecadal rotations highly
problematic. Our directly measured CO, balance of the Acacia planta-
tion is half of the IPCC Tier 1 EF value of 73 tCO, ha™ year™. Two of the
key studies?*® used to derive the Tier 1 EF were carried outin the same
plantationareaintheinitial 3-8 years after drainage, so interregional
differences cannot explain the discrepancy. Subsidence rates?*264°
and CO, emissions*>**#in tropical peatlands are reported to decrease
over time following drainage. Anincrease inbulk density (0.08 g cm™
during 3-8 years after drainage in refs. 22,23 versus 0.20 g cm > during
17-22 years after drainage in this study; Extended Data Table 1), owing to
peat compaction during land preparation, may resultin lower peat oxi-
dative decomposition because of the increase in soil water content and
decrease insoil gas diffusivity*. Furthermore, a decline in soil organic
matter quality** and nutrient availability over time may leave behind
amore stable peat matrix, resulting in a decrease in substrate-driven
rates of CO, production* from peat decomposition. Finally, not all of
the emissions in the initial years after plantation establishment*?
would come directly from peat C decomposition, given that consider-
able forest biomass residues would also contribute to the initial CO,
loss, with most* of the forest residues decomposingin the initial years
after conversion.

Some other factors may have contributed to lower than expected
long-term plantation emissions in our study. Improved water man-
agement practices, reflected in higher average GWL than reported in
previous studies®?, may have reduced oxidation rates to some extent.
We also measured a C input to the peat of around 12 tCO, ha year™
(calculated as the difference between the oxidative peat decom-
position (41.7 tCO, hayear™; Extended Data Table 3) and the sum
of NEE-CO, (9.5tCO, hayear™) and C export in harvested wood
(20.5tCO, ha™year™)) over the full plantation rotation. This C input,
derived from litter, roots, stumps and bark residues, is not measured
during chamber and subsidence studies, which may have led to overes-
timation of net CO, emissions. Although our results confirmthat fibre
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negative valuesindicates net uptake by the ecosystem. CO, resultsare
compared with aprevious relationship between CO, fluxes and GWL derived
from subsidence*and soil flux chamber? measurements and a relationship for
peatlandsin the United Kingdom and Ireland* is based on eddy covariance
measurements. Positive and negative GWL valuesindicate the water level
above and below the peat hollow surface, respectively.

wood plantations are substantial net GHG sources, these results indi-
cate that there may be opportunities to increase soil C input through
better post-harvest residue management. Further researchis needed
to confirmthe potential scale of increase in Cinput that could realisti-
cally be achieved.

Thedatafrom our three study sites, along with four other published
eddy covariance studies from tropical peatlands (Extended Data
Table 6), conform well to a linear relationship between CO, flux and
GWL (R*=0.83,P< 0.05; Fig. 3), suggesting that measured emissions are
broadly consistent with those of other studies that applied a similarly
rigorous whole-ecosystem eddy covariance measurement approach.
As is evident from Fig. 3, net CO, fluxes and their relationships with
GWL derived from eddy covariance studies are substantially lower
than those obtained from chamber and subsidence studiesin the same
ecosystems. Although the number of published eddy covariance stud-
ies from tropical peatlands remains insufficient to establish whether
these differences are systematic, a similar offset is evident in CO, flux
versus GWL relationships derived from eddy covariance data* and
chamber data* for high-latitude peatlands. Although further dataare
needed, we therefore tentatively conclude that emissions from Acacia
plantation are substantially lower than the current IPCC Tier 1EFs, asa
result of methodological limitations to the data available at the time
of publication of the IPCC Wetlands Supplement®® and changes in peat
physicochemical properties with time since drainage.

Our results should not be extrapolated to other agriculture on peat
in the region (for example, sago, oil palm, rubber plantations etc.) or
to other tropical peatlands, such as those of the Amazon and Congo
basins, because they have different rainfall regimes, vegetation and
peat-formation histories. Nevertheless, the strong linear relationship
between CO, fluxand GWL shownin Fig. 3 does suggest that, when the
average annual GWL is known, the peatland CO, balance can be pre-
dicted with some degree of confidence. This is in line with work** on
high-latitude peatlands suggesting that GWLs are more important than
local climate or other management factors. Furthermore, although the
relationship between CO, fluxand GWL is steeper for tropical peatlands
compared with the full set of high-latitude flux tower data collated in
ref. 45, we found less difference than expected between the tropical



data and the data presented from the UK and Irish sites in the same
study (Fig.3). This finding is in marked contrast to arecently published
synthesis study suggesting that tropical peatlands areinherently more
sensitive to CO, loss following GWL drawdown*®. However, given that
ref. 48 incorporated the same chamber studies used to derive the IPCC
Tier 1 EF, we believe that it may have overestimated rates of CO, loss
from tropical peatlands for the same reasons noted above.

Using our EFs, net GHG emissions from Acacia plantations on peat
inIndonesia are calculated to be 20 Mt CO,-eq year™ (based on the
area of Acacia plantation on peat in Indonesia, 1.12 x 10° ha (ref. 21)).
This equates to 1.1% of Indonesia’s most recently reported total GHG
emissions in 2019 (ref. 49). Infrequent but intense fires are common
inunmanaged degraded peatlands, particularly during prolonged
drought drivenby climate extreme events (for example, 2006, 2015 and
2019), and may resultin higher GHG release to the atmosphere than peat
decomposition*”. GHG emissions at the degraded site are about 20%
higher thanthose of the plantationssite, indicating that establishment of
Acaciaplantation on previously degraded site could apparently result
in lower long-term GHG emissions of -7.5 + 6.5 tCO,-eq ha™ year™, as
well as avoided emissions from bioenergy production (Fig. 2). Because
the initial disturbance of this site occurred at a similar time to that at
the plantationsite (see Methods), it is probable that higher emissions
from the degraded site are partly because of the decomposition of
woody debris from fallen dead trees. Our results do not argue against
fullrestoration of unmanaged degraded peatlands where this is achiev-
able, astheir ecosystemrehabilitation (thatis, hydrological restoration
andre-establishment of a closed forest canopy) offers an opportunity
torestore and improve the ability of peatlands to sequester and retain
C, but this will be critically dependent on protecting these areas from
encroachment and fire.

Using our EFs from the intact and degraded sites, the results high-
light that, despite evidence that they may now be losing C, avoided
emissions from conserving all remaining intact peat swamp forests
in Indonesia (2.0 x 10® ha) under Indonesia’s nationally determined
contribution* and emissions reduction from restoring 4.2 x 10° ha
by 2050 under Indonesia’s Low Carbon scenario Compatible with the
Paris Agreement target (LCCP)* will avoid GHG emissions of around
160 MtCO,-eq year™. This equates to around 40% of GHG emissions
from peat decompositionin Indonesiain 2019 (ref. 49). This estimate
is conservative. If some remaining intact peatlands are continuing to
sequester CO,, the avoided emissions will be correspondingly higher.
Our results clearly indicate that the net avoidance and reduction of
GHG emissions resulting from peatland conservation, restoration and
sustainable management represent anotable contribution to nationally
determined contributions to a1.5 °C world*.
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Methods

Study area

This study was conducted in the Kampar Peninsula (Sumatra, Indonesia),
anombrogenous tropical peatland of around 700,000 hathatlargely
formed within the past 5,100 years (ref. 8). The base of the peatland is
grey marine clays, over which peat varies from approximately 3 m deep
near theriver boundaries to over 11 min the centre of the approximately
60-km-wide and more than 100-km-long peat dome (Fig. 1), with an
average depth of 8 m. The peninsula experiences a humid tropical
climate with the average monthly air temperature ranging from 26 to
29 °C (refs.17,27). The variability in rainfall isinfluenced by monsoonal
processes combined with EINifio-Southern Oscillation and IOD**,In
general, the EINifio®* and positive IOD* occur sequentially, with the
positive IOD peaking a few months after the El Nifio, exerting a strong
combined effect on regional rainfall patterns®. The average annual
rainfall for the past 8 years (2014-2021, with EINifo in 2015, LaNifiain
2017 and a major positive IOD combined with an EINifio eventin 2019)
is 1,772 £ 201 mm. Rainfall varies seasonally, with two annual peaks,
one in November-December and another in March-April. The land
cover of the peninsula is characterized by a large central forest area
thatstill has good-quality dense forest, representing one of the largest
peat swamp forests in Southeast Asia. In some parts of the peninsula,
selective logging took place in the 1990s, including the construction
ofaccessloggingtracks and canals, especially around the periphery of
the forest. However, some areas have never beenlogged and have been
classified as intact peat swamp forest?. Most of the logged forest was
converted toindustrial fibre wood plantation and smallholder agricul-
tureinthe early 2000s. At present, the central forest areais surrounded
by a mosaic of A. crassicarpa, oil palm plantation and degraded peat
swamp forest with shrub and open land® (Fig. 1).

Atthe experimental fibre wood plantationsite, the peat swamp forest
was disturbed by selective logging activity, including logging tracks and
canalsintheearly1990s.Inthe early 2000s, the area was converted to
anAcaciaplantation. Thisinvolved clearance of the remaining logged
forest, artificial compaction during mechanical land preparation,
installation of regularly spaced water management and access canals
and planting of A. crassicarpa, which is harvested on a 4-5-year rota-
tion. The area was not affected by fire before, during or after land-use
change. Acacia crassicarpa (Leguminosae) is a fast-growing, N-fixing
tree that is the principal fibre wood plantation species grown on peat
soilsin Southeast Asia. The typical plantation rotation period between
planting of tree seedlings to harvestis 4-5 years, and a closed canopy
develops in around 12 to 18 months. When measurements began in
October 2016, thetrees were already at the end of the third plantation
rotation. All plantation compartments within a 2-km radius around
the eddy covariance tower were harvested between October 2016 and
April2017. Tree height at harvest was in the range 19-24 m, determined
fromavegetation survey in permanent sampling plots (20 m x 125 m)
around the tower. Replanting for the fourth plantation rotation took
place withintwo weeks after harvesting each individual compartment
atadensity of 1,667 trees per hectare (3 m x 2 m spacing). Five grams
of chelated micronutrients per tree were applied around the seed-
lings during planting. All compartments within a 2-km radius of the
eddy covariance tower were harvested between June and August 2021,
when the average plantation age was 4.7 years, and replanting for the
fifth plantation rotation took place withintwo weeks after harvesting.
The ground surface in the plantation area is relatively even, without a
hummock-hollow microtopography and with very little understory
vegetation. The site soil characteristics are summarized in Extended
DataTable1. GWLsinthe experimental plantationare actively managed
by means of an extensive network of topographically defined water
management zones, controlled by outlet sluices and supported by
GWL monitoring. Water management zones consist of navigable canals,
typically of 12 mwidthand 3 m depth, also used for transport®. Branch

canals of 5-8 mwidth run perpendicular to these canals at aspacing of
500-800 mto form plantation compartments, which contain1-m-deep
field drains at a spacing of 75 m (ref. 25). An integrated climatologic
footprintanalysis®®indicated that (1) approximately 80% of measured
fluxes derived from within 1,000 m in the upwind direction and thus
originated within the Acacia plantation and (2) the water surface of
ditches and canals represented 2% of the flux footprint (Fig. 1).

Thesecond eddy covariance tower islocated onthe boundary of the
degraded peatland and Acacia plantation (Fig.1). Torepresent only the
degraded peatland, half-hourly measurements in which the prevail-
ing wind came from the plantation site (90° to 270°) were excluded,
asis commonly done in eddy covariance studies®. The degraded site
was selectively logged and drained in the late 1990s and early 2000s,
whereas some parts were burned in 2014. The average canopy height
was about 19 m. The tree density with a diameter at breast height of
greater than 5 cmwas 663 trees per hectare. Some large treeshad been
logged or fallen and many of those remaining were leaning. The site
characteristics are summarizedin Extended Data Table 1. Theintegrated
climatologic footprint analysis® indicated that approximately 80%
of the fluxes were derived within1,000 min the upwind direction and
the previously burnt area represented around 5% of the flux footprint
(Fig.1). The average eddy covariance footprint can be considered typi-
cal of many unmanaged degraded peatlands in Southeast Asia®.

The intact peat swamp forest structure is mixed with an uneven
canopy (average canopy height =32 m). The density of trees with
a diameter at breast height greater than 5 cm was 1,343 stems per
hectare. The vegetation and soil characteristics are summarized in
Extended Data Table 1. The GWL fluctuates following the rainfall varia-
tion because of the ombrotrophic nature of the area””. Anintegrated
climatologic footprint analysis® indicated that approximately 80%
of the fluxes were derived within 1,000 m in the upwind direction
(Fig.1) and thus originated fromintact forest with neither logging nor
canal-construction activity?. Some long-term regional effects of hydro-
logical management of surrounding plantations cannot be ruled out,
buta previous analysis suggested that the strongest effects occurred
within 300 m of the plantation boundary?, and recent multivariate
analysisindicates that subsidenceintheinterior forestisindependent
of distance from plantation canals®. The nearest active plantation is
3.5 kmfromthe flux tower and well outside the flux footprint. Further,
to avoid any possible boundary effect and associated bias, measure-
ments from awind direction between 78° and 191° were excluded in this
study (Fig. 1).

Eddy covariance provides half-hourly measurements of turbulent
exchangesbetween an entire ecosystemand the atmosphere above the
vegetation canopy**. Hence, eddy covariance measurements incorpo-
rate all existing sources and uptakes that can vary substantially within
an ecosystem in both space and time arising from variation in envi-
ronmental conditions. Given the flat terrain (slope less than 0.05%),
using the measured vegetation-canopy height and wind speed, the
estimated 80% eddy covariance flux footprints represent an area of
interest of around 1,000 m radius (Fig. 1). Flux measurements with
the eddy covariance technique are expensive and high maintenance,
and few studies include replicated measurements from several tow-
ersin tropical forested ecosystems. The relatively close proximity of
the Acacia plantation and intact and degraded sites (Fig. 1) within the
same peat landscape avoids potentially confounding variables such as
differences in past natural succession® and peat formation®.

Eddy covariance and environmental variable measurements

Each eddy covariance system consisted of an enclosed-path CO,/H,0
analyser (LI-7200, LI-COR) to measure CO, and H,O concentrations,
anopen-path CH, analyser (LI-7700, LI-COR) to measure CH, concen-
trations and a three-dimensional sonic anemometer (WindMaster
Pro 3-Axis Anemometer, Gill Instruments) to measure the orthogonal
components of wind-speed fluctuations. Eddy covariance sensors were
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mounted at the top of each tower to ensure complete exposure in all
directions (Fig.1). Thefilters of the CO,analyser were manually cleaned,
either biweekly orifthe flow driveincreased above 80% (indicating filter
clogging). The mirrors of the CH, analyser were cleaned automatically
either at 05:00 local time every day or if the received-signal-strength
indicator dropped below 20%, because CH, data become noisy below
this threshold. Furthermore, the upper and lower mirrors of the CH,
analyser were manually cleaned on a biweekly basis. The raw eddy
covariance turbulence data were recorded at 10 Hz using an analyser
interface unit (LI-7550, LI-COR) and were stored on a removable flash
disk (Industrial Grade USB Flash Disk, APRO).

A quantum sensor (LI-190SL-50, LI-COR) was mounted at the top of
each tower to measure incoming photosynthetic photon flux density
(PPFD). A radiometer (CNR4, Kipp & Zonen) was also mounted at the
top of each tower to measure global and net radiation. Vertical pro-
files of relative humidity and air temperature were measured using
air-temperature and humidity probes (HMP155, Vaisala), which were
installed inside ventilated radiation shields at five heights from the
ground surface, 3, 7,13, 23 and 40 m for the plantation site, 3, 7,14, 21
and 40 mfor the degraded site and 4,11, 20,29 and 48 m for the intact
site. Vertical profiles of the CO, concentrations were measured by air
samplingat four heights, 3,12,22 and 40 mfor the plantationsite, 3,14,
21and 40 mfor the degraded site and, 4, 11,29 and 48 m for the intact
site, to calculate the flux-storage®® term below the measurement height
using a closed-path CO, analyser (LI-8100, LI-COR). The air-sampling
intakes were automatically changed every 90 sand the CO, concentra-
tionwas measured for the last 10 s of every 90-s sampling time at each
sampling height and recorded using a data logger (LI-8100, LI-COR);
therefore, one rotation of measurements took 6 minin every 30 min.
Both the enclosed-pathand closed-path CO,analysers were calibrated
every three months using reference gases with concentrations of 396
and 444 ppm CO,in air (certified grade +1 ppm) and ultrahigh-purity
nitrogen as the zero-point gas. The soil temperature was measured
at 0.15 m below the hollow peat surface using a temperature probe
(HydraProbe II, Stevens Water Monitoring Systems) from September
2017 until November 2018 and from October 2016 until June 2020 with
three replicates at the intact and plantation sites, respectively. From
November 2019 until May 2022, the soil temperatures were measured at
theintactsite and from November 2019 until May 2021 at the plantation
site with two replicates using atemperature probe (AquaCheck, South
Africa). The soil temperatures were not measured at the degraded site
owing to site logistic issues.

All meteorological sensors took measurements every second and
were recorded as 1-min averages using a datalogger (Model 9210 XLite,
Sutron). Each measuring system was powered using five solar panels
(65-W solar panel, SunWize), along with eight rechargeable batteries
(6 Vand 305 Ah, Sun Xtender). The daily rainfall (mm day™) was manu-
ally measured using three, two and three bucket-rain gauges within a
distance of 11 km from the tower location at the plantation, degraded
andintactsites, respectively. Each rain gauge wasinstalled 1.5 mabove
the ground, in an open area so that rainfall was not affected by sur-
rounding vegetation.

The GWL was monitored as the water elevationrelative to the ground
surface, taking the base of the hollows as a datum". Datawere recorded
asnegative distance below the surface, with positive valuesindicating
ponding above the surface. The GWL loggers (four around the planta-
tiontower, oneinthe degraded site and sixintheintactsite) torecord
the GWL every 30 minusing a pressure transducer (Levelogger Model
3001, Solinst) were placed in perforated polyvinyl chloride pipes that
wereinserted vertically into the peat and anchored into the underlying
clay (Fig.1). Each GWL logger also recorded the water temperature in
the pipe1.5 mbelow the peat surface. Further GWL data were manually
recorded biweekly at seven and three locations at the plantation and
degraded sites, respectively, and on a quarterly basis at eight more
locations in the intact site (Fig. 1).

Peat subsidence was measured at 11, four and 14 locations in the
plantation, degraded and intact ites, respectively (Fig.1), with hollow,
perforated 5-cm-diameter polyvinyl chloride polesinserted vertically
intothe peatand anchored into the underlying mineral subsoil follow-
ingthe approach describedinref. 25. Annual average subsidence rates
were derived from measurements during October 2016-May 2021
for the plantation site and during December 2017-May 2022 for the
degraded and intact sites.

For peat physical and chemical properties of the surface layer
(0-50 cm), four plots in each of the Acacia plantation and degraded
sitesand three plotsintheintact site were randomly selected within the
eddy covariance flux footprint (200-1,000 m distance from each tower
location; Fig. 1). At each plot, ten subsamples within a200-m radius
were composited. Peat samples for bulk density, pH and ash content
were collected in September 2017, February 2019 and September 2019
intheintact site,June 2017, January 2018, October 2018 and February
2019 inthe degraded site and June 2017, February 2018, October 2018,
February 2019 and October 2019 inthe Acacia plantation. Samples for
soil C,N, nitrate and ammonium content were collected in August 2020
and October 2021 for all sites.

For the Acacia plantation site, time-integrated NEE-CO, over the
plantation rotation was combined with C exportin the harvested wood.
Total Cexportinharvested wood and delivered to the mill from the total
footprint area of 220 ha over the average plantation age of 4.7 years
was calculated using a basic density of 455 + 25 kg m~ and average C
content of 48.2% (refs. 56-59). The exported wood is converted into
pulp products and biomass fuel for bioenergy generation. We applied
the conservative assumption that all C in exported wood would be
returned to the atmosphere as CO,. Intact and degraded sites were
considered to have had no biomass C export during the study period.

The biomass C loss owing to land-use change was calculated from
aboveground and belowgroundbiomass C-stock differences betweenthe
intactsite and the Acacia plantationand degraded areas. Aboveground
and belowground biomass were determined using seven permanent
sampling plots (20 m x 125 m) at each site and following the allometric
equationsdescribedinrefs. 60,61 for theintact and degraded sites and
ref. 62 forthe Acaciaplantation. A time horizon of 100 years of land being
used after conversion is chosen on the basis of ISO 14067 on C footprint.

Eddy covariance data processing
The eddy covariance fluxes of CO,, CH, and evapotranspiration were
computed from the 10-Hz concentration and vertical wind velocity
data using EddyPro software (version 6.2.0, LI-COR) at a standard
half-hour averaging interval®. A despiking procedure was applied to
detect and eliminate individual out-of-range values for vertical wind
velocity and concentration data®. Detrending was carried out using the
block-averaging method. A coordinate correction was applied to force
the average vertical wind velocity to zero by the planar-fit method®*.
Frequency response loss corrections were applied to compensate for
the flux losses at low and high frequencies®. The Webb-Pearman-
Leuning correction® for air-density fluctuationsinduced by tempera-
ture (thermal expansion) and water vapour (dilution) was applied.
Differences between deployment-specific variables, thatis, the sen-
sor separation distance and instrument placement, were considered
when processing the data. The half-hourly CO, storage below the flux
measurement height was calculated from the four-point vertical pro-
files of CO, concentration, relative humidity and air temperature by
temporal interpolation®®. Finally, the net ecosystem CO, exchange
was calculated as the sum of the storage flux and the eddy covariance
flux. Owingto the large power requirement and cost of aseparate CH,
analyser, we could not conduct CH,-profile measurements to calculate
the CH, storage®. In theory, accumulated CH, below the canopy during
the nighttime is probably released and measured by the eddy covari-
ance system following the onset of turbulence after sunrise, and the
bias on annual sums should be negligible®’.



After a set of quality controls®®*7° and system malfunctions and
power-supply failure mainly because of lightning strikes, the numbers
of high-quality measurements during the course of the study were
37%,34% and 34% for CO,, 26%,29% and 25% for CH, and 34%, 34% and
28% for evapotranspiration in the plantation, degraded and intact
sites, respectively. A similar range of 25-50% has been reported for
other eddy covariance studies in tropical forested peatlands***¢. The
remaining half-hourly measurements that met all the quality criteria
totalled 30,196, 14,330 and 18,136 for CO,, 21,305,12,721 and 13,026
for CH, and 27,965, 14,437 and 14,919 for evapotranspiration for the
plantation, degraded (270-90° wind direction) and intact (191-78°
wind direction) sites, respectively.

We gap-filled both low-quality and missing data, as is commonly
doneineddy covariance studies”?*>%¢’ Followingref. 17, we applied
three gap-filling approaches for CO,: (1) marginal distribution sam-
pling (MDS)**7¢, (2) artificial neural network (ANN)”® and (3) random
forest (RF)” separately for the daytime (06:00-18:00 local time) and
the nighttime (18:00-06:00 local time) data. To avoid any possible
gap-filling bias in estimates of CO,, CH, and evapotranspiration, we
used the average of the three approaches”. We applied principal com-
ponent analysis as an input to the algorithms to address multidriver
dependency of CO, exchange and reduce the internal complexity
of the algorithmic structures for the MDS approach”’, using PPFD,
vapour-pressure deficit (VPD) and air temperature during daytime.
Nighttime CO,exchanges were considered equivalent to the ecosystem
respiration (R,.,) value’. The GWL is reported as the main controlling
factor of R,., fromtropical peatlands'”*®. Therefore, we used the GWL,
airtemperature and soil temperature as environmental factors for the
lookup table to derive the nighttime CO, exchanges using the MDS
gap-filling algorithm. Following other regional eddy covariance stud-
iesin peat swamp forests”*¢, we performed MDS gap-filling using the
REddyProc package (https://CRAN.R-project.org/package=REddyProc)
onahalf-hourly basis”. ANN and RF procedures were iterated 20 times.
For ANN and RF, PPFD, VPD, air temperature, GWL and friction velocity
were used as predictive variables for the daytime and the PPFD and VPD
data were excluded in the nighttime.

We applied the above gap-filling approaches for CH, and evapo-
transpiration as well. For CH,, we used GWL, VPD, air temperature,
friction velocity, latent heat flux, sensible heat flux, atmospheric pres-
sure and global radiationinthe daytime and latent heat flux and global
radiation were excluded in the nighttime for ANN and RF. For MDS, we
used latent heat flux, GWL and air temperature during the daytime and
GWL, air temperature and soil temperature during the nighttime. For
evapotranspiration, we applied net radiation instead of PPFD during
the daytime, whereas net radiation and VPD were excluded during the
nighttime. After gap filling, we corrected the daily evapotranspiration
for the energy imbalance using net radiation, sensible heat and latent
heatas described in ref. 79.

The flux random uncertainty was calculated following ref. 80. The
standard deviation of three different flux values derived from friction
velocity thresholds of the 5th, 50th and 95th percentiles were applied
as an uncertainty because of the friction velocity threshold using the
REddyProc package”’. The gap-filling flux uncertainty was calculated
from the standard deviation of the MDS procedure”. Averages of the
20 ANN and RF modelled values were used tofill gaps and the standard
deviation was used to quantify the uncertainty owing to gap filling. The
total uncertainty in eddy covariance measurements of CO,, CH, and
evapotranspirationincluded gap-filling, random and friction velocity
uncertainty®.. The annual estimate of CO,, CH,, evapotranspiration and
GHG balanceincludes total uncertainty calculated using the propaga-
tion of errors law.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Acaciaplantation, degraded and intact peatswamp
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(green).Carbon exportinharvested wood at the Acacia plantationisaddedin
theend of plantation rotation, conservatively assuming that all harvested C
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considered to have had nobiomass Cexportduring the study period. Positive
valuesindicate emission to the atmosphere.
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Extended DataFig.2|GWLis controlled by the balance between rainfall

and evapotranspirationatintact peat swamp forestin Sumatra, Indonesia.

a, Timeseries of average GWL from three piezometers spanning 12 km with

difference between 90 days moving average of rainfall and evapotranspiration.

Negative difference indicates rainfall deficit. Positive and negative GWL values
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indicate the water level above and below the peat hollow surface, respectively.
Diel pattern of evapotranspiration during dry season (February and July) (b)
and wet season (Apriland November) (c) over the measurement periods show
negligible evapotranspirationin the nighttime. The boxes show the median
value and the interquartile range and whiskers denote the full range.
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Extended DataFig. 3 |Soil N,O emissionsincrease as GWLs decreasein
tropical peatlands. Temporal variation (a) and spatial variation (b) in soil N,O
fluxes from Acacia plantation (blue), degradedsite (red) and intact site (green).
Theboxes show the median value and the interquartile range and whiskers
denote the full range of all chambers. The plus signs (+) inthe boxes of panel b
show the average values. The nvalues represent the total number of soil N,O
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Extended Data Table 1| Characteristics of Acacia plantation and degraded and intact peat swamp forest in Sumatra,

Indonesia

Parameter Acacia plantation Degraded peatland Intact peatland Method
Tower location Latitude:0° 30" 57.221" N Latitude: 0° 41" 58.169" N Latitude: 0° 23'42.735" N
Longitude: 102° 2’ 11.090"E Longitude: 102° 47’ 35.898" E Longitude: 102° 45' 52.382"E
Tower height (m) 40 40 48
Average canopy height (m) 17+6 19+6 32+6 ::r:\n;ﬁ:;r;ot
Nephrolepis biserrata, Dicranopteris linearis, Nepenthes Nepenthes spp.,

Dominant understorey species

Dominant overstorey species

Surface peat type (0-0.5 m)

Peat depth (m)

Peat bulk density (g cm™3)
(0-0.5 m)
Peat pH (0-0.5 m)

Peat ash content (%)(0-0.5 m)

Peat carbon concentration (%) (0-0.5 m)
Peat nitrogen concentration (%) (0-0.5 m)
Peat nitrate concentration (ppm) (0-0.5 m)

Stenochlaena palustris,
Wild Seedlings of Acacia
crassicarpa

Acacia crassicarpa

Hemic

7+0.8

0.20 + 0.06
34+01
25+1.2

545+ 1.0
1.4+0.10
2,072+ 610

Peat ammonium concentration (ppm) (0-0.5 m) 680 + 85

spp., Pandanus spp.,
Cyrtostachys renda, Nephrolepis
sp., Stenochlaena sp.,
Blechnum sp.

Syzygium claviflorum, Shorea
teysmanniana, Stemonurus
secundiflorus, Blumeodendron
kurzii, Horsfieldia crassifolia,
Macaranga pruinosa

Fibric

84+10

0.09 + 0.03
36+0.3
1.5+0.9

57.3+0.1
1.5+0.10
1,688 + 725

654 + 184

Pandanus spp., Cyrtostachys
renda

Shorea uliginosa, Calophyllum
ferrugineum,

Syzygium sp.,

Camnosperma macrophylla,
Tetramerista glabra,
Palaquium burckii

Fibric

9+1.0

0.08 + 0.03
3.6+0.1
0.8+0.5

55.9+0.7
1.6 +0.10
1,167 + 509

475+ 130

Permanent
sampling plot

Permanent
sampling plot

Von Post’s scale
for peat
humification

Manual peat auger

Gravimetric
pH 1:5

Loss on ignition

Combustion

Titration

Values represent averages with standard deviation.



Extended Data Table 2 | Annual average with standard deviation of environmental variables at Acacia plantation and
degraded and intact peat swamp forest in Sumatra, Indonesia

Average air Average soil Average soil Annual Annual Number of day with daily

Measurement period temperature temperature water rainfall N:'i?::;: :a?:y evapotranspiration rainfall < daily Gr;:::j‘(':;er
(°C) (°C) temperature (°C) (mm yr?) (mm yr) evapotranspiration (%)

Acacia plantation
October 2016 - September 2017 27.2+1.0 302+ 1.1 29.3+04 2,687 223 1,465 251 (69%) -0.66 + 0.16
October 2017 - September 2018 269+0.9 28.8+0.7 286+0.2 1,651 260 1,627 283 (78%) -0.68 + 0.07
October 2018 - September 2019 27.0+0.8 28.9+0.7 28.2+0.5 2,177 238 1,597 259 (71%) -0.67 +0.18
October 2019 - September 2020 27.0+1.2 29.4+05 28.7+0.2 2,232 251 1,635 275 (75%) -0.59+0.23
October 2020 - May 2021 266+1.2 294+08 284+03 1,655* 145* 843* 173* (71%) -0.69 +0.16
October 2016 - May 2021 27.0+1.0 29.3+1.0 28.7+05 2,228 1,514 -0.65+0.17
Degraded site
October 2016 - September 2017 26.8+0.9 284+03 2,142 243 1,372 277 (76%) -0.51+0.13
October 2017 - September 2018 26.7+0.9 27.7+0.2 1,837 232 1,371 280 (77%) -0.67 +£0.10
October 2018 - September 2019 27.2+09 27.2+0.1 1,325 264 1,539 297 (81%) -0.79+0.21
October 2019 - September 2020 281+13 275+01 1,763 240 1,496 283 (78%) -0.73+0.14
October 2020 - September 2021 282+1.0 27.8+0.3 2,206 230 1,351 265 (73%) -0.70 £0.17
October 2021 - May 2022 285+1.0 27.8+0.2 1,347 151* 869* 176* (72%) -0.72+0.13
October 2016 - May 2022 275+1.2 27.7+03 1,942 1,411 -0.69+0.18
Intact site
June 2017 - May 2018 26.6+0.9 27.2+05 26.2+0.2 2,020 226 1,537 271 (74%) -0.15+0.16
June 2018 - May 2019 26.9+0.9 274+0.1 25.7+0.1 1,756 240 1,592 288 (79%) -0.21+0.20
June 2019 - May 2020 27.0+0.9 28.1+0.1 25.7+0.1 1,496 246 1,547 289 (79%) -0.47 +£0.18
June 2020 - May 2021 26.9+ 1.1 274+0.6 257+0.2 2,249 220 1,502 269 (74%) -0.17 +£0.20
June 2021 - May 2022 273+08 27.3+0.2 254+01 1,895 220 1,471 276 (76%) -0.19+0.13
June 2017 - May 2022 26.9+1.0 275+05 25.7+0.2 1,883 1,530 -0.24 +0.22

GWLs were averaged from 11 locations around the Acacia plantation tower site, four locations around the degraded tower site and 15 locations in the intact site. The numbers marked with an
asterisk (*) are cumulative estimates over eight months. Negative GWL values indicate the water level below the peat hollow surface.
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Extended Data Table 3 | Net ecosystem CO, and CH, exchanges measured using eddy covariance over Acacia plantation and
degraded and intact peat swamp forest in Sumatra, Indonesia

Measurement Period Annual net ecosystem CO, Annual net ecosystem CH, Annual oxidative peat
exchange (tCO, ha'yr) exchange (kgCH, ha"'yr) decomposition (tCO, ha'yr)

Acacia plantation

October 2016 - September 2017 48.4 +4.7 57.9+5.1 41.2+89

October 2017 - September 2018 -54+4.7 36.4+5.0 384+84

October 2018 - September 2019 -8.8+4.5 404 +3.8 453 +9.2

October 2019 - September 2020 27+44 55.3+4.3 41.8+99

October 2020 - May 2021 11.7+6.0 37.1+£50 42.4+9.5

October 2016 - May 2021 95+45 48.6 +4.1 41.7+9.5

Degraded site

October 2016 - September 2017 36.3+4.2 53.3+24

October 2017 - September 2018 38.7+4.1 37.3+22

October 2018 - September 2019 409+ 4.1 46.5+ 3.6

October 2019 - September 2020 431+44 426+33

October 2020 - September 2021 39.9+5.2 254+43

October 2021 - May 2022 488 +54 253+2.9

October 2016 - May 2022 40.8+4.4 40.7 £ 3.2

Intact site

June 2017 - May 2018 11.9+3.7 86.7 + 3.9

June 2018 - May 2019 9.1+37 83.0+ 3.6

June 2019 - May 2020 25.6 +4.1 46.6 + 4.5

June 2020 - May 2021 15.8+3.5 97.3+54

June 2021 - May 2022 14.0+ 3.4 84.0+4.3

June 2017 - May 2022 16.3+3.7 79.5+4.4

Annual estimates with total uncertainty includes random error, friction velocity criteria and gap-filling approach. Annual oxidative peat decomposition measured using the soil-chamber
technique at the Acacia plantation is given with standard deviation from four soil flux chambers. Positive values indicate emission to the atmosphere, negative values indicate net uptake by the
ecosystem.



Extended Data Table 4 | GHG balance of Acacia plantation and degraded and intact peat swamp forest in Sumatra, Indonesia

Parameter Intact site Degraded site Acacia plantation
Net ecosystem CO, exchange (tCO, ha! yr')a 16.3+3.7 40.8+4.4 95+45
C-export in harvested wood (tCO, ha! yr')® 20.5+1.1
Fluvial C-export (tC ha™' yr)° 0.3+0.1 0.5+0.1 04+0.1

Net ecosystem CH, exchange (kg CH, ha! yr')2 795+4.4 40.7+3.2 48.6 +4.1

Soil N,O flux (kg N,O ha yr)p 03+05 22+23 48+38

GHG balance (tCO,-eq ha! yr')

Net ecosystem CO, exchange 16.3+3.7 40.8+4.4 95+45
C-export in harvested wood 20.5+1.1
Fluvial C-export 1.1+0.2 1.8+04 16+04

Net ecosystem CH, exchange 3.6+0.2 1.8+0.1 22+0.2

Soil N,O flux 0.1+0.1 0.6+0.6 1.3+1.0
Total® 20.3+3.7 451 +4.4 352+47
'(':t’iggjzz ﬁ;‘fs;?)‘;e toland-use change 0.9+0.0 42.4+091032+09
[\tlgtolrgggita?f I;:(;C-use change from intact site 257457 1814 6.0

Net impact of land-use change from degraded site 7565
(tCO,-eq ha'! yr')e

Avoided emission from bioenergy production 73104

(tCO,-eq ha! yr)°

To quantify total GHG balance in CO, equivalent (CO,-eq), we used a sustained-flux global-warming potential (SGWP) of 1, 45 and 270 for CO,, CH, and N,0O, respectively, over a 100-year

time period®. Total GHG balance=(net ecosystem CO, exchange+net ecosystem CH,-C exchange+fluvial C export+C export in harvested wood, where applicable)+(net ecosystem CH,
exchangexSGWP)+(soil N,O fluxxSGWP). We assumed that all fluvial C export is ultimately converted to CO, (ref. 38). Avoided emissions from bioenergy production is calculated by assuming
that 54% of harvested wood is used for bioenergy production (details in Supplementary Method 4). *Values represent average with total uncertainty from random error, friction velocity threshold
and gap-filling approach. ®Values represent average with standard deviation. ®Values represent total with standard deviation calculated from propagation of errors. “Lower and upper ranges
represent biomass C loss owing to establishment of Acacia plantation on the degraded and intact sites, respectively. The bold numbers indicate net impact of land-use change. Positive value
indicates emission to the atmosphere and negative value indicates avoided emission.
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Extended Data Table 5 | Average and standard deviation of peat subsidence at Acacia plantation and degraded and intact
peat swamp forest in Sumatra, Indonesia

. Total subsidence Annual subsidence  Groundwater
Measurement period

(cm) rate (cm yr) level (m)
Full period (October 2016 - May 2021) -121+£3.7 -3.0+0.9 -0.65+0.17
Acacia plantation
El Nifio/lOD-linked drought event (January 2019 - December 2019) 71+24 71+24 -0.74 £ 0.19
Full period (December 2017 - May 2022) -16.0 + 6.0 -3.6+1.2 -0.69 +0.18
Degraded site
El Nifio/lOD-linked drought event (January 2019 - December 2019) -6.9+3.8 -6.9+3.8 -0.74 £ 0.12
Intact site Full period (December 2017 - May 2022) 71+24 14+16 -0.24+0.22
(3 to 6 km from
plantation boundary) El Nifio/IOD-linked drought event (January 2019 - December 2019) -7.0+£13 -7.0+£1.6 -0.42 £ 0.11
Intact site Full period (December 2017 - May 2022) 70+16 14+15 -0.24 +0.07
(7 to 10 km from
plantation boundary) El Nifio/lOD-linked drought event (January 2019 - December 2019) 7.2+1A1 7.2+1A1 -0.40 £ 0.07

Subsidence rates are strongly affected by the EL Nifio/IOD-linked drought event in 2019. Peat subsidence rates were derived from 11 locations in the Acacia plantation, four locations in the
degraded site and 14 locations in the intact site (see Methods). Negative peat subsidence values indicate that the ground surface was falling. Negative GWL values indicate the water level below
the peat hollow surface.



Extended Data Table 6 | Land use and locations of tropical peatland sites used in net ecosystem exchanges of CO,and CH,

and soil N,O syntheses
Land-use Location Groundwater level (m) Flux Reference

Net carbon dioxide flux (tCO, ha™' yr')

Secondary forest Sel?angau peat swarpp forest, Central 019 4.9 56
Kalimantan, Indonesia

Undrained forest BIOf:k C of mega rice project, Central 014 6.4 56
Kalimantan, Indonesia

Drained forest Betong peat swamp forest, Sarawak, Malaysia -0.55 14.1 76

Palm swamp forest Quistococha forest reserve, Loreto, Peru 0.03 -17.0 82

Intact site Kampar Peninsula, Riau, Indonesia -0.25 15.3 This study,17

Degraded site Kampar Peninsula, Riau, Indonesia -0.68 40.8 This study,17

Acacia plantation Kampar Peninsula, Riau, Indonesia -0.65 30.0 This study

Net ecosystem methane exchange (tCH, ha™' yr')

Undrained forest Alan Batu forest gf Maludam Peninsula, 0.05 011 28
Sarawak, Malaysia

. Border of Alan Bunga and Batang Alan forest

Drained forest of Maludam Peninsula, Sarawak, Malaysia 019 0.06 28

Oil palm Sibu, Sarawak, Malaysia -0.62 0.03 28

Peat swamp forest Quistococha forest reserve, Loreto, Peru 0.03 0.29 82

Intact site Kampar Peninsula, Riau, Indonesia -0.25 0.08 This study,17

Degraded site Kampar Peninsula, Riau, Indonesia -0.68 0.04 This study,17

Acacia plantation Kampar Peninsula, Riau, Indonesia -0.65 0.05 This study

Soil nitrous oxide flux (kgN,O ha' yr)

Oil palm Raja Musa peat swamp forest reserve, 069 420 83
Selangor, Malaysia

Natural forest Raja Musa peat s.wamp forest reserve, 0.05 0.80 83
Selangor, Malaysia

Natural forest Mukah devision, Serawak, Malaysia -0.45 1.10 84

Sago Mukah devision, Serawak, Malaysia -0.27 5.18 84

Oil palm Mukah devision, Serawak, Malaysia -0.60 1.88 84

Undrained forest Sebangau peat swamp forest, Central -0.10 0.34 85
Kalimantan, Indonesia

Drained recovering Blolck C of mega rlcg project, Central 0.31 030 85

forest Kalimantan, Indonesia

Drained burmed peat 0%k C of mega rice project, Central 0.43 1.51 85
Kalimantan, Indonesia

Agricultural peat Kalampangan, Central Kalimantan, Indonesia -0.43 1.65 85

Agricultural peat Marang, Central Kalimantan, Indonesia -0.43 0.99 85

Abandoned paddy fields South Kalimantan, Indonesia 0.02 -0.58 86

Secondary forest South Kalimantan, Indonesia -0.10 -0.80 86

Intact peatland Northern Peruvian Amazon, Loreto, Peru 0.00 1.30 87

Medium degraded Northern Peruvian Amazon, Loreto, Peru -0.07 0.50 87

High degraded Northern Peruvian Amazon, Loreto, Peru -0.06 1.10 87

Forested vegetation Pastaza-Mararién foreland basin, Peru -0.34 0.00 88

Palm swamp Pastaza-Mararion foreland basin, Peru -0.17 0.01 88

Forested pole Pastaza-Mararén foreland basin, Peru -0.04 0.00 88

Flooded forest Sebangau peat swamp forest, Central 0.07 0.33 89
Kalimantan, Indonesia

Drained forest Block C of mega rice project, Central 0.35 0.47 89
Kalimantan, Indonesia

Burnt flooded plain Sebangau peat swamp forest, Central 0.15 -1.20 89
Kalimantan, Indonesia

Drained burnt Blo-ck C of mega r|cg project, Central 003 1.11 89
Kalimantan, Indonesia

Oil paim Pangkalgn Bun, Central Kalimantan, 050 5 24
Indonesia

Intact site Kampar Peninsula, Riau, Indonesia -0.25 0.3 This study,17

Degraded site Kampar Peninsula, Riau, Indonesia -0.68 2.2 This study,17

Acacia plantation Kampar Peninsula, Riau, Indonesia -0.65 4.8 This study

Positive and negative GWL values indicate the water level above and below the peat hollow surface, respectively. Positive flux value indicates emission to the atmosphere and negative value
indicates uptake by the ecosystem. References®°°.
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The study reports net ecosystem exchanges of carbon dioxide (CO2) and methane (CH4) as well as soil nitrous oxide (N20) fluxes
from Acacia crassicarpa plantation, degraded site and intact site within the same peat landscape to represent land-cover change
trajectories in Sumatra, Indonesia. The study reports the first full plantation rotation GHG balance investigation undertaken in any
fiber wood plantation on peatland globally. The GHG emissions from the Acacia plantation over a full plantation rotation were two
times higher than those from the intact site, but only around half of the current IPCC Tier 1 emission factor for this land-use. Our
results should help to reduce the uncertainty in the estimation of GHG emissions from globally important ecosystems, provide
estimate of the impact of land-use change on tropical peat, and develop science-based peatland management practices as nature-
based climate solutions that help to minimize GHG emissions.

We quantified all major GHG flux terms (net ecosystem exchanges of CO2 and CH4, and soil N20 flux), including fluvial C-exports for
Acacia crassicarpa plantation, degraded and intact sites within the same peat landscape in Sumatra, Indonesia. In addition, biomass
C-loss due to plantation establishment and C-export in harvested wood for Acacia plantation were also quantified. The peat chemical
and physical properties, groundwater level, and meteorological variables at all sites were measured.

We quantified GHG balance of fiber wood plantation on tropical peatland in Sumatra, Indonesia to cover a full plantation rotation
(planting - plantation growth - harvesting) and all major GHG flux terms (net ecosystem exchanges of CO2 and CH4, and soil N20
flux), including biomass C-loss due to plantation establishment, C-export in harvested wood and fluvial C-exports. We compared the
GHG balance at the fiber wood plantation with more than five years of measurements at the degraded and five years of
measurements at the intact sites on the same peat landscape.

Measurements of net ecosystem CO2 and CH4 exchanges were conducted using eddy covariance technique. Eddy covariance system
consisted of an enclosed-path CO2/H20 analyzer (LI-7200, LI-COR) to measure CO2 and H20 concentrations, an open path CH4
analyzer (LI-7700, LI-COR) to measure CH4 concentrations, and a three-dimensional sonic anemometer (WindMaster Pro3-Axis
Anemometer, Gill Instruments) to measure the orthogonal components of wind-speed fluctuations at 40, 40, and 48 m heights above
ground surface for Acacia plantation, degraded, and intact sites, respectively. Soil N20 flux was measured using manual flux chamber
technique, following gas chromatograph analysis. Peat oxidative decomposition was measured using automated chamber system
(LI-8100-104, LI-COR) consisting of white enamel-coated stainless steel chambers connected to soil CO2 analyzer (LI-8100, LI-COR).
For peat physical and chemical properties of the surface layer (0 - 50 cm), four plots in each of the Acacia plantation and degraded
site, and three plots in the intact site were randomly selected within the eddy covariance flux footprint (200 - 1,000 m distance from
each tower location).

We collected continuous eddy covariance measurements over the full Acacia plantation cycle (planting - plantation growth -
harvesting, October 2016 to May 2021), the degraded site (October 2016 to May 2022) and the intact site (June 2017 to May 2022).
The raw eddy covariance data were recorded at 10 Hz frequency and fluxes were calculated at every 30 minutes. The eddy
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covariance measurements represent an area within 1,000 m radius from the eddy covariance tower.

Soil N20 fluxes measurements were made between December 2019 and March 2022 for the plantation site, between July 2019 and
March 2022 for the degraded site, and between June 2019 and February 2022 for the intact site on a bi-monthly basis. Four plots in
each of the Acacia plantation and degraded site, and three plots in the intact within eddy covariance flux footprint (200 - 1,000 m
distance from the eddy covariance tower location). At each plot in the degraded and intact sites, two stainless steel rectangular
collars on hummocks and four in the adjacent hollows, whereas four collars per plot in the plantation (around 50-100 m apart) were
inserted permanently 15 cm into the peat five months before the start of the flux monitoring.

Peat oxidative decomposition collected continuously in between October 2016 to May 2021 at 30 minutes frequency with four
replicates.

For peat physical and chemical properties of the surface layer (0 - 50 cm), four plots in each of the Acacia plantation and degraded
site, and three plots in the intact site within the eddy covariance flux footprint (200 - 1,000 m distance from each tower location).
Peat samples for bulk density, pH and ash content were collected in September 2017, February 2019 and September 2019 in the
intact site, in June 2017, January 2018, October 2018, and February 2019 in the degraded site and June 2017, February 2018,
October 2018, February 2019 and October 2019 in the Acacia plantation. Samples for soil carbon, nitrogen, nitrate, ammonium
content were collected in August 2020 and October 2021 for all sites.

Data exclusions Following standard eddy covariance quality control criteria, we applied quality controls to remove low-quality eddy covariance
measurements, as is done for eddy covariance measurements (details are in the manuscript). We removed oxidative peat
decomposition measurements with negative values, fluxes with coefficients of regression of < 0.9, or values that were extreme
outliers (> 99th percentile).
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Reproducibility Not applicable due to the nature of the research

Randomization Sampling plots and collars for soil N20 fluxes monitoring and plots for peat soil sampling were located randomly around each eddy
covariance tower within flux footprint i.e. 200 - 1000 m radius from eddy covariance tower.

Blinding Not applicable due to the nature of the research

Did the study involve field work? X Yes [Ino

Field work, collection and transport

Field conditions This study was conducted in the Kampar Peninsula (Sumatra, Indonesia), an ombrogenous tropical peatland of around 700,000 ha
that largely formed within the past 5,100 years. The base of the peatland is grey marine clays over which peat varies from
approximately 3 m deep near the river boundaries, to over 11 m in the center of the approximately 60-km-wide and > 100-km-long
peat dome, with an average depth of 8 m. The peninsula experiences a humid tropical climate with the average monthly air
temperature ranging from 26 to 29 °C. The variability in rainfall is influenced by monsoonal processes combined with El Nifio-
Southern Oscillation (ENSO) and Indian Ocean Dipole (I0D). In general, the El Nifio and positive I0D occur sequentially, with the
positive 10D peaking a few months after the El Nifio, exerting a strong combined effect on regional rainfall patterns. The average
annual rainfall for the past eight years (2014-2021, with El Nifio in 2015, La Nifia in 2017 and a major positive IOD combined with an
El Nifio event in 2019) is 1,772 £ 201 mm. Rainfall varies seasonally with two annual peaks, in November-December and another in
March-April.

Location Acacia plantation. Latitude : 0° 30" 57.221" N; Longitude : 102° 2' 11.090"E; vegetation-canopy height : 17 + 6 m; peat depth : 7+ 0.8
m; groundwater level : -0.65 + 0.17 m.
Degraded peat swamp forest. Latitude : 0° 41' 58.169" N; Longitude : 102° 47' 35.898" E; vegetation-canopy height: 19 + 6 m; peat
depth : 8.4 + 1.0 m; groundwater level : -0.69 + 0.18 m.
Intact peat swamp forest. Latitude : 0° 23' 42.735" N; Longitude: 102° 45' 52.382"E; vegetation-canopy height : 32 + 6 m; peat depth :
9 + 1.0 m; groundwater level : -0.24 £ 0.22 m.

Access & import/export No sample import/export efforts have been made in this study. The establishment and operation of the eddy covariance towers and
associated data collection were funded and approved by Asia Pacific Resources International Ltd (APRIL) and Riau Ecosystem
Restoration (RER). Acacia plantation site is managed by APRIL, the degraded site was an unmanaged area which located in the Acacia

plantation boundary, whereas the intact site is located in the RER conservation area.

Disturbance No disturbance has been caused due to this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods
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