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Abstract: Although accurate estimates of biomass loss during peat fires, and recovery over time, are
critical in understanding net peat ecosystem carbon balance, empirical data to inform carbon models
are scarce. During the 2019 dry season, fires burned through 133 631 ha of degraded peatlands of
Central Kalimantan. This study reports carbon loss from surface fuels and the top peat layer of 18.5
Mg C ha (3.5 from surface fuels and 15.0 from root/peat layer), releasing an average of 2.5 Gg
(range 1.8-3.1 Gg) carbon in these fires. Peat surface change measurements over one month, as the
fires continued to smolder, indicated that about 20 cm of the surface was lost to combustion of peat
and fern rhizomes, roots and recently incorporated organic residues that we sampled as the top peat
layer. Time series analysis of live green vegetation (NDVI trend), combined with field observations
of vegetation recovery two years after the fires, indicated that vegetation recovery equivalent to fire-
released carbon is likely to occur around 3 years after fires.

Keywords: emissions; emission factor; shrub; ferns; NDVT, litter; peat bulk density; carbon content;
peat depth

1. Introduction

Tropical peatlands are areas of high carbon density that sequester an estimated 82-
92 Pg C, with Indonesian peatlands sequestering about 10% of the global total [1]. Re-
peated and extensive fires, following drainage and selective logging, have contributed to
peat forest loss in Indonesia over recent decades [2]. Over the last two decades, about 12%
of peatlands in Sumatra and Kalimantan have been burned more than once, with about
23% of this area burned more than twice [3]. Carbon loss and emissions from repeatedly
burned peatlands have been estimated for peat, but not so well for aboveground compo-
nents [4]. In degraded peat swamp forests, recent studies indicate that about 50% of
aboveground carbon remains after several consecutive fires—as coarse woody debris,
standing dead trees and pyrogenic carbon [5,6]. While there are studies that describe the
recovery of carbon after fire for northern hemisphere peat ecosystems [7,8], there are few
recovery studies for Indonesian peatlands, including peat swamp forests.

During the dry season, in the period of July-September 2019, peat fires were acci-
dentally ignited in a degraded peatland area near Tumbang Nusa camp in Central Kali-
mantan, Indonesia. We used this opportunity to empirically measure aboveground car-
bon loss and peat combustion from these areas which were previously peat swamp forests
and burned in more than four fires over the last twenty years. Two years after the fires,
we revisited the sites to observe the recovery of carbon. Here, we report losses and recov-
ery of carbon from these degraded peatlands of Central Kalimantan.
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2. Materials and Methods

The study was developed in degraded peatland where a fire burned from July to
October 2019. Site 1 was sampled in July 2019 after the fire was extinguished in the imme-
diate area, with samples taken in unburned and adjacent burned areas. Site 2 was sampled
in September 2019 at the active front of the fire, so that the fire burned into areas where
peat depth rods were placed prior to the fire advancing. At each site, an equal number of
plots was established in unburned and in burned areas (Table 1); these plots were sampled
at three points, resulting in 9 samples per treatment in Site 1 and 12 samples per treatment
in Site 2 (Table 1, Figures 1 and 2A). Study sites were heavily degraded peatlands domi-
nated by the fern Stenochlaena palustris. Aboveground samples comprised mostly ferns,
grasses and litter, while belowground samples were made up of peat, fern rhizomes and
roots (Figure 2B).

The loss of peat, fern rhizomes and roots in fires was measured at Site 2 during the
September 2019 field campaign. Two transects (Figure 1, Site 2), each 30-40 m long, were
set up in unburned areas of vegetation just prior to the advance of the fire into that area.
For each transect, thirty 1.5 m long metal rods (Figure 2F) were pushed about 70-80 cm
into the peat approximately 1-1.5 m apart, numbered (1-30) and the distance from the top
of the rods to the surface recorded at the time of installation. The combustion of the surface
was measured over 26 days from the 4th to the 30th of September until fires were self-
extinguished. The depth and rate of peat surface loss was calculated from the increase in
the distance from the top of the rod to the peat surface from prior to the fire (the time of
installation) to after the fire, with measurements taken periodically throughout the 26
days until the fire went out.

Table 1. Sampling design at Site 1 and 2 in burned and unburned treatments in degraded peatlands.

Component Site 1 Site 2
Date of measurements 15 July 2019 05 September 2019
Number of burned plots 3 4
Number of unburned plots 3 4
Number of samples, burned plots 9 12
Number of samples, unburned plots 9 12
Vegetation type Degraded peatland Degraded peatland
Fire history 2003, 2006, 2009 2001, 2004, 2006, 2009

Central Kalimantan
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Figure 1. Map of the study area with sampling design. Site 1, showing the location of plots in burned
and unburned areas. Site 2, showing the location of 2 transects for measuring the depth of peat
burned and location of burned (red) and unburned (green) plots.
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Surface fuels were destructively sampled from 0.1 m? frames and were separated into
a shrub sample (ferns and grasses) and litter (the rest of the organic matter). The peat
sample included organic residues, rhizomes and root material to an 11 cm depth, collected
using a metal cylinder of 464 cm? after shrub and litter had been removed (Figure 2B-E).

All samples (litter, shrubs, peat) were transferred to the facilities of FORDA in Bogor,
air dried and weighed for mass of dry matter and calculation of aboveground biomass on
a per hectare basis. Sub-samples of litter, shrub and peat were analyzed for C content at
the Centre for Agricultural Land Resource Research and Development using a loss on
ignition method (Lol). Carbon content, C%, was estimated as organic matter divided by
the conversion factor of 1.922 [9]. Peat depth to the mineral soil was measured using an
Edelman soil auger fitted with a half cylinder peat sampler (Eijkelkamp peat sampler;
https://en.eijkelkamp.com). One auger hole was placed in burned and unburned areas of
each transect, near each other (Figures 1, and 2A).

In July 2021, sites were revisited, and the recovery of the biomass was observed and
photographed (Figure 2C,G). The recovery process was also assessed from a sequence of
change in the Normalized Difference Vegetation Index (NDVI) based on the ratio of the
red and NIR band, created from Sentinel-2 MSI: MultiSpectral Instrument, Level-1C im-
age, processed using Google Earth Engine.

A map of the area burned in peat fires was created using data from the Ministry of
Environment and Forestry (MoEF) land cover map, Indonesian National Carbon Account-
ing System (INCAS) burned area maps and peat land areas provided by the Ministry of
Agriculture (MoA), Indonesia. The map was developed from hotspot images combined
with visual delineation and validation based on information from fire suppression activi-
ties.

A linear mixed effect model (GenStat 16.4, VSN International Ltd., Hemel Hemp-
stead, England, UK) was used to investigate the impact of fire on above- and belowground
C% and total biomass loss.

As our study used the direct measurements of biomass loss during fires, the emission
factor (Mg C ha™') was estimated as the difference in carbon mass from before fire to after
fire for aboveground components (shrubs and litter) and belowground components (peat,
rhizomes and roots).

7A5108'1140992E 1 3,
Tumbahg Nusa

Figure 2. Photos of study sites: (A) Site 1 during July 2019 measurements, showing burned and unburned locations, red
circles indicate position of peat auger samples taken from burned and unburned sites; (B) sampling of roots, rhizomes and
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peat using a metal ring; (C) Site 1 in July 2021 showing recovery of vegetation; (D) Site 2 in September 2019 showing
exposed roots, one day after peat fire burned the area; (E) sampling of shrubs and litter at burned sites, where the red
circle indicates the metal rod; (F) Site 2, measurements of surface combustion using a metal rod indicated by the red circle;
and (G) Site 2 in July 2021 showing recovery of vegetation and litter.

3. Results and Discussion
3.1. Area Burned
The peat fire of July 2019 burned through approximately 194x10% ha, with about 70%

made up of heavily degraded peatland (Figure 3). Before the fire of 2019, this area was
burned in 2001, 2003/4, 2006, and 2009 (Table 1).

110°0.000'E
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peat

mineral soil

; ¢
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Source : Burned area map 2019, MoEF Indonesia ; Peatland map 2011, MoA Indonesia

Figure 3. A map of the area burned in peat fires in 2019 in Central Kalimantan.

3.2. Impact of Fires on Carbon Content (C%) of Surface Fuels and Peat

Fires modified the C% of litter and peat but not shrubs. Litter C% in burned sites was
reduced by almost 6% compared to the unburned sites, while C% of shrubs remained
comparable between burned and unburned locations. The top layer of peat lost about 5%
of carbon compared to unburned sites (Table 2). However, both the burned and unburned
sites in these degraded peatlands had lower C% than relatively undisturbed peat forest,
e.g., 51% for the top layer in the Sebangau National Park, [6], 54% reported by [10] or 56%
averaged for the whole of South East Asia by [1]. The impact of recurrent fires on C% (also
called Corg) has been greatly understudied [5]. Yet, this parameter directly affects peat fire
emission estimates as defined by methods developed by the Intergovernmental Panel on
Climate Change (IPCC) [11] (see Equation (1) below).
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Table 2. Carbon content (C%) of measured above- and belowground components in burned and
unburned degraded peatland treatments according to site.

Treatment Component Site 1 Site 2 Average
Litter 39.3 £ 0.46 50.40 +1.31 452 +1.49
Burned Shrub Not present 47.35 +0.42 47.4+0.43
Peat, 0-10 cm 45.03 +0.23 38.14+2.35 41.1+1.53
Litter 49.76 +0.42 52.06 £0.71 51.1+0.52
Unburned Shrub 46.88 +0.41 47.37 +0.31 47.2+0.25
Peat, 0-10 cm 51.41+1.10 41.21+2.51 45.6 +1.86

Values are the means, n =9 for Site 1 and n = 12 for Site 2, + is the standard error (s.e.) of the mean.

3.3. Mass Loss from Aboveground Shrubs and Litter and from Belowground Rhizomes, Roots
and Peat

Peat bulk density was comparable between the treatments and sites, with an average
of 0.150 + 0.005 g cm= (Table 3, P = 0.067). These values were consistent with our previous
estimates for the degraded peatlands [6].

Table 3. Peat bulk density (g cm™) in burned and unburned treatments in degraded peatlands of
Central Kalimantan.

Component Burned Unburned
Site 1 0.131 £ 0.008 (9) 0.149 + 0.007 (9)
Site 2 0.149 +0.007 (12) 0.165+0.011 (12)

Values are the means (with the number of samples given in brackets), + is the standard error (s.e.)
of the mean.

Almost 90% of shrub mass was combusted in fires yet the litter mass was comparable
between burned and unburned locations (Table 4). No changes in litter loads (or even
slightly greater in burned than unburned sites) suggest that carbon was added from the
shrub layer (a redistribution of carbon) which was partly combusted or converted to other
forms of carbon, such as char and ash, which were difficult to separate (Figure 2E). Over-
all, fire had a significant impact on shrub + litter mass, which was reduced from 8.09 + 0.62
to 4.62 + 0.68 Mg C ha™, losing 3.5 Mg C ha™ (Table 4). The significantly lower carbon
content of peat at burned sites (Table 2) resulted in loss from the peat surface of 15.02 Mg
C ha, with overall loss from surface and peat mass of 18.50+4.88 Mg C ha! (Table 4).

Table 4. Mass of above- and belowground carbon and carbon loss (Mg C ha™) across two sites in
degraded peatlands of Central Kalimantan.

Component Burned Unburned Loss P value
Shrub 0.63 £0.27 4.57 +0.47 4.04 +0.56 <0.001
Litter 3.99 +0.62 3.43+0.41 -0.56 +0.79 n/s

Peat (0-11 cm) 63.4+3.21 78.4 +3.88 15.02 +4.76 0.004
Total 18.50 + 4.88

Values are the means, n=20, + is the s.e. of the mean.

3.4. Combustion of Peat Surface during Fires

The depth of peat to the mineral soil was comparable between unburned (2.44 + 0.20
m) and burned (2.28 + 0.11 m) sites and comparable with the peat depth maps derived
from the MoA (Figure 4A).

Over almost a month of smoldering peat fires from September 4 to 29, a total of 21-
24 cm of surface was lost (Figure 4B). The greatest reduction in the surface depth occurred
in the first week, with a loss of up to 15 cm. About 3 cm was lost in the second week and
less than 1 cm in the last days of measurements prior to the fire going out. Our measure-
ments were comparable to the average peat layer loss of 15.8 + 0.5 cm reported by [12].
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Yet, burned peat layer depth was much smaller than recorded for a large forest fire in
Central Kalimantan in 1997 (40 cm) [13]. Our observations during sampling of the peat
surface indicate that it is not necessarily all peat mass that is consumed in fires but rather
a combination of roots, fern rhizomes, peat and recently added litter that contributes to
the decrease in peat depth (as can be seen in Figure 2D).

-,

Surface loss, cm

Peat depth
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Figure 4. (A) Map of the peat depth at the study sites, (B) loss of the peat surface during peat fires in September 2019 at

Site 2 as measured from two transects, Central Kalimantan. Error bars are the standard error (s.e.) of the mean. As can be
seen in Figure 2D, it was not possible to separate the loss of peat from the overall surface loss.

3.5. Emission Factors and Emission from Recurrently Burned Degraded Peatlands

The overall loss of carbon from the surface and top peat layer was 18.5 Mg C ha™ (3.5
from the surface and 15.0 from top peat), an emission factor greater than 13 Mg C ha™
suggested by [4]. However, if only the loss from peat is considered, then our estimates of
15.02 + 4.76 would be comparable to [4]. We should emphasize that for the estimates of
carbon loss, the authors used a lower peat bulk density value of 0.115 g cm™ but greater
carbon content of 55.3% compared to our field measurements of 0.150 g cm= and 45.6%.
Consistent with the findings from other studies [14,15], degraded peatlands have compact
peat with bulk densities much greater than 0.115 g cm~ which is more representative of
undisturbed peatlands [10]. Our previous analyses have shown that C% of 39-43% is a
more realistic value for the degraded peatlands [6] —well below the almost universally
used 56% reported by Page, Rieley and Banks [1]—irrespective of peat degradation status.

In our study, we recorded a much greater combustion of the peat surface than the
relative burned area depth of 2 cm for four or more consecutive fires reported by [4] This
suggests that the authors did not consider the contribution of organic matter and roots to
the burned area depth in their estimates. Our field observations (Figure 2B,D) indicate
that the shrubs, litter and roots in degraded peatlands are the main fuels consumed in
fires that determine the depth of peat loss.

Assuming the total loss of 18.5 + 4.88 Mg C ha™, we estimate the peat fires of 2019
that burned though about 133 631 ha of degraded peatlands dominated by ferns and other
small shrubs of Central Kalimantan released between 1.8 and 3.1 Gg C. Using the IPCC
method [11] (Equation (1)) and our field data would produce an estimate of carbon loss
in the range 67.5-77.1 Mg C ha™

EF =DB -C-BD-CF-100 1)

where average depth burned (DB) is 21-24 cm, average peat bulk density (BD) is 0.150 g
cm3, peat carbon content (C) is 0.4558 and peat combustion factor (CF) is 0.47 from [6].
Multiplying this carbon loss by the peat area burned would produce carbon emissions
from the study area of between 9 and 10 Gg C. This IPCC method overestimates emissions
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from degraded peatlands, where the shrub, litter and root components are the main con-
tributors to emissions.

Similarly, using the IPCC method (Equation (1)), our field data for BD, C% and the
relative peat depth burned of 2 cm from [4] would produce carbon loss of 6.42 Mg C ha,
or half of what we observed in the field, due to the authors [4] not accounting for above-
ground and root biomass contributions to the emissions.

Although the recovery of vegetation was visually apparent two years after fires (Fig-
ure 2C, G), we do not have biomass estimates for the vegetation in 2021. As a surrogate
for biomass measures after fire, we used the trend in the NDVI to estimate equivalence in
the vegetation condition from the period prior to fire to two years after fire. The monthly
NDVI trend indicated that about 3 years are required for the aboveground carbon to fully
recover to pre-fire conditions (Figure 5). An increase in the index value indicates an in-
crease in the greenness value which describes an increase in growth or density of land
cover vegetation. Theoretically, the NDVI value interval for shrubs is narrower than the
NDVI value interval for forest stands, so it is very possible that shrub recovery can occur
in a relatively short time. As the net primary productivity of tropical fern shrublands is
about 11 Mg C ha™ yr [16], the NDVI estimated vegetation recovery in this study is likely
highly conservative.

This study provides one of just a few rare empirical estimates of biomass and peat
loss as measured during fires. Our results suggest that following peat fire in degraded
peatlands, vegetation carbon recovers within 3 years.
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Figure 5. Monthly Normalized Difference Vegetation Index (NDVI) from January 2019 to July 2021
at Site 2, Central Kalimantan.
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