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Section 1: Fire emissions  

 
Supplementary Figure 1: PM2.5 Monthly PM2.5 emissions from FINNv1.5 and FINNpeatSM. The dry 
season (August-October) in each year is shaded.  
 
 
 
 
Section 2: Costs included in analysis 
 
Supplementary Table 1: Costs included in this study 

Category  Included in cost Cost Source  

CO2 

emissions 
 Average closing price of CO2 

in EU Emissions trading 
system during 2009-2020 

$11.8 tCO2
-1 Business Insider 1 

Long term 
health 
impacts 

DALY from 
PM2.5 
exposure  

The economic loss of a DALY 
caused by non-
communicable diseases. 

$4710 DALY-1 World Economic Forum 
2 
Mboi et al.3 

Damage to 
Land cover 

Oil palm NPV of oil palm averaged 
over large scale, small scale 
high yield and low yield 

$8885 ha-1 Butler et al.4; 
Noormahayu et al.5; 
Ruslandi et al.6;  
Fisher et al.7;  
Sofiyuddin et al.8; 
Svatonová et al.9; 
Sofiyuddin et al.10 
 

Crops NPV of rice and maize  $827 ha-1 Sofiyuddin et al. 8 



Wood fibre NPV of Acacia plantations  $1206 ha-1 Sofiyuddin et al. 8 

Rubber NPV of rubber plantations $1662 ha-1 Sofiyuddin et al. 8 
Sofiyuddin et al.10 

Logging NPV of logging concessions $7713 ha-1  Ruslandi et al.6; 
 Fisher et al.7; 
Sofiyuddin et al. 8 

Forest Provisions of food, water, 
raw materials and medicinal 
resources.  
Erosion prevention. 
Genetic diversity and 
pollination services. 
Cultural and recreational 
services.  
 

$4079 ha-1 de Groot et al.13 

 
 
 
Section 3: Fire reduction in different PA types 
Table S2 shows the ratios of normalised burned area within and outside of protected areas. A value 
< 1 implies that there is less burned area per km2 inside the protected areas than outside, a value > 1 
suggests that there is more burned area per km2. Some protected area types, such as Nature 
Reserves or Grand Forest Parks, seem to be less effective in reducing fires than others, such as 
National Parks. Of the 22 protected areas which contain peatland in Sumatra, 8 are Wildlife reserves 
and 12 are National Parks with only 1 Grand Forest Park and 1 Nature Recreation Park. In all years 
the burned area ratio is greater than 1 for the Grand Forest Park, suggesting that the protection 
against fires is low for this park. Table S3 shows the ratio of average soil moisture inside and outside 
of protected areas. The soil moisture is greater inside protected areas, where drainage canals are 
prohibited. Again, the difference is greatest for National Parks. A detailed description of the different 
protected area classifications is provided in Brun et al.14.   
 
Different protected area types have different average size. Grand Forest parks in Sumatra are 86 km2 
on average and Nature Reserves in Kalimantan are 469 km2 on average. In contrast National Parks 
are much larger, on average 2826 km2 in Sumatra and 4700 km2 in Kalimantan. Table S4 shows the 
burned area ratios for protected areas of all categories over 1000 km2 are mostly lower than for all 
protected areas over 100 km2, showing that size is likely one factor in the level of protection from 
fire. This could be because large protected areas are less likely to be influenced by deforestation and 
drainage happening outside of the protected area. It is also possible that larger protected areas are 
more remote and are less effected by runaway fires from other land types.  
 
Not all smaller protected areas have high burned area, however. Wildlife reserves are on average 
around 350 km2, and these have substantially lower burned area ratios than Nature reserves. The 
differences here could be due to location or due to how well the protected area is managed. This 
could also explain the differences seen between protected areas in Sumatra and Kalimantan.  
 
 
 
 
 
 
 



Supplementary Table 2: The average ratio of burned area per km2 on peatland within a protected 
areas to burned area per km2 on peatland within 0.25° of the protected area for different years, split 
for different types of protected area and for Sumatra and Kalimantan. All protected areas included 
contain a mix of peatland and non-peatland, and the average ratio for non-peatland in National 
Parks is shown. The International Union for Conservation of Nature (IUCN) categories for the 
different types of protected areas are given.   

 
 
 
 
Supplementary Table 3: The average ratio of average soil moisture on peatland inside a protected 
are to average soil moisture in peatland outside a protected area (within 0.25° of the protected area) 
for August, September and October 2015. The average ratio is shown for protected areas in Sumatra 
and Kalimantan separately, and for all protected areas and National parks only.  

 
 
 
Supplementary Table 4: The average ratio of burned area per km2 on peatland within a protected 
areas to burned area per km2 on peatland within 0.25° of the protected area for different years and 
for Sumatra and Kalimantan. The average over all protected areas over 100 km2 and for all protected 
areas over 1000 km2 is shown.  

PA type 2004 2006 2009 2012 2014 2015 

 Suma Kali Suma Kali Suma Kali Suma Kali Suma Kali Suma Kali 

>100 km2 0.58 0.54 1.89 0.74 0.75 0.68 0.72 0.74 0.65 0.71 0.86 1.23 

>1000 km2 0.25 0.39 0.18 0.56 1.00 0.32 0.48 0.41 1.02 0.33 0.96 0.82 

 
 
Section 4: Contribution of Non-Indonesian Fires to health impacts 
The simulated PM2.5 used to estimate health impacts of fires is from all fire emissions in the study 
area, not only from Indonesian fire emissions. For 2015 Indonesian fires produced 97% of the total 
PM2.5 emissions in the study area, with the remaining coming from fires in Malaysia, Brunei and 

  2004 2006 2009 2012 2014 2015 

 IUCN Suma Kali Suma Kali Suma Kali Suma Kali Suma Kali Suma Kali 

National Parks II 0.28 0.30 3.69 0.41 0.60 0.21 0.37 0.33 0.58 0.23 1.17 0.63 

    (Non-peat)  0.90 0.16 0.35 0.22 0.89 0.12 0.53 0.06 0.81 0.09 0.68 0.43 

Grand Forest Park V 1.39 - 2.45 - 1.97 - 1.35 - 1.54 - 2.47 - 

              

Nature 
Recreation Park 

V - - 0.54 0.80 0.55 - 0.37 4.07 0.71 2.35 0.68 4.09 

              

Nature Reserve Ia - 1.15 - 0.92 - 1.97 - 1.37 - 1.33 - 0.93 

              

Wildlife Reserve IV 0.71 0.34 0.29 0.54 0.19 0.56 0.82 0.32 0.16 0.12 0.28 0.58 

              

Undesignated  - 2.18 - 0.89 - 1.55 - 0.98 - 1.09 - 2.00 

 August September October 

 Suma Kali Suma Kali Suma Kali 

National Parks 1.34 1.48 1.41 1.57 1.35 1.49 

All protected areas 1.12 1.35 1.13 1.44 1.11 1.33 



mainland South-East Asia. In other years non-Indonesian fires contributed 4-7% of total PM2.5 
emissions. 
 
For 2015 we have also found the PM2.5 concentrations and health impacts resulting from Indonesian 
fires only. These non-Indonesian fires resulted in 1900 mortalities (3% of the mortalities from all 
fires) and 76,500 DALYs (3% of DALYs from all fires). For the mortalities in Singapore non-Indonesian 
fires resulted in 4% of the mortality and DALYs caused by all fires. For Indonesian and Malaysian 
mortalities it was 3%. In other years the health impact contributions are likely to be similar. 
 
The costs resulting from CO2 emissions and damage to land cover are calculated from Indonesian 
fires only, while the costs relating to health impacts are from all fires. These non-Indonesian fires 
could be contributing 3-7% to the health impacts.  
 
 
Section 5: Estimating DALYs  
In Kiely et al.15 it is shown that the PM2.5 exposure and premature mortality caused by fires has a 
strong linear relationship with the total PM2.5 emissions and resulting SOA. In Figure S2 we show that 
this linear relationship also holds for DALYs from the study. Using 0.16 million DALYs per Tg PM2.5 
and SOA, we estimate the reduction in DALYs resulting from peatland restoration, shown in table S5. 
For 2015 the reduction in PM2.5 emissions and resulting SOA after 2.49Mha of peatland have been 
restored is 2.99 Tg. With the relationship in Figure S2, this suggests a reduction of 0.48 million 
DALYs. Using the simulated PM2.5 for 2015 with peatland restoration, and the health impact 
equations, the total DALYs estimated to result from fires in 2015 after 2.49 Mha of peatland has 
been restored is 1.72 million giving a reduction of 0.47 million DALYs, close to the estimate using the 
PM2.5 emissions relationship (1.71 million).    
 
In order to separate these DALYs into the countries effected, we use the percentage of total DALYs 
from Indonesia, Malaysia and Singapore from Kiely et al.15. 54%, 55%, 47%, 52%, 55% and 58% of the 
total DALYs come from Indonesia in 2004, 2006, 2009, 2012, 2014 and 2015 respectively. From 
Malaysia it is 13%-16% for these years and for Singapore is 3.1% - 4.0%. 
 
 

 
Supplementary Figure 2: Estimated DALYs resulting from exposure to PM2.5 from August – October 
fires in 2004, 2006, 2009, 2012, 2014 and 2015, as a function of total August-October PM2.5 
emissions and resulting SOA. All data from Kiely et al.15. The upper and lower 95% uncertainty 
interval centred at the mean is shown for the DALYs. A line of best fit is shown with the gradient of 
the line and the r correlation shown on the plot.  
 



 
 
Supplementary Tables 5: The reduction in PM2.5 and SOA from restoring 2.49 Mha of peatland to the 
level of National Parks, and the DALYs and premature mortality before and after this restoration. 
Health impacts before restoration are calculated from the simulated PM2.5 concentrations and health 
impact equations, the reduction in health impacts is calculated using the relationship of 0.16 million 
DALYs per Tg fire emissions, the reduction in mortality is based on 4110 deaths per Tg reduction in 
PM emission.  
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