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SUPPLEMENTARY FIGURES

Interannual climate variation, land type and village livelihood
effects on fires in Kalimantan, Indonesia
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Fig. S1. Annual variability in mean monthly precipitation during the driest quarter (August-October) and the previous
quarter (May-July), which has an effect on fire occurrence during the driest quarter (August-October), between 2002
and 2017 across Kalimantan. Error bars represent the 95% confidence interval for the mean.
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Fig. S2. (a) The distribution of major rain gauge stations in Kalimantan. (b) The relationship between the monthly
precipitation estimates derived from CHIRPS and rain gauge measurements, and (c) between CHIRPS and TMPA data,
by climate regime (wet, semi-dry and dry) and season (FMA=Feb-Apr, MJJ=Mar-Jul, ASO=Aug-Oct, NDJ=Nov-Jan)
between 2000 and 2017.
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Fig. S3. Temporal change in the extent of different land types: (a) degraded peatland, (b) intact peat forest, (c)
degraded land on mineral soil, and (d) intact forest on mineral soil, across Kalimantan between 2001 and 2017. The
extent also represents the total number of 1x1 km? grid-cells used to estimate variable ,E/R/_-'k, (for each year k and land
type /) in analysis (2). The extent of intact forest (both on peat and mineral soils) had decreased through time replaced
by degraded lands.
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Fig. S4. Total number of 1x1 km? grid-cells with fires across Kalimantan detected by VIIRS between 2012 and 2017 on
(a) peat soil and (b) mineral soil, by mean monthly precipitation condition over May-October in any given year: dry
(precipitation <200 mm/month), semi-dry (precipitation 200-250 mm/month), and wet years (precipitation >250

mm/month). The line denotes the fitted exponential regression line of the total fire occurrence (y-axis) on the mean
monthly precipitation amount over May-October (x-axis).
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Fig. S5. The composition of different land types, i.e. soil type (peat or mineral soil) and forest degradation status
(degraded or intact forest), in village with varying livelihood sectors: SL=Subsistence livelihoods outside any
concessions, PL=agroforestry and polyculture plantations outside any concessions (mainly includes independent
smallholder plantations), OA=other agricultural sectors outside any concessions (including horticulture, aquaculture,
coastal fisheries, and livestock), SLLC=subsistence livelihoods within logging concessions on natural forest,
FRTC=forestry within timber plantation concessions, SLOC=subsistence livelihoods within oil-palm concessions, and
PLOC=plantations and other agricultural sectors within oil palm concessions. Villages with livelihood categories SLLC
or FRTC have significant proportions of the village land areas located on intact forest on mineral soil, whereas villages
with livelihood category SL or PL have moderate proportions of the village land areas on intact forest on mineral soil.
Villages with livelihood category OA, SLOC, or PLOC have large proportion of the village land areas located on
degraded peatland.
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Fig. S6. Fire hotspots captured by satellite images (MODIS MCD4ML) for different climate regimes, showing spatial
shift in fire occurrence patterns from wet years, to semi dry, then to dry years. Wet years (precipitation during the
driest period >250 mm/month; coincided with La Nifia episodes) include 2007, 2008, 2010, 2016 and 2017; Semi
dry years (precipitation during the driest period 200-250 mm/month) include 2003, 2005, 2011, 2012, 2013 and
2014; Dry years (precipitation during the driest period <200 mm/month; coincided with EI Nifio episodes) include
2002, 2004, 2006, 2009 and 2015.
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SUPPLEMENTARY TABLES

Interannual climate variation, land type and village livelihood
effects on fires in Kalimantan, Indonesia

Table S1. Landscape studies on the drivers of fire and haze that have been conducted in Indonesia, by chronological
order. Data was collected in the web interface of Web of Science in July 2019. We used four terms related to fire in

Indonesia to search in the Web of Science Core Collection, including: “fire”,

smoke”, “haze”, “Indonesia”. Drivers of

fires assessed were categorized into three broad areas: R = interannual rainfall variability, L = land type (soil, land
cover), C = community characteristics (land tenure, stakeholders, political economy). This list indicates that past
landscape-based studies on the drivers of fire and haze typically fall into two broad themes: (1) broad-scale analysis
(island or larger) of the impact of interannual rainfall variability (EI Nifio events) and land type (soil and land cover),
and (2) local-scale analysis (up to province) of the impact of land type (soil and land cover) and community
characteristics (land tenure, stakeholders, political economy).

Study area

Refergnce (Local: up to province §: SoiIF Year of fire Drivers of fires assessed
(chronological order) Broad: island of larger *) type assessment (broad themes)
Stolle & Lambin 2003 Lampung, South Sumatra, Both 1992-1993  Transmigration, logging concessions,
Jambi and Riau provinces, land cover, long-term climate (LC)
Sumatra *

Stolle et al. 2003 Jambi, Sumatra § Both 1992-1993  Land use zone, transmigration, logging
concessions, land cover, long-term
climate (LC)

Usup et al. 2004 Palangka Raya and Pulang Peat soil 1981-2003  Rainfall variability, land cover (RL)

Pisau, Central Kalimantan $
Dennis et al. 2005 8 sites in Borneo and Both 1973-2000  Land use, land cover, agro-industrial
Sumatra * and logging concessions (LC)

Hope ef al. 2005 Kutai East Kalimantan § Peat soil 2001 Soil characteristics, historical land use
(LC)

Dennis & Colfer 2006 East Kutai, East Kalimantan ¢ Mineral 1983-2000  Land use zone, land cover, logging

soil concessions (LC)

Fuller & Murphy 2006 Kalimantan * Both 1996-2001  Rainfall variability, land cover, soil type
(RL)

Takakai ef al. 2006 Palangka Raya, Central Peat soil ~ 2002-2004  Rainfall variability, land cover (RL)

Kalimantan $

Russel-Smith et al. 2007 Nusa Tenggara Timur § Mineral 2002-2004  Land use, community characteristics

soil (LC)
Field & Shen 2008 Indonesia * Both 1997-2006  Rainfall variability, land cover, soil type
(RL)
Putra et al. 2008 Mega rice project (MRP), Peat soil 1997-2007  Rainfall variability, land cover (RL)
Central Kalimantan $

Tansey ef al. 2008 Mega rice project (MRP), Peat soil  2002-2005 Rainfall variability, vegetation types (RL)
Central Kalimantan $

Van der Werf et al. 2008 Indonesia, Malaysia, and Both 2000-2006  Rainfall variability, soil type (RL)
Papua New Guinea *

Field et al. 2009 Kalimantan and Sumatra * Both 1997-2006  Rainfall variability, soil type (RL)

¥ Peat soil, mineral soil, or both



Table S1. Continued.

Study area

Reference (Local: up to province §: Sail Year of fire Drivers of fires assessed
. . ) ¥
(chronological order) Broad: istand or larger *) type assessment (broad themes)
Langner & Siegert 2009 Borneo * Both 1995-2008  Rainfall variability, soil type (RL)
Hoscilo et al. 2011 Mega rice project (MRP) Peat soil 1973-2005  Rainfall variability, land cover (RL)
Central Kalimantan §
Tosca et al. 2011 Kalimantan and Sumatra * Both 2001-2009  Rainfall variability, land cover (RL)
Wooster ef al. 2012 Borneo * Both 1980-2000  Rainfall variability, land cover (RL)
Yulianti ef al. 2012 Indonesia * Both 2002-2011  Rainfall variability, soil type, land cover
(RL)
Hyer et al. 2013 Indonesia * Both 2008-2011  Rainfall variability, soil type (RL)
Hayasaka et al. 2014 Kalimantan * Both 2002 Rainfall variability, soil type, land cover
(RL)
Marlier et al. 2015 Indonesia * Both 2001-2010  Land cover, land tenure (LC)
Gaveau et al. 2014 Sumatra * Both 2013 Soil type, land cover, land tenure (LC)
Spessa et al. 2015 Kalimantan * Both 1997-2010  Rainfall variability, soil type, land cover
(RL)
Atwood et al. 2016 Sebangau, Central Kalimantan Peat soil 2015 Land cover, land tenure (LC)
§
Cattau et al. 2016 Sebangau-Katingan and Mega Peat soil 2000-2010  Land cover, land tenure, agro-industrial
rice project (MRP), Central concessions (LC)
Kalimantan $
Koplitz et al. 2016 Kalimantan and Sumatra * Both 2015 Land cover, land tenure, agro-industrial
concessions (LC)
Prasetyo et al. 2016 Jambi, Sumatra § Both 2000-2015  Rainfall variability, soil type, land cover
(LC)
Fernandes et al. 2017 Kalimantan and Sumatra * Both 2000-2014  Rainfall variability, soil type (RL)
Purnomo et al. 2017 Riau, Sumatra § Both 2015 Land cover, political economy, patron
and patronage (LC)
Sloan et al. 2017 Kalimantan * Both 1982-2010  Rainfall variability, soil type, land cover
(RL)
Sumarga 2017 Central Kalimantan § Both 2015 Land cover, soil type, land tenure (LC)
Sze & Lee 2019 Riau, Jambi, and South Both 2015 Land cover, soil type, community
Sumatra provinces $ characteristics (LC)
SUMMARY * =18 studies RL = 18 studies
$ =15 studies LC = 15 studies
Themes:

RL*=72.2%; RLS = 27.8%

—> Broad-scale analysis of the effects of rainfall variability and land
type (soil and land cover)

LC*=33.3% ; LCS=66.7% —> Local-scale analysis of the effects of land type (soil and land
cover) and community characteristics (land tenure, stakeholders,
political economy)

¥ Peat soil, mineral soil, or both
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Table S2. Lists of data used in the study, describing spatial and temporal resolutions, and approach to estimate

missing data in some years.

Data Resolution Availability of data ¥
(* for validation; (x=available, year=approximated from the previously available data)
5 :
AR RN R R RN RN
estimation approach) 00000O0O0O0O0O0 1T 1 1 1 1111
0o 12 3 45 6 7 8 9 01 2 3 45 6 7
FIRE OCCURRENCE
MODIS MCD14ML 1 km X X X X X X X X X X X X X X X X
VIIRS VNP14_IMG * 375m X X X X X X X X X X X X X X X X
CLIMATE (PRECIPITATION)
CHIRPS 5 km X
TMPA 3B43 * 25 km X
Rain gauge observations * (20 stations  x
across
Kalimantan)
LAND TYPE
Soil (peat or mineral soil) ~ 125m X
Natural forest extent in 2000 30 m X
Global Forest Change 30 m X X X X X X X X X X X X
Resulting land type ® 125m X X X X X X X X X X X X X
LIVELIHOODS
Livelihood sectors (PODES)  Village X 2 2 X 2 X 2 2 X 2 2 X 2.2 X 2 2 2
oundaries 5 690 09 00 11 111
0 0 3 5 5 g 8 1T 1 4 4 4
Industrial concessions Concession x 2 2 2 2 X 2 2 2 2 X 2 2 2 2 X 2 2
(active or planted) boundaries 8 8 8 8 8 8 8 8 (1) (1) (1) (1) (1) (1)
0 0 0 O 5 5 5 5 0 0 0 O 5 5
5$sultlng primary livelihoods Village XE R Ry xR Ry ek ke ke ek gk ke ek

¥ x = the resulting primary livelihoods was derived using available data on livelihood sector and concessions
x* = the resulting primary livelihoods was derived using one approximated data on livelihood sector or concessions

x** = the resulting primary livelihoods was derived using approximated data on both livelihood sector and concessions



Table S3. Estimated effect (and the significance) of the mean monthly precipitation during the driest quarter (August-
October) and the previous quarter (May-July) (variable RA/N , with continuous values) on monthly fire occurrence
during the driest quarter (August-October) (variable F/RE , with continuous values) (log-level regression model in Eq.
1; data size n=16) for FRP=1 MW (all fires) and FRP=100 MW (high intensity fires).

FRP Estimated parameters (p-value ¥) Model fit (R?)

Intercept ( oy ) RAIN (a,)
>1 MW (all fires) 12.26 (+=*) -0.02 (=) 0.91
>100 MW (high intensity fires) 10.81 (+=*) -0.02 (=) 0.89

% *¢ p-value<0.001, = p-value<0.01, « p-value<0.05, * p-value<0.1, ns non-significant with p-value=0.1

Table S4. Estimated effects (and the significance) of land type (variable LTYPE , with categorical values: 1 = intact
forest on mineral soil (FM), 2 = degraded land on mineral soil (DM), 3 = intact peat forest (FP), 4 = degraded peatland
(DP)) and the mean monthly precipitation during the driest quarter (August-October) and the previous quarter (May-
July) (variable RA/N , with continuous values) on density of fire per 100 km? per month during the driest quarter
(August-October) (variable F/RE , with continuous values) (Eq. 2; data size n=64). LTYPE,, representing intact forest
on mineral soil (FM), is the reference category.

Estimated parameters (p-value ¥) Model fit (R?)
Intercept RAIN ( B) LTYPE, LTYPE, LTYPE,
(5) (DM) (FP) (DP)
(52) (5,3) (Br4)
2.95 (es¢)  -0.02 (**) 1.72 (**°) 0.84 (eo¢)  1.97 (s**) 0.88

% *ee p-value<0.001, = p-value<0.01, « p-value<0.05, * p-value<0.1, ns non-significant with p-value=0.1
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Table Sb. Estimated effects (and the significance) of village primary livelihood sector (variable LVHD, with categorical
values: 1 = subsistence livelihoods outside any concessions (SL), 2 = agroforestry and polyculture plantations outside
any concessions (PL), 3 = other agricultural sectors outside any concessions (including horticulture, aquaculture,
coastal fisheries, and livestock) (OA), 4 = subsistence livelihoods within logging concessions on natural forest land
(SLLC), 5 = forestry within timber plantation concessions (FRTC), 6 = subsistence livelihoods within oil palm
concessions (SLOC), and 7 = plantations and other agricultural sectors within oil palm concessions (PLOC)) on density
of fire per 100 km? per month during the driest quarter (August-October) (variable F/RE , with continuous values), in
different climate regimes (CL/M: wet, semi-dry and dry years) and land types (intact forest on mineral soil, degraded
land on mineral soil, intact peat forest, and degraded peatland) (Eq. 3). LVHD;, representing subsistence livelihoods
outside any concessions (SL), is the reference category. Cell in grey represents livelihood category with significant
effect on fire density compared to the reference category SL (p-value <0.1).

ID  Land type Estimated parameters (p-value %) Data size Model fit
by Climate Intercept Non-concessions Concessions ornumber  (R?)
regime (6,) LVHD, LVHD;  LVHD, LVHDs LVHDs LVHD, of villages

(PL)  (0A)  (SLLC) (FRTC) (SLOC) (PLOC) ()
(0,) (65)  (04) (65) () (6;)

Wet years

1 Intact forest on 0.12 0.10 0.02 -0.04  -0.01 0.18 0.24 955 0.57
mineral soil (ns) (ns) (ns) (ns) (ns) () (*)

2 Degraded land 0.67 001  -0.12 -0.06 -0.02 -001 -0.16 4431 0.71
on mineral soil D) (ns) (ns) (ns) (ns) (ns) (ns)

3 Intact 0.19 006 -0.13 005 -0.09 0.28 0.23 294 0.45
peat forest (ns) (ns) (ns) (ns) (ns) (*) (™)

4 Degraded 0.45 000 -0.15 -014  -016  -007  -0.13 942 0.58
peatland (*°) (ns) (ns) (ns) (ns) (ns) (ns)
Semi-dry years

5 Intact forest on 0.24 0.18 0.19 -0.07 0.11 0.77 0.70 978 0.81
mineral soil (**) (ns) (ns) (ns) (ns) (+2¢) (+2¢)

6 Degraded land 1.58 0.05 0.15 -0.18 0.15 008 -0.04 4409 0.71
on mineral soil D) (ns) (ns) (ns) (ns) (ns) (ns)

7 Intact 0.53 0.21 0.06 0.00 0.02 1.23 0.68 315 0.68
peat forest (*°) (ns) (ns) (ns) (ns) )] (o)

8 Degraded 2.39 0.39 0.16 -0.67 0.38 0.09 0.34 920 0.40
peatland D) (ns) (ns) (ns) (ns) (ns) (ns)
Dry years

9 Intact forest on 0.47 0.39 0.24 0.15 0.04 1.90 1.93 1008 0.66
mineral soil (ns) (ns) (ns) (ns) (ns) (+2¢) (+2¢)

10 Degraded land 3.42 0.12 0.43 -0.31 0.99 0.81 0.40 4379 0.59
on mineral soil (e=2) (ns) (ns) (ns) (*) (*) (ns)

11 Intact 2.28 017 0.08 -0.82  -0.15 1.82 1.08 343 0.47
peat forest D) (ns) (ns) (ns) (ns) (*) (")

12 Degraded 7.70 0.55 0.53 -0.96 0.84 0.12 0.09 892 0.62
peatland D) (ns) (ns) (ns) (ns) (ns) (ns)

% *¢e p-value<0.001, = p-value<0.01, « p-value<0.05, * p-value<0.1, ns non-significant with p-value=0.1
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