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Abstract

Department of Meteorology, University of Reading, Reading, United Kingdom

Wildfire events are driven by complex interactions of climate and anthropogenic interventions.
Predictions of future wildfire events, their extremity, and their impact on the environment and
economy must account for the interactions between these drivers. Economic policy and land use
decisions influence the susceptibility of an area to climate extremes, the probability of burning, and
future decision making. To better understand how climate-driven drought events and adaptation
efforts affect burned area, agricultural production losses, and land use decisions, we developed a
storyline approach centered on Indonesia’s 2015 fire events, which saw significant (>5%)
production losses of palm oil. We explored analogous events under three warming conditions and
two storylines (multi-model ensemble mean climate change and high impact). We employed a
model chain consisting of CMIP6 climate modeling to quantify climate change impacts, a wildfire
climate impacts and adaptation model (FLAM) to predict burned areas, and the Global biosphere
management model (GLOBIOM) to predict the resultant production losses and socio-economic
consequences in the oil palm sector in Indonesia and, by extension, the EU. FLAM is a mechanistic,
modular fire model used to reproduce and project wildfires based on various scenario criteria and
input variables, whereas GLOBIOM is a global economic land use model, which assesses
competition for land use and provides economic impacts based on scenario data. We found that
total burned area and production loss can increase by up to 25% and lead to local price increases
up to 70%, with only minor differences beyond 2.5 degrees of warming. Our results highlight the
importance of considering the interactions of future warming, drought conditions, and extreme
weather events when predicting their impacts on oil palm losses and burned area. This study sets
the stage for further exploration on the impacts of land management policies on local and
international environments and economies in the context of global warming.

1. Introduction

Wildfires are a natural phenomenon and serve as
an important component of ecosystem dynamics in
much of the world. However, recent decades have seen
an increase in the frequency and intensity of wild-
fires to an alarming degree. Regions with a history of

© 2024 The Author(s). Published by IOP Publishing Ltd

wildfires are burning too hot and too often to fully
recover, whereas regions where wildfires were previ-
ously unheard of are now catching fire at an alarm-
ing rate (Kasischke and Turetsky 2006). The increased
occurrence and impact of wildfires is driven by a
combination of climatic and anthropogenic factors
(Pausas and Keeley 2021). The fires in turn exacerbate


https://doi.org/10.1088/1748-9326/ad7bcc
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ad7bcc&domain=pdf&date_stamp=2024-10-3
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0001-5277-5380
https://orcid.org/0000-0003-0940-9366
https://orcid.org/0000-0001-5513-5496
https://orcid.org/0000-0002-6631-9968
https://orcid.org/0000-0001-9888-7292
mailto:corning@iiasa.ac.at
http://doi.org/10.1088/1748-9326/ad7bcc

10P Publishing

Environ. Res. Lett. 19 (2024) 114039

the climate crisis: biomass burning and resultant
emissions release carbon into the atmosphere, further
strengthening the effects of climate change (Baker
2022).

The main drivers behind wildfires are under-
stood to be climate and fuel; namely, temperat-
ure, relative humidity, precipitation, wind, and bio-
mass available to burn. These variables are driven
by seasonal or annual variations in weather pat-
terns such as El Nino Southern Oscillation (ENSO)
events (Promchote ef al 2023). Current wildfire mod-
eling strategies often focus primarily on climato-
logical conditions, with less explicit consideration
of human activity and the influence of policies on
wildfire occurrence and spread. These include semi-
empirical based models such as BEHAVE (Andrews
1986) and FARSITE (Finney 1998); biogeograph-
ical models such as FireBCGv2 (Keane et al 2011);
coupled atmosphere-fire models such as WREF-Fire
(Patton and Coen 2004); deterministic models such
as SPITFIRE (Thonicke et al 2010); and probabilistic
models such as Burn-P3 (Parisien et al 2005).

Out of control forest fires impact not just the
environment, they pose a risk to the health and
safety of communities and economies on a local and
global scale (O’Neil et al 2020, Williams et al 2022),
including disruption of supply chains and changes to
product demand and availability. To adapt to future
conditions and mitigate the impacts of wildfires and
climate change, modeling is a key element, which
allows policy makers to explore possible strategies and
compare the influence of their actions in promoting a
resilient and sustainable economy, environment, and
society.

Focusing on individual drivers versus the inter-
actions of these drivers overlooks the importance
of compounding that occurs with natural hazards
(Khorshidi et al 2020). It is essential to explicitly con-
sider the complex interactions of anthropogenic and
climate drivers on local and global scales.

Indonesia provides an opportunity to explore this
topic. The Indonesian landscape is characterized by
forests, peatland, and agricultural land; specifically,
oil palm plantations, a key contributor to the local
economy and one of the largest exports of Indonesia.
Its climate is heavily influenced by ENSO events.
In recent decades, Indonesia has experienced more
frequent and prolonged droughts, especially in the
south, which have been related to a combination of
anthropogenic and El Nino events.

Wildfires are a growing threat to the local
environment and economy. In 2015, vast areas of
Indonesia were destroyed by wildfires, especially in
Southern Kalimantan and Western Sumatra (Pribadi
and Kurata 2017). At this time, the country experi-
enced an EINino event, adding fuel to the fire through
extreme drought and increased temperature.

The large scale of these fires was partly anthro-
pogenic and partly climatic in nature. Anthropogenic
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activity is often the source of ignition: the root cause
of most fires was the local practice of ‘slash and burn’
techniques, in which the land is set on fire to clear it
for agricultural purposes. This practice is especially
problematic on peat soils, where localized fires spread
easily within the peatlands and to nearby forests due
to the highly flammable nature of peatlands. Many
different actors have been blamed for the manage-
ment of land through the slash and burn technique,
from large global corporations clearing vast areas of
land to smallholder farms looking to expand their
farm to make a living (Purnomo et al 2017).

The climatic basis of fires does not necessarily
relate to their ignition, but rather to their spread
and continuation. This was showcased in 2015 when
efforts to extinguish fires were hampered by an El
Nino-induced drought period from June—October.

There is uncertainty as to how global warming
will affect ENSO and wildfire events, and subsequent
oil palm production impacts. Climate teleconnec-
tions, such as ENSO, concurrently influence regional
climate patterns and wildfire risk. For example,
Promchote et al (2023) utilized seasonal climate
predictions to enhance palm oil yield forecasts in
Thailand, underscoring the significant influence of
large-scale climate patterns on regional agriculture.
However, their study did not address potential wild-
fire risks. Therefore, our study aims to provide a
broader understanding of the linkages between cli-
mate, wildfires, and agriculture. Indonesia will likely
experience more intense droughts due to the com-
bination of El Nino and global warming. This in
turn is expected to increase the frequency, duration,
and intensity of wildfires in Indonesia, and will likely
have significant economic and environmental con-
sequences on local, regional, and global scales.

A shock to the supply of oil palm in Indonesia
caused by drought-induced fires would result in
changes in global emissions; disruptions to global
markets impacting prices, competition with other
vegetable oils, and the local economy; and the health
of the environment.

There is room to explore how such a shock might
play out under different degrees of climate change.
To better understand how climate-driven drought
events affect burned area, agricultural production
losses, and land use decisions, this study pursued a
storyline approach, in which Indonesia’s 2015 fire
events served as the foundation of the story (provid-
ing baseline conditions) and we derived two alternat-
ive futures (storylines) from CMIP6 climate model-
ing. In this way, we explored analogous events using
the two storylines and three warming scenarios per
storyline. Novel use of a modeling chain linked the
CMIP6 climate modeling, a wildfire model, and a
global economic model to provide a dynamic view of
how global warming and burned area correlate with
palm oil production losses under different warming
conditions and sets the stage to explore how policy
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and adaptation efforts could affect burned area and
the Indonesian palm oil industry.

2. Study area and methods

2.1. Study area

Over 60% of Indonesia’s 190.5 million hectares of
land area are covered by forests. Nearly 70 million
hectares are production forests, much of which is oil
palm. Conservation and protection forests account
for an additional 22 and 30 million hectares, respect-
ively. Over 15 million hectares are covered by environ-
mentally sensitive peatlands (Nurofiq et al 2020). As
mentioned earlier, land is often cleared through slash
and burn techniques to make room for agricultural
use. Oil palm plantations and peatlands are highly
flammable and represent a fire risk to nearby forests
due to the high rate of spread.

Palm oil is a major export of Indonesia, with the
majority of global palm oil production (83%) taking
place in Indonesia and Malaysia. India is the largest
consumer, followed by Indonesia itself, the European
Union, and China. The European Union is the second
largest importer of palm oil from Southeast Asia with
a consumption of nearly 8 million tons of palm oil in
2018, which accounts for 10%-15% of their produc-
tion volume (Mielke 2018). Approximately one-third
of the palm oil imported by the EU is earmarked for
use as biofuel. The remainder is intended mostly for
the food and chemical industries.

Many studies have identified expansion of oil
palm plantations and production as a key driver of
deforestation. One study estimated 6 million hectares
of forest loss between 2000 and 2012 in Indonesia,
with an increase of primary forest loss in recent years
(Margono et al 2014). Gunarso et al (2013) estim-
ated that 43% of industrial oil palm plantations were
developed at the expense of forests in Kalimantan.
Similarly, Carlson et al (2012) estimated that the
oil palm industry was responsible for 27% of total
deforestation across Indonesia through 2008, 40% of
which came at the expense of wetlands, which serve
as a hub for biodiversity and as a more fire-resistant
ecosystem.

An analysis of forests cleared for the purpose of oil
palm production between 1973 and 2015 estimated
that a higher proportion of oil palm was developed
on pre-cleared, degraded lands—a legacy of recurrent
forest fires, which could unintentionally incentivize
producers to allow fires to spread. However, a rapid
conversion of forested lands to industrial plantations
has been observed since 2005 (Gaveau et al 2016).
All these factors raise the risk of wildfire occurrence,
spread, and impact.

Indonesia has a predominately tropical climate
characterized by three rainfall patterns: monsoonal,
equatorial, and local. Future projections of precip-
itation in this region during the comparatively dry
(boreal summer) rainy season are uncertain in sign.

3

S N Corning et al

Temperature increases and overall warmer conditions
are certain; an increase in dry conditions is less cer-
tain, although plausible (Ghosh and Shepherd 2023).

Changes in ENSO are uncertain, although there
is high confidence that ENSO will continue to play
a dominant role in climate variability for the region.
Thus, it is reasonable to assume that future Fl
Nino events will promote droughts and fire-favorable
weather (Nurofiq et al 2020). This is expected to
have significant economic and environmental con-
sequences with impacts for Indonesia and the biggest
importing regions of palm oil, amongst others the EU.

2.2. Model chain and methods

To capture the interactions between policies, eco-
nomic drivers, and climate and burned areas, a novel
model chain was developed (figure 1). This chain
links CMIP6 climate modeling to capture global
warming impacts on weather conditions, the wild-
fire climate impacts and adaptation model (FLAM)
(Krasovskii et al 2018) to predict burned areas, and
the global economic land use model Global biosphere
management model (GLOBIOM) (Havlik et al 2011,
2014) to calculate associated land use and economic.
It explores how climate change impacts interact with
management and policy to affect burned area and the
resultant impacts on socioeconomic conditions.

First, historical and SSP585 simulation data from
38 coupled climate models in the Coupled Model
Intercomparison Project 6 (Eyring et al 2016) were
used to calculate the impact of the 2015 El Nino event
on multiple climate parameters under the three global
warming scenarios (+2, 3, and 4 degrees C above pre-
industrial) for the two storylines. The weather vari-
ables were modified to reflect global warming con-
ditions in a method known as the delta approach
(Ruiter 2012).

Second, these modified variables were used in
FLAM after its calibration to calculate burned area for
all scenarios. The burned area of oil palm plantations
was separated from the total burned area to further
assess the impacts of fire on oil palm plantations.

Third, the burned areas were incorporated in
GLOBIOM by reducing the available oil palm produc-
tion area by an area equivalent to that burned.

Additional information on the climate model-
ing, FLAM, and GLOBIOM can be found in the
Supplementary Materials.

2.3. Storyline creation

The effect of global warming in Indonesia is repres-
ented by the delta approach. In this approach, the cli-
matic changes in relevant parameters (such as pre-
cipitation and relative humidity) under a projected
degree of global warming are estimated following the
physical climate storyline method developed from 38
CMIP6 models in Ghosh and Shepherd (2023). Such
future climate change pattern under different global
warming levels are then added (as a delta factor) on
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Figure 1. Schematic overview of the modeling chain.
top of the observed 2015 El Nino event to depict the
2015 El-Nino event under potential future climates in Hotspot area Indonesia
higher warming levels. Crop Oil palm
The advantages of this storyline approach com- Climatic | Hazard Drought
event Counterfactual +2, 3, 4°C global

pared to the traditional use of climate projections
is that the fire model can be validated against 2015
observations, and the future El Nino event is phys-
ically realistic rather than being a modeled El Nino
event which would be subject to model biases and
could be physically unrealistic. The disadvantage is
that the calculation does not allow for the possibil-
ity that El Nino events might change in amplitude
or structure. However, as noted above, there is large
uncertainty in how El Nino events might change,
yet high confidence that they will continue to dom-
inate internal variability. Moreover, there is barely
any trend in the ENSO mode of variability over
the historical period (Ghosh and Shepherd 2023,
figure 2). Thus, more is gained than is lost by this
approach.

This study looked at four global warming condi-
tions: +2-, 3-, and 4-degrees Celsius, with 2015 con-
sidered to be reflective of a +1-degree scenario. Two
storylines were defined: storyline 1, a multi-model
ensemble mean climate change storyline (reflective
of the average climate change across 38 CMIP6 cli-
mate models in the SSP585 scenario, for a given global
warming level), and storyline 2, a high impact cli-
mate storyline which represent a future climate state
in the CMIP6 models, where a certain potential evolu-
tion of Equatorial pacific Ocean temperature (elabor-
ated in Ghosh and Shepherd 2023) could lead to even
drier conditions over the key forest fire regions over
Indonesia compared to Storyline 1 (figure 2).

Relevant (daily) weather variables modified using
the delta method include the temperature and relat-
ive humidity at noon; 24-hour accumulated precip-
itation; and wind speed (northern and eastern com-
ponents) at 10 meters.

Results of both storylines are presented in this
paper; however, because results were similar between
the two storylines, the focus of this paper is on
storyline 1. Further analysis and results related to
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Figure 2. Storyline and scenario overview.

storyline 2 can be found in the supplementary
materials.

3. Results

Based on the model chain workflow, we first pro-
duced and analyzed modeled burned areas. This
was utilized to produce and assess oil palm losses
across storylines and scenarios., followed by assess-
ment of impacts on palm oil consumption and mar-
kets. Overall, there is a clear trend between increas-
ing temperature and increasing burned area and
impacts across storylines and scenarios, especially
with regards to oil palm plantations.

3.1. Burned areas under current and future global
warming
FLAM proved adept at modeling and representing
historic forest fire events in Indonesia, capturing
the El Nino effect of increased burned area in 2015
(figure 3).

After calibration, FLAM was used to model
burned areas in 2015 under current and future
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Figure 3. Annual dynamics of burned areas in Indonesia modeled by FLAM and reported by GFED. In this study modifications

were made for the year 2015 (Krasovskii et al. 2018).

warming conditions. The total burned area for 2015
in the baseline (41-degree) scenario was estimated
at approximately 1.6 million hectares (~1.5% of
Indonesia’s land area). Modeled burned area in 2015
is seen in figure 4. The numerical differences between
the baseline situation and each scenario/storyline are
depicted in figure 5. For the ensemble mean, total
burned area increased by ~9%, 14%, and 20% for the
+2-, 3-, and 4- degree scenarios, respectively. For the
high impact storyline, total burned area increased by
~9%, 16%, and 24%, respectively.

The spatial variability of burned area is consist-
ent across the scenarios and storylines. Differences in
burned area are seen in the severity of the fire and
proportion of each pixel burned, versus total num-
ber of pixels burning. Figure 6 shows the spread of
total burned area in the multi-model ensemble mean
storyline.

GLOBIOM estimated approximately 515 thou-
sand of the 1.6 million hectares of burned area to be
oil palm plantations. Lohberger et al (2017) evalu-
ated the fire-affected areas of Indonesia for 2015 and
separated out burned areas by land cover type. They
estimated that plantations accounted for approxim-
ately 450 thousand hectares burned in 2015. Thus,
GLOBIOM results are in line with the estimates by
Lohberger et al.

Table 1 describes the modeled values of burned
oil palm plantation area and associated production
and economic impacts in 2015 for all scenarios and
storylines. The burned area and production losses
increase with each degree of global warming; values
do not vary significantly between storylines.

Compared to total burned area (all landcover
types), the oil palm burned areas increased by ~10%,
18%, and 25% in storyline 1 and ~10%, 18%, and
26% in storyline 2 for 4-2-, 3-, and 4-degrees of global

warming, respectively. These values are higher than
those for all landcover types, indicating that global
warming may adversely affect the oil palm industry
through a disproportionate increase in plantation
burned area and associated economic losses.

3.2. Oil palm losses under current and future
global warming

Figure 7 visualizes oil palm production loss for the
historical 2015 event and projected production losses
under 4 degrees of global warming in the multi-model
ensemble mean storyline. The spatial distribution of
the oil palm production losses remains similar in
both the historic and projected events. This is a res-
ult of using 2015 as a benchmark year for burned area
modeled by FLAM.

Following the drying trend, which was predicted
in both storylines to be more prominent over Sumatra
and Kalimantan, these islands experienced the largest
losses in terms of burned oil palm area as well as in
absolute production. They have also had the largest
increase in oil palm cultivation over the past few
decades.

Under +2 degrees global warming, total oil palm
production losses are already 10% higher than the
2015 baseline event. Under four degrees of warming,
this increase grows to nearly 25% higher losses than
2015. The change is particularly extreme in Sumatra,
where predictions reach 31% production loss in a +4-
degree world.

Burned oil palm area steadily increases with each
degree of global warming. In the baseline case 0of 2015,
burned oil palm area accounted for 2.7% of all oil
palm plantation area. It increased to 2.9% in both
storylines under +2-degrees, then to 3.1% and 3.4%
under +3- and +4-degrees, respectively.
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Figure 4. Total burned area in 2015 modeled by FLAM using ERA5 reanalysis weather data.
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3.3. Consumption and markets: palm oil in
Indonesia

The percentage of burned oil palm area can be trans-
lated to similar losses in production and are strongly
reflected in resultant price changes. The percentage
change in area allocation, production, prices, calor-
ies consumed, and total consumption in Indonesia for
the ensemble mean storyline as compared to the situ-
ation just before the shock that occurred in 2015 are
found in figure 8.

Market shortages were predicted to occur due to
wildfire-induced production decreases. These short-
ages resulted in prices increasing by 36% in the
baseline scenario, 70.2% under -+2-degrees, and
up to 80.5% under -+4-degrees. Pricing changes
affected consumption in Indonesia (total consump-
tion as well as calories consumed) and trade flow to
other regions. Total consumption within the country
decreased 5.6% in the baseline scenario, 10% under
+2-degrees, and up to 11.3% under +4-degrees.
Calories consumed decreased by 7.8%, 10.1%, and
11.3%, respectively, for the same scenarios. Exports
also experienced a decrease: 1.9% in the baseline case,

up to 2% and 2.3% under +2- and +4-degrees of
global warming.

Impacts are predicted in other regions of the
world, highlighting the global nature of local events.
Global impacts are predicted to be of a lower mag-
nitude than local impacts, but are still notable. An
example of impacts in the European Union, one of
the main importers of palm oil from Indonesia, can
be found in the Supplementary Materials.

4, Discussion

In this study, we developed two storylines to explore
how climate-induced fire events in Indonesia lead
to economic consequences in Indonesia. This was
accomplished by quantifying the impacts of the
2015 El Nino event and analogous events under
+2-, 3-, and 4-degrees of global warming conditions.
A model chain was employed to develop storylines
and model projected weather variables. The Fine
Fuel Moisture Code, derived from the fire weather
index (van Wagner and Pickett 1987) and implemen-
ted in the FLAM model to evaluate the impacts of




I0OP Publishing

Environ. Res. Lett. 19 (2024) 114039

S N Corning et al

bottom).

‘w‘m_w

Figure 6. Total burned area for multi-model ensemble mean storyline under +2-, 3-, and 4-degrees global warming (top to

Fire on Total Landcover (1000 ha)
2015 +2°C global warming, mean
o

B <2

z2-4

[J4-10

CJ10-30

I 30 - 60

I 60 - 100

b

Fires on Total Landcover (1000 ha)

2015 +3°C global warming, mean
I

B <2

=2-4

[J4-10

[ 10-30

I 30- 60

Fires on Total Landcover (1000 ha)

2015 +4°C global warming, mean

-
-~

daily weather variables on fuel moisture content, has
demonstrated to be a suitable mechanism for assess-
ing fire weather under climate change conditions
(Corning et al 2024, Yu et al 2024). FLAM was used
to estimate the impacts of regional climate variables
on total and oil palm plantation burned area, which
was then used as input for the global economic model
GLOBIOM, tailored to the context of Indonesia. The
outputs provided insight which allowed for calcula-
tion of climate and fire-related oil palm production
losses.

The largest impacts were observed in drought-
prone Sumatra and Kalimantan as well as Java, which
is likely to experience enhanced drought intensity

in the future during similar events. Burned area
and production losses related to an El Nino type
event may increase between 10% and 25%, depend-
ing on the degree of global warming. The highest
burned area and production losses were seen in
Sumatra, where projected losses were predicted to be
up to 31% more under a 4-degree global warming
scenario.

Notably, there is weak sensitivity of the storyline
to future precipitation changes over Indonesia, imply-
ing that predicted precipitation trends are not a signi-
ficant factor in future fire risk and that warming tem-
peratures are likely the main climate driver for wild-
fires in Indonesia.
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Table 1. Burned area of oil palm plantations, total production losses, and associated value (cost) of damages under the historical 2015
event, and under 2, 3 and 4 degrees of global warming in the multi-model ensemble mean and high impact storylines.

Storyline 1: ensemble mean

Storyline 2: high impact

Variable Region Y2015 (4+1) +2 +3 +4 +2 +3 +4
Burned area Indonesia  515.0 567.0 606.0 645.0 568.0 610.0 650.0
(1000 ha) Kalimantan 203.0 218.1 227.4 236.3 219.0 229.5 243.0

Jawa 0.7 0.8 0.9 0.9 0.8 0.9 0.9

Papua 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Sulawesi 0.7 0.7 0.8 0.8 0.7 0.7 0.8

Sumatra 310.8 347.8 377.7 407.8 347.5 378.8 406.1
Production loss Indonesia  7154.5 7883.2  8440.4  8985.6 7886.6 8478.3  9044.9
(1000 tons) Kalimantan 2782.2 2991.2 3126.9 3249.0  3000.8 3149.9 3333.1

Jawa 9.8 10.6 114 12.2 10.7 11.6 12.4

Papua 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Sulawesi 10.1 10.7 11.0 11.4 10.7 10.7 11.2

Sumatra 4352.3 4870.7  5291.9 57129  4866.4  5306.1 5688.2
Cost of damage Indonesia 14309 15766 16 881 17971 15773 16 957 18090
(USD $1000) Kalimantan 5564.4 5982.4  6253.8 6498.0 6001.6  6299.8  6666.2

Jawa 19.6 21.2 22.8 24.4 21.4 23.2 24.8

Papua 0 0 0 0 0 0 0

Sulawesi 20.2 21.4 22.0 22.8 21.4 214 22.4

Sumatra 8704.6 9741.4 10584 11426 9732.8 10412 11376
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Figure 7. Oil palm production loss in the historic El Nino event in 2015 (top panel) and the mean change under 4 degrees of
global warming (multi-modal ensemble, bottom panel). Units: 1000 tons.
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The spread of burned area is influenced by the
calibration approach used to assess suppression effi-
ciency in FLAM. Population density is transformed
into two probabilistic functions: human-caused

ignition and suppression. Pixels are calibrated by
identifying those with high or low suppression effi-
ciency (probability of extinguishing a fire within
one day) based on observed fires and burned area.
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Figure 8. Percentage change in area harvested (AREA), calories consumed (CALO), total consumption in Indonesia (CONS),
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This is especially important in countries such as
Indonesia, where peat fires could burn and spread for
months if not immediately suppressed. Pixels with
an impossibility to calibrate or where no fire could
be reproduced within FLAM for various reasons were
removed (Krasovskii et al 2018).

For natural ignition, an average of historical light-
ning frequencies was used for the counter-factual
global warming scenarios. Climate was analyzed in
parallel to ignition probability. Theoretically, drier
conditions could lead to a higher total probability of
fire, but there is no explicit feedback between light-
ning and weather in FLAM. There is still high uncer-
tainty regarding the sensitivity of lightning-ignited
wildfire occurrence to climate change (Finney et al
2018, Pérez-Invernén et al 2023). This pertains to
the challenges associated with parameterizing light-
ning in climate models (Tost et al 2007, Krause et al
2014). While some studies project increasing risks
of lightning-induced fires in Southeast Asia (Pérez-
Invernén et al 2023), others suggest a decrease in
lightning occurrences under climate change condi-
tions (see, for example, Finney et al 2018) Further
work needs to be done to determine how this could
be better reflected in FLAM and wildfire projection
models (Krause et al 2014).

Our study showed a clear link between cli-
mate change, fire occurrence, burned area, and oil
palm production losses, especially during El Nino
events. The anthropogenic component cannot be
overlooked, with humans often the source of defor-
estation, oil palm cultivation, and fire ignition. Under
normal conditions, human-caused fires pose a risk of
spreading; in conditions induced by global warming,

such as those as modeled in this study, the likelihood
of fires spreading is drastically higher, as witnessed in
the 2015 fire season.

Impacts are not isolated to loss of forest area,
increased emissions, and environmental degradation.
There are notable and significant consequences in the
socioeconomic realm, as shown by this study’s mod-
eling chain. Extreme weather events, especially under
global warming conditions, pose a serious problem
for oil palm production, both in terms of area suit-
able for plantations as well as production losses due
to wildfires. Economic impacts are seen in increased
local and global costs of products due to decreases
in available supply, leading to decreases in local con-
sumption, exports, and related revenue. This poses
many problems for local economies, with internal
supplies seeing a markedly higher price increase,
decreased consumption, and less revenue (internally
and abroad). This has the potential to destabilize fra-
gile local economies as well as promote further con-
version of other lands to use as plantations.

The results of this study are helpful to understand
the many potential impacts of climate-induced fires
on the oil palm sector in Indonesia. They can be used
as a guidance for decision- and policymakers to bet-
ter understand the interconnected impacts and con-
sequences of local actions in the context of climate
change.

Future directions of this study could focus on
how mitigation options impact production losses and
forest fire risk and spread, from both socio-economic
and environmental perspectives. Furthermore, socio-
economic interventions—such as a ban on all oil palm
plantation expansion in Indonesia and reductions
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in EU demand for palm oil (for example resulting
from the implementation of the EU Deforestation
Regulation)—could be integrated into the storylines
to show their impact on land cover and land use
change and the resultant change to burned area and
production losses. Similarly, there are several envir-
onmental policies under discussion: the rewetting of
peatlands, fuel reduction through the creation of fire
breaks/buffer zones, and a ban on conversion of for-
ested area into oil palm plantations.

There are many potential adaptation options,
such as improved fire monitoring and ignition iden-
tification strategies to increase suppression efficiency;
land cover conversion policies to promote fire-
resilient landscapes; and the creation of fire break-
s/buffer zones in fire hotspot areas to reduce the
spread and impact of wildfires in the event of a burn.

There should also be more focus on environ-
mental impacts of these policies under global warm-
ing and climate change. This includes analyzing the
impacts of current and potential policies on biod-
iversity indicators, changes in forested area, and the
availability of various environmental services. Recent
improvements to the FLAM and GLOBIOM models
prove it is also possible to calculate potential changes
in green house has emissions.

5. Conclusions

Oil palm plantations are a driver of land use con-
version (deforestation and peatland drainage) and
threaten ecosystems through biodiversity loss, soil
erosion, waste, air pollution, and water quality
issues. The conversion to plantations raises wild-
fire risk, both in terms of ignition and out-of-
control spread. While many developed countries have
enacted policies to reduce land conversion within
their own borders, this often results in shifting pro-
duction from within their borders to other parts of
the world. With world consumption of oils and fats
increasing in recent years, the demand for palm oil
will likely grow as well, driving further deforestation
in countries such as Indonesia. It is important to con-
sider not just national but also international policies.

Climate change will almost certainly increase the
instability and risk of wildfires and resultant shocks
to economic systems, such as those witnessed in the
oil palm sector of Indonesia in 2015. Understanding
the threat of natural hazards and climate change can-
not be understood nor remedied by focusing on indi-
vidual drivers. As this study showed, consideration of
all factors (climate change, extreme weather, policy,
and agricultural practices) is necessary to understand
their compounding impact on society and the envir-
onment, as well as the complex interactions of our
decisions. Policies related to local and global use
of palm oil and other biofuels should consider the
unintended consequences of increased usage, even

10

S N Corning et al

for sustainable purposes. Sustainable decision mak-
ing must account for all potential impacts, and recog-
nize when a well-intended policy could have negat-
ive long-term consequences due to global and system
interactions.

Further, this study supports the premise that
decision and policy makers must consider short-
and long-term effects on multiple systems in their
work, and provides a framework to assess the impacts
of future decision-making. It provides a founda-
tion upon which to further explore policy impacts
on socio-economic and environmental themes in
Indonesia in the context of forest fires, oil palm plant-
ations, and global warming, and lays the groundwork
for further exploration on this topic. Consultation
with country experts and researchers can ensure that
all options and their impacts are explored, such as
through model coupling and feedback of results.

Continuing research will explore two socioeco-
nomic adaptations (a policy in the EU reducing
demand for the share that is intended for biofuel
use and another policy banning deforestation in
Indonesia for the purposes of oil palm plantations)
and one environmental adaptation option (a policy
on forest conservation and peatland restoration) to
assess how various policies may alter predictions of
burned areas and economic losses.
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