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Abstract
Indonesia has been the largest supplier of palm oil since 2007, and now supplies around 56% of the
global market. While the existing literature has paid serious attention to the diverse impacts of oil
palm plantation on socioeconomic factors and the environment, less is known about the joint role
of biophysical and socioeconomic factors in shaping the temporal and spatial dynamics of oil palm
expansion. This research investigates how the benefits and costs of converting other land use/ land
cover (LULC) types to oil palm plantation affects these expansion patterns. We employ a spatial
panel modeling approach to assess the contributions of biophysical and socioeconomic driving
factors. Our modeling focuses on Sumatra and Kalimantan, two islands which have accounted for
more than 90% of oil palm expansion in Indonesia since 1990, with Sumatra holding the majority
of the country’s plantations, and Kalimantan having the highest growth rate since 2000. The results
show that the expansion in Kalimantan, which has been strongly stimulated by the export value of
palm oil products, has occurred in areas with better biophysical suitability and infrastructure
accessibility, following the ‘pecking order’ sequence, whereby more productive areas are already
occupied by existing agriculture and plantations, and avoiding areas with high environmental
values or socioeconomic costs. As demand for palm oil continues to grow, and land resources
become more limited, the expansion in Kalimantan will tend towards the dynamics observed in
Sumatra, with plantation expanding into remote and fertile areas with high conversion costs or
legal barriers. Bare ground seems to have served as a clearing-up tactic to meet the procedural
requirements of oil palm plantation for sustainable development. This research facilitates the
improved projection of potential areas liable to future expansion, and the development of strategies
to manage the leading drivers of LULC in Indonesia.

1. Introduction

Indonesia is the world’s leader in palm oil produc-
tion. Palm oil is the most widely consumed edible
oil in the world (WWF 2017). According to the U.S.
Department of Agriculture (USDA2019a, 2019b), the
worldwide production of palm oil increased from 15
million tons to 70 million tons from 1995–2017, and
Indonesia has been the largest supplier since 2007.
Although oil palm cultivation has been questioned in
relation to the invasion of villagers’ rights to resources
(Inoue et al 2013), intensifying conflicts with local
people (Abram et al 2017), and exacerbating social
disparities (Obidzinski et al 2014) and environmental

inequity (Sheil et al 2009), its positive impacts on
economic growth and employment are notable. For
example, the oil palm sector of Indonesia in 2017
employed 3.8 million people, and produced about 39
million tons of palm oil from around 14 million ha of
plantation areas across different regions of the coun-
try (Directorate General of Plantation 2018, USDA
2019a, 2019b). The growth in oil palm plantation and
production was significantly beneficial to economic
development in Indonesia, and is believed to have lif-
ted up to 2.6 million rural residents out of poverty in
the period from 2000–2016 (Edwards 2019). As the
global palm oil market is expected to grow in the near
future (Carter et al 2007, Corley 2009, Research and
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Markets 2020), rapid oil palm expansion will con-
tinue to be a major feature of land use and land cover
(LULC) change in Indonesia.

However, the rapid expansion of oil palm has
occurred, andwill continue to occur, at the expense of
other LULC, such as natural forests, shrub, and other
agricultural land. Oil palm expansion in Indone-
sia is often criticized for resulting in deforestation
and the destruction of peatland (Koh et al 2011).
It has been reported that approximately 80%–85%
of Indonesian deforestation in the 2000s occurred
in Kalimantan and Sumatra (Hansen et al 2009,
Miettinen et al 2011), two islands which also under-
went oil palm expansion of over 90% during the
same period (Wicke et al 2011, Abdullah 2012).
More than 56% of oil palm expansion in Indonesia
occurred at the expense of forests (Kho and Wilcove,
2008, Vijay et al 2016), placing it among those coun-
tries with the highest rates of deforestation (Achard
et al 2004, Hansen et al 2009, Margono et al 2014).
This level of reduction in tropical and peat forests
imposes severe damage on the environment, result-
ing in increased Greenhouse Gas emissions and biod-
iversity loss (Carnus et al 2006, Koh and Wilcove
2008, Koh et al 2011).

Out of consideration for environmental protec-
tion, there is a growing movement advocating the
boycotting of palm oil (European Union Parliament
news, 2018). As consumer pressure has increased,
action has been taken by local governments (e.g.,
the forest moratorium, Indonesian Sustainable Palm
Oil) (Indonesian President Instruction no. 10 2011,
Indonesian President Instruction no. 6 2013, Barthel
et al 2018), international organizations (e.g. REDD+,
Roundtable on Sustainable Palm Oil) (Koh and But-
ler 2009, Von Geibler 2013), and oil palm companies
(United Nation, 2014, Butler 2015). Several stud-
ies suggest that the trend of oil palm expansion
has shifted, with low-biomass land areas, such as
shrub and dry agriculture, becoming major sources
of estate crop expansion in recent years, surpassing
natural forest (Gunarso et al 2013, Gaveau et al 2016,
Vijay et al 2016, Austin et al 2017, 2019). Meanwhile,
Carlson et al (2012a, 2012b, 2018) have demonstrated
that there is usually latency between land preparation
and oil palm plantation, and a notable percentage of
land for oil palm cultivation has been sourced from
burned/cleared and bare land in recent years.

Although a number of studies have analyzed
LULC changes with respect to oil palm expansion
(Koh and Wilcove 2008, Hansen et al 2009, Koh et al
2011, Carlson et al 2012a, 2012b; Lee et al 2014, Mar-
gono et al 2014, Gaveau et al 2016, Vijay et al 2016,
Austin et al 2017, 2019), and have provided reliable
information regarding the types of LULC change at
different time points, they did not explain why these
changes occur in the patterns they observed. Piker
et al (2016) assessed the nature of biophysical suit-
ability for oil palm plantation by identifying suitable

ranges of climate, soil, and topographical conditions,
andVijay et al (2016) used the Global Agro-ecological
Zones (GAEZ) model as the suitability assessment
tool. A handful of regional research articles have
investigated the biophysical and socioeconomic driv-
ing factors associated with specific oil palm planta-
tions (Castiblanco et al 2013, Gatto et al 2015, Aus-
tin et al 2015, Sumarga and Hein 2016, Shevade and
Loboda 2019, Ordway et al 2019), with the aim of
addressing biophysical suitability as well as market
and infrastructure accessibility. However, these works
were unable to examine the temporal dynamics of oil
palm expansion, or to reveal the role of economic
benefits and costs in the conversion from other LULC
types to oil palm cultivation, which should be fun-
damentally economically driven (Armsworth et al
2006, Lim et al 2019). The role of economic bene-
fits and costs is particularly important in the con-
text of Indonesia, given the fact that more than 70%
of palm oil production in the country is for export
(Edwards 2019, Rulli et al 2019). The exception in
research terms is Lim et al (2019), who established a
novel land rent modelling framework at the grid-cell
level to address the role of potential economic returns
of LULC conversion in explaining oil palm expansion
in 2000, 2010 and 2015. Nevertheless, their model
was unable to identify oil palm expansion in regions
without prior plantations in 2000, because the model
employed only two simple variables3 to capture
the complex spatial contagion effect, as conceptual-
ized in the von Thünen land rent theory (Angelsen
2010).

Therefore, there is an urgent need for an effective
modeling approach to uncover how biophysical and
socioeconomic factors have interactively driven the
observed temporal and spatial dynamics of oil palm
expansion. To address this knowledge gap would help
us to better understand the coupled human and nat-
ural mechanisms driving these dynamics and shap-
ing the patterns of oil palm expansion, thereby more
effectively facilitating the projection of areas suscept-
ible to future expansion, and the improvement of
land use planning and governance, so as to balance
the increased demand for palm oil products with the
growing concern for protecting tropical forests and
their associated ecosystems.

In this research, we have constructed spatial panel
econometric models at the regency level (second-
ary administrative level, roughly equivalent to a US
county) to explain the observed LULC conversions
for each 3 (or 4) year time period from 1996–2015,
and to demonstrate the major land sources for oil
palm expansion. Our modelling approach follows the
economic theory that land-use decision makers will

3 The first variable relates to the proportion of cells devoted to
oil palm surrounding each cell in the sample. The second variable
refers to the percentage of plantation area within a buffer of 0.1◦

for cell i in period t−1.
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choose a rate of conversion from one land-use type
to another on the basis of maximizing the present
discounted value of a future stream of net benefits of
conversion.We estimated the gross economic benefits
of land-use conversion to oil palm. This was accom-
plished with the help of the GAEZ model formulated
by the UN-FAO and IIASA (IIASA/FAO 2012, 2019).
We proxied for fixed and variable costs of land-use
conversion using a constant term and a linear com-
bination of the biophysical variables which charac-
terize the biophysical features of the regency. To the
best of our knowledge, this study is among the first
to use panel data and spatial econometric modeling
to address the expansion patterns of oil palm cultiva-
tion in Indonesia.

2. Materials andmethod

2.1. Study Area
Indonesia (6◦08′ N-11◦15′ S, 94◦45′ E-141◦05′ E), is
located in Southeast Asia, and with more than 17 500
islands, covering approximately 1 904 569 km2, is
the largest island country in the world. It has 34
provinces, and 282 regencies andmunicipalities (as of
1996). The five main islands are Sumatra, Java, Kali-
mantan, Sulawesi and Papua. It has a population of
238 million (as of 2010), 56% of which is rural (FAO
2011). The land altitude varies from 0 m to 5030 m
above sea level. The climate is almost entirely tropical,
with temperatures ranging from 21 ◦C to 33 ◦C, and
the average annual precipitation is around 2700 mm,
varying from 1300 mm in East Nusa Tenggara to
4300 mm in parts of Papua (Bappenas 2004). The
wet season lasts from September until March, while
the dry season lasts from March until August. Value
added in agriculture constitutes around 14% of the
gross domestic product (FAO 2017), with major cul-
tivation areas including food crops, such as rice and
secondary crops (maize, cassava, soybean, sweet pota-
toes, and peanut), and perennial crops, including oil
palm, rubber, coconut, coffee, cocoa, tea, etc. Palm oil
production is one of the most important industries,
employing about 2.4% of the total Indonesian work-
force (as of 2017) and contributing fiscal and foreign
exchange earnings to the country (Directorate Gen-
eral of Plantation 2018; Indonesia-Investments 2017).
The Indonesian government has promoted oil palm
cultivation as a way to alleviate poverty and advance
development in remote areas (Li 2016, Dharmawan
et al 2020).

Sumatra and Kalimantan are the two islands
where more than 95% of the oil palm planta-
tions in the country are located (Wicke et al 2011).
Sumatra, located in western Indonesia, is the largest
island entirely located in Indonesia, and the sixth-
largest island in the world. It has a territory of
473 481 km2, a population of 51 million (in 2010),
and a tropical rainforest climate. Between 1996 and
2015, the annual average temperature measured from

26.6 ◦C–27.1 ◦C, and the annual average rainfall was
2500–3000 mm. Kalimantan is the Indonesian por-
tion of Borneo Island, and comprises 73% of the
Island’s area. It is the largest island in Indonesia, and
has a territory of 544 105 km2, a population of 14mil-
lion (in 2010), and a tropical rainforest climate. Gen-
erally speaking, Kalimantan is cooler and wetter than
Sumatra, with an annual average temperature from
26.1 ◦C–27.5 ◦C, and an annual average rainfall of
2700–3500 mm from 1996–2015.

2.2. The Spatial Panel RegressionModel
We firstly constructed a pooled regression model to
explain the observed patterns of oil palm expansion.
Our model followed the economic theory that the
decision makers will convert other land use types
to estate crop plantation so as to maximize the dis-
counted value of net benefits (revenue minus cost)
of the conversion (Busch et al 2012, 2015, Busch and
Engelmann 2018). The gross economic benefits were
first proxied via a linear combination of the estim-
ated potential yield of oil palm and its export value,
and then corrected based on the impact of major
climate factors contributing to yearly variations in
oil palm yield. These major climate factors include
annual average temperature, shortwave radiation,
annual precipitation, and precipitation in the driest
month. The cost of land conversion and transport-
ation was proxied via a linear combination of slope,
elevation, available water storage capacity (AWC) of
soil, percentage of protected area, percentage of peat-
land, access time, population density, and a second-
order polynomial on source land cover (Mertens and
Lambin 2000, Busch et al 2012, Wheeler et al 2013,
Austin et al 2015, Pirker et al 2016). Existing public-
ations have demonstrated that previously established
plantations had significant effects on conversions to
estate crop plantation (Gaveau et al 2009, Sumarga
and Hein 2016, Shevade and Loboda 2019), and that
fresh fruit bunches of oil palm require to be processed
with 48 h of harvesting to ensure oil quality (Fur-
umo and Aide 2017), taking this into account, we
also included the estate crop plantation fraction in
1990 and palmoilmill density as the explanatory vari-
ables. Of these explanatory variables, export value,
climate factors, protected area, population density,
and source land ratio are time variant, while oth-
ers, including potential yield of oil palm, estate crop
plantations in 1990, palm oil mill density, access time,
slope, elevation, AWC, and peatland percentage, are
time invariant.

To summarize, the pooled regression model for
estimating the empirical relationships between the
observed patterns of oil palm expansion and the
variations in benefits and costs of such expan-
sion are specified in the following equation, which
shares similarities with the econometric models
adopted in Busch et al (2015) and Busch and
Engelmann (2018).
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dit = exp(β0 +β1Ai +β2X
′
i +β3C

′
it +β4Pit

+β5Popit +β6Sit +β7S
2
it +β8Et−1 + εit

)
where dit is the area of oil palm expansion into
each source land at regency i over year t−1 and t.
Ai is the potential yield per ha of oil palm planta-
tion at regency i. Xi is a matrix of factors which are
largely time-invariant, and which play a significant
role in determining the cost of land conversion and
transportation, including biophysical and geograph-
ical factors such as slope, elevation, AWC, peatland
percentage of regency i, as well as factors character-
izing accessibility to the market, and infrastructure
such as average access time to large cities, density of
palm oil mills, and percentage of estate crop plant-
ation in 1990 at regency i. Cit is a matrix of climate
factors, including annual precipitation, precipitation
in the driest month, average annual temperature, and
annual average shortwave radiation at regency i in
year t. Pit is the percentage of regency i within a pro-
tected area in year t. Popit is the population density
of regency i in year t. Sit is the source land ratio at
regency i in year t, and the second-order polynomial
on Sit captures the non-linear trajectory of the expan-
sion (Busch et al 2015, Euler et al 2017, Busch and
Engelmann 2018). Et−1 is the export value, averaged
over the previous time period, because there is usu-
ally a time delay of approximately 3 years between
the planning and the actual planting of oil palm
(Carlson et al 2012a; Gaveau et al 2016). β0 captures
the unobserved constant determinants of estate crop
expansion.

To address the latency between land preparation
and oil palm plantation (Carlson et al 2012a, 2018),
and to demonstrate the role of bare ground in the oil
palm expansion process, we used Kalimantan as an
example, and began by running the model using oil
palm plus bare ground expansion as the dependent
variable4, then running the model using oil palm as
the dependent variable and bare ground as the land
source.

The pooled regression model is optimal and
unbiased when the errors are independent, homo-
scedastic, and serially uncorrelated. However, for
LULC change analysis, spatial autocorrelations typ-
ically exist among the observations (Elhorst 2003),
and with respect to panel data, there are usually
individual (pixel) correlations due to the traits of
those individuals not represented by explanatory
variables (Wooldridge 2015). We employed spa-
tial panel models to account for individual hetero-
geneity and spatial autocorrelation between regen-
cies. The neighborhood relationship was defined by

4 The choice of this combined dependent variable means that we
treat bare ground expansion as a phase of oil palm expansion. We
had run the regression using bare ground expansion as the depend-
ent variable. The results are statistically similar to the results we
reported hereafter (table S6).

the contiguity-based method: two regencies were
defined as neighbors if they shared a common
border. We ran random effect rather than fixed
effect regressions, since time-invariant variables
play important roles in oil palm expansion (Pirker
et al 2016). Spatially lagged dependent variables,
spatial error autocorrelation, and spatial Durbin
models were included in the panel data regressions
to account for the spatial dependencies in either
dependent variables or unobserved variables (see
Supplementary Information (available online at
stacks.iop.org/ERL/16/034048/mmedia)). We used
the maximum likelihood approach to estimate the
parameters in all the models (Elhorst 2003). The
‘plm’ and ‘splm’ packages in R were used for the
estimations of the pooled regression model and spa-
tial panel econometric models (Croissant and Millo
2008, Millo and Piras 2012). Section S1 in the supple-
mentary information provides more technical details
regarding the above spatial panel models.

2.3. Data
The LULC data for the period 1990–2015 were
acquired from the Ministry of Environment and
Forestry (MoFor) of Indonesia. The MoFor has used
satellite data, particularly Landsat, for land cover
mapping of Indonesia since the 1990s. To date, LULC
maps are available for 1990, 1996, 2000, 2003, 2006,
2009, 2011, 2012, 2013, 2014 and 2015, at a spa-
tial resolution of 30 × 30 m. We used maps from
1990, 1996, 2000, 2003, 2006, 2009, 2012, and 2015
in our analysis, given that it usually takes 2–4 years to
allow for sufficient plant growth (Austin et al 2019)
and an equal time interval is preferred in time series
data (Brockwell et al 1991); in addition, the map
of 1990 was used to present infrastructure associ-
atedwith previously established plantations. The land
cover maps of Indonesia consist of 23 classes, includ-
ing 6 classes of natural forest, 1 class of plantation
forest, 15 classes of non-forest, and 1 class of no data
(figure 1).We removed the class of no data and reclas-
sified the other 22 classes into seven: primary forest,
secondary forest, shrub, dry agriculture, estate crop,
bare ground, and others. Table S1 in the supplement-
ary material presents the correspondences between
the original 23 classes and the reclassified 7 classes.

The estate crop plantation class includes oil palm,
rubber, coconut, and other plantations. Although
oil palm plantation is not an independent class in
terms of the available maps, scattered evidence from
remote sensing research demonstrates that the plant-
ation of oil palm accounted for about 62% of the
total estate crop plantation in the country in 2014
(Petersen et al 2016). As highlighted in the previous
section, the dependent variables in our panel models
are the increments in oil palm area. In this regard, data
from the Statistical Yearbooks of Indonesia (Statistics
Indonesia 1997–2016) and the Tree Crop Estate Stat-
istics of Indonesia (Directorate General of Plantation

4
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Figure 1. Land cover maps of Indonesia (1990 and 2015).

2013–2018) show that around 89% of the estate crop
plantations in the country were attributed to oil palm
from 1996–2015; from 2007–2015, the correspond-
ing percentage was around 95% in Sumatra, while
in Kalimantan, the expansion of oil palm accoun-
ted for the entirety of estate crop expansion. There-
fore, whenmeasuring the dependent variable, i.e., the
area of oil palm expansion into each source land at
regency i in year t, we directly use the area of estate
crop expansion as the best available proxy for oil palm
expansion.

The potential yield of oil palmwas collected using
GAEZ v4 from IIASA and FAO at a spatial resolu-
tion of 10 × 10 km. The GAEZ model provides an
integrated agro-ecological assessment methodology,
as well as a comprehensive global database for the
characterization of climate, soil and terrain condi-
tions relevant to agricultural production (IIASA/FAO
2012, 2019), and can be used to assess the poten-
tial productivity of land under different management
regimes. GAEZ is widely used in the estimation of
agricultural production potentials and yield gaps at
the grid-cell level (Tubiello and Fischer 2007, Gohari
et al 2013, Piker et al 2016, Zhong et al 2019). We
used the potential yield of palm oil at high input level,
with natural rainfall as the input, since it is the com-
monly used management strategy in oil palm planta-
tion in Indonesia (Pirker et al 2016). Climatic factors,
including annual average temperature, annual pre-
cipitation, precipitation of driest month and short-
wave radiation, were obtained and calculated from
theWFDEI dataset (50× 50 km) (Weedon et al 2014).
Export values for oil palm in each year were obtained
from the FAO, averaged over the 3-4 year observa-
tion periods, and deflated to the value of USD in the
year 2000.

We calculated the palm oil mill density based on
the Universal Mill List (World Resources Institute,
Rainforest Alliance, Proforest, and Daemeter, 2018).
Access time data were organized on the basis of A
Global Map of Accessibility (Nelson, 2008), which
describes the travel time to cities with populations lar-
ger than 50 000 in 2000 using land- or water-based
means of travel and a cost-distance algorithm, and is
publicly available as 30 arc-second. The terrain data,
including slope and elevation were compiled using
elevation data from the Shuttle Radar Topography
Mission (NASA, 2009), which is publicly available as
3 arc-second (approximately 90 m resolution at the
equator) Digital ElevationModels (DEMs). AWCwas
extracted from the Harmonized World Soil Database
(1 × 1 km) (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012).
Peatland percentages were calculated from the peat-
land maps collatedby the World Resources Institute
(2012). Population density data were collected from
the Gridded Population of theWorld, which provides
estimates of population density every 5 years, based
on counts consistent with national censuses and pop-
ulation registers with respect to relative spatial distri-
bution, and adjusted to match United Nations coun-
try totals (CIESIN, 2016); here, the spatial resolution
is 1 × 1 km for 2000–2015, and 5 × 5 km for 1995.
The population data were interpolated to match the
study period. Protected area data were compiled from
IUCN Category I–VI, where point features are dis-
played as circles, representing the reported protected
area size (WDPA, 2014). Source land ratios were cal-
culated from the LULCmaps, and natural forest ratios
were calculated as the sum of primary forest and sec-
ondary forest.

Table S2 lists the variables, the description of
the corresponding data, and data sources. Table S3
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Figure 2. LULC change during 1990–2015. (a) LULC change for the whole Indonesia; (b) LULC change on Sumatra; (c) LULC
change in Kalimantan.

reports the measurement units and summary
statistics of variables. Tables S4.1–S4.3 present the
pairwise correlations between explanatory variables
in the country, Sumatra, and Kalimantan models.
Table S5 reports the variance inflation factors. All
maps were projected to the same coordinate system,
resampled, and calculated at second administrative
level, using ArcGIS 10.5.

2.4. Limitations of the research
Some of the time-invariant variables we employed,
such as palm oil mill density, or access time to large
cities, are not actually static over time because the
proximity or accessibility would change with the
establishment of new processingmills, roads, popula-
tion clusters, etc. Therefore, the effects of these vari-
ables as shown by ourmodels may not be precise, and
any of these variables constraining oil palmplantation
in the past may not continue to be a constraint in the
future. Similarly, new constraints may emerge in the
future, such as climate change (Paterson et al 2017)
and soil degradation (Guillaume et al 2016). In addi-
tion, the assessments are limited by the quality of the
datasets used for this analysis. The accuracies of LULC
maps and other maps have been constrained by the
available techniques and socio-political hurdles with
respect to data collection. The resolution and time
scale of these maps will possibly influence the estim-
ates of land use conversions and the effects of their
driving forces.

3. Results and discussion

3.1. Land use and land cover (LULC) change
As shown in figure 2(a), natural forest decreased
significantly between 1990 and 2015 in Indonesia.
Primary forest decreased by approximately 24.3%,
with the most rapid degradation and deforestation
occurring from 1996–2000, then 2003–2006, 2000–
2003, 2006–2009, and 2009–2015 in order of decreas-
ing pace. Of the 143 281 km2 total decrease, 8763 km2

occurred in Sumatra, and 31 653 km2 occurred in
Kalimantan, accounting for 16.9% and 24.8% of their
primary forest area in 1990, respectively. Although
secondary forest experienced over 80% (125 037 km2)
of primary forest conversions, this decreased by
about 15.6% (82 524 km2) from 1990–2015. Indone-
sia lost around 20% (227 039 km2) of its natural
forest (primary plus secondary forest) during this
period, with the highest deforestation rate (2.11%,
29 746 km2 yr−1) occurring from 1996–2000, with
2006–2009 a distant second (1.00%, 9512 km2 yr−1),
followed by 2003–2006 (0.85%, 8378 km2 yr−1)
and 2012–2015 (0.73%, 6647 km2 yr−1).
Figures 2(b) and (c) illustrate these LULC changes
in Sumatra and Kalimantan, respectively. The two
islands together represent the majority of areas of
deforestation; around 65% (517 629 km2) of defor-
estation in Indonesia during 1996–2000 occurred on
these two islands, with the corresponding percent-
age jumping to 97% (408 017 km2) in the period

6
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Figure 3. Direct conversions related to estate crops for the period 1996–2015. (a) Direct conversions related to estate crops
for the whole country; (b) direct conversions related to estate crops in Sumatra; (c) direct conversions related to estate crops in
Kalimantan. The area of estate crops for each year are denoted by the bars cross the axis, while the floating stacked bars depict the
LULC changes within the six classes. The increments indicate the inflows from other classes to estate crops, and the decrements
indicate the outflows from estate crops to other LULC classes. The inflows are significantly larger than the outflows.

2009–2012, and falling back to 85% (392 845 km2)
from 2012–2015. Sumatra lost 44.69% (90 206 km2)
of its natural forest in the period from 1990–2015
(figure 2(b)), accounting for 39.7% of country-
wide deforestation, while 24.93% (87 907 km2) nat-
ural forest disappeared in Kalimantan during the
same period (figure 2(c)), accounting for 38.7%
of the deforestation for the country as a whole.
The deforestation rate in Sumatra was consistently
higher than the country’s average, with the highest
annual rates occurring in the periods from1996–2000
(5.36%, 12 514 km2 yr−1) and 2006–2009 (3.59%,
4876 km2 yr−1), in conjunction with the occurrence
of El Nino events (1997 and 2006) (Field et al 2016).
Although the deforestation rate was consistently high,
and fluctuated, the total figure decreased as time
went by, which is probably due to the long history of
agriculture and plantations on the island (National
Research Council 1993, Wicke et al 2008, Syuaib
2016), giving rise to the availability of suitable land
for productive use which was no longer covered by
natural forest (Austin et al 2017). The deforestation
rates in Kalimantan were higher than the country’s
average after 2000, when industrial oil palm plant-
ation was widely introduced to the island (USDA
2010).

Meanwhile, agriculture activity increased sig-
nificantly (figure 2). The area for dry agriculture
increased by the greatest amount, and estate crops
experienced the most rapid expansion. Together with
those areas degraded to shrub and bare ground,
these were the major drivers of deforestation in
Indonesia. Estate crop area increased from less than
45 000 km2 to more than 120 000 km2 (figure 2(a)),
with an average annual speed of 4.24% (annual
increase of 3277 km2 yr−1). The most rapid estate
crop expansion occurred in the period 2012–
2015 (with an average annual rate of 8.40%, or
9089 km2 yr−1), which was largely a result of the
expansion occurring in Kalimantan (with an aver-
age annual rate of 15.47%, 5484 km2 yr−1), fol-
lowed by that in 1996–2000 (6.77%, 5668 km2 yr−1),
mainly driven by the expansion in Sumatra (9.14%,
5057 km2 yr−1). Sumatra and Kalimantan together
accounted for around 97% of the estate crop expan-
sion in Indonesia in the period from 1990–2015.
Sumatra dominated the expansion prior to 2000,
constituting 77.1% of the national expansion from
1990–2000 (28 877 km2, figure 2(b)), while Kali-
mantan accounted for 63.67% of the national
expansion after 2003 (51 645 km2, figure 2(c)),
driven by policy reforms in late 1990s which facil-

7



Environ. Res. Lett. 16 (2021) 034048 Y Xin et al

itated direct foreign investment in agriculture
(Bissonnette 2015).

Natural forest, shrub, and dry agriculture are
the three major direct LULC sources of estate crop
expansion in Indonesia as a whole, as well as
on the two islands specifically (figure 3). Shrub
is the largest direct source of estate crop expan-
sion in the country (figure 3(a)), with a contrib-
uting share of 32.66% (27 289 km2), followed by
natural forest (27.33%, 22 834 km2) and dry agri-
culture (21.45%, 17 924 km2). Natural forest was
the largest direct source of estate crop expansion
in Sumatra (figure 3(b)), with a share of 33.59%
(13 259 km2), whereas shrub contributed a higher
share as time went by, and was the second largest
source, with a share of 23.83% (9409 km2). In
Kalimantan (figure 3(c)), the trend is somewhat dif-
ferent, as shrub accounted for 42.48% (16 318 km2)
of all direct conversions to estate crop from 1996–
2015, and was the largest source in the periods from
2000–2009 and 2012–2015. As time went by, estate
crop expansion tended to occur on low-biomass land,
such as shrub and dry agriculture, while natural forest
became a less important direct source. Dry agricul-
ture became a major source of estate crop expan-
sion for both islands, particularly from 2012–2015
(see figures 3(b) and (c)). These shifting patterns of
estate crop expansion are consistent with the findings
of Austin et al (2017), who also reported a steadily
declining rate of oil palm plantations displacing nat-
ural forest. This shifting pattern may be explained in
the context of the following three reasons: (a) Conser-
vation interventions by the government, NGOs and
the private sector with respect to the oil palm industry
(Koh and Butler 2009, Indonesian President Instruc-
tion no. 10 2011, Indonesian President Instruction
no. 6 2013, Von Geibler 2013, United Nations 2014,
Butler 2015, Barthel et al 2018) are making some pro-
gress towards natural forest protection, although an
extension of this protection to cover secondary forest
is also needed (Austin et al 2015, Sumarga and Hein
2016). (b) As the availability of suitable forestland
becomesmore limited, estate crop expansion tends to
occur via the conversion of existing agricultural land
(Meyfroidt et al 2014). (c) A smallholder requiring
access to existing oil palm processing mills will tend
to prefer low-biomass land (Walker 2004, Meyfroidt
et al 2014).

Sizeable conversions are observed in relation to
bare ground, particularly in Sumatra and Kalimantan
in the period after 2000 (figures 2, 3 and S3). The
major sources of bare ground establishment were sec-
ondary forest and shrub (figure S3). The clearance of
natural forest to obtain bare groundmade up a higher
portion of deforestation as time went by on both
islands (see figure S3). In the period from 1996–2015,
bare ground accounted for 12.03% (4747 km2) and
15.30% (4878 km2) of the direct sources of oil palm
expansion in Sumatra and Kalimantan, respectively

(figure 3); oil palm was the only major productive
sink of bare ground conversions in Kalimantan and
the amount of conversion increased as time went by
(figure S3). As there is often a latency between land
preparation and oil palm plantation (Carlson et al
2012a), bare ground might be regarded as an inter-
mediate phase of oil palm expansion.

3.2. Regression results
We first ran pooled regression models of oil palm
expansion into the three major land sources in
Indonesia during 1996–2015. The regression results,
as shown in table 1, indicated that oil palm expan-
sion in Indonesia tended to occur in regencies with
longer access times to major cities, lower population
density, gentler slope, medium level of source land
ratio (owing to the inverted U-shape relationship),
lower shortwave radiation, higher peatland percent-
age, and a more significant presence of estate crop
plantation in 1990. Higher export value in the previ-
ous period (t−1)was positively and significantly asso-
ciatedwith a greater prevalence of oil palm expansion,
supporting the proposition that oil palm expansion
in Indonesia was largely driven by its profitability
in terms of export (Armsworth et al 2006, Lim et al
2019). Therefore, as the global palm oil demand
continues to grow (Research and Markets 2020), oil
palm plantation in Indonesia will continue to expand
into both natural forest and low-biomass land. This
positive stimulation effect is stronger in relation to
expansions into low-biomass LULC types, such as
dry agriculture and shrub, than into natural forest.
Numerically speaking, an increase of 1 billion (2000)
USD in export value in the previous period promises
an increase in oil palm expansion by 7.71%, 15.5%,
and 20.2% into natural forest, shrub, and dry agri-
culture, respectively.

We then ran pooled regression models for each of
the two islands, Sumatra and Kalimantan. In order
to address the possible individual heterogeneity and
spatial autocorrelation issues of the pooled mod-
els, we also ran spatial panel random effect models
in the forms of spatial lag, spatial error and spatial
Durbin. Figure 4 visually presents the results of all
these regressions for direct comparison. All the spa-
tial panel models showed that there were significant
positive spatial autocorrelations on both islands, and
that random effects were significantly more import-
ant compared to the idiosyncratic errors in Sumatra,
but not in Kalimantan (table in figure 4). As shown
in figure 4, addressing the spatial autocorrelation
did not change the direction, magnitude, and sig-
nificance inference of the coefficients for individual
explanatory variables in the natural forestmodels, but
changed the significance inference of several explan-
atory variables in the shrub and dry agriculture mod-
els. In the shrubmodels, the effects of oil palm poten-
tial yield and driest month precipitation in Sumatra,
as well as the effects of mill density in Kalimantan,
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Figure 4. Spatial panel random effect model results for oil palm expansion in Sumatra and Kalimantan. Vertical pars correspond
to 90% confidential intervals. The vertical axis (Variable Range× Coefficient) is the scaled coefficient, which can be used to
render the coefficients comparable5. The table on the right shows the spatial autocorrelation statistics (λ for spatial lag, ρ for
spatial error) and the random effect estimation (φ) of each model, ∗, ∗∗, ∗∗∗, and ∗∗∗∗ stand for significant levels of 10%, 5%,
1%, and 0.1%, respectively.

were largely explained by the positive spatial autocor-
relation in the explanatory variables, while the effects
of access time in Kalimantan were largely due to the
spatial autocorrelation of the oil palm expansions.
Meanwhile, the expansion into Kalimantan demon-
strated a significant tendency to occur at areas with
lower AWC when the spatial autocorrelations of the
explanatory variables were addressed. The effects of
spatial autocorrelations were larger in the dry agricul-
turemodels for both islands, and led tomore signific-
ant changes in the explanatory variables in the mod-
els of Sumatra. When the spatial autocorrelations in
Kalimantanwere addressed, the coefficients for short-
wave radiation became insignificant, while areas with
gentler slopes were significantly preferred. For mod-
els of Sumatra, the expansion pattern is strongly asso-
ciated with the significant positive spatial autocorrel-
ation, with the exception that those areas with little
estate crop plantation in 1990 were significantly pre-
ferred by oil palm expansion to dry agriculture, once
the spatial autocorrelations between the explanatory
variables were addressed.

Figure 4 indicates that oil palm expansion on the
two islands also tended to occur in areas relatively
remote from major cities, in contrast to the assump-
tions and results of some other researches (Pirker
et al 2016, Sumarga and Hein 2016, Lim et al 2019).
This result may be explained by the location choice

To make the contributions of variables comparable, explan-
atory variables are scaled by range method: variable range =
variablemax − variablemin, Variablescaled =

Variable
VariableRange

, Coef×
Variable= Coefscaled × Variablescaled, therefore, Coefscaled =
Coef ×VariableRange.

sequence of plantation developers, which is similar
to the pecking order sequence of corporate managers
in considering their sources of financing (Myers and
Majluf 1984, Vogt 1994). This means that suitable
areas with better access to major cities were already
occupied by existing plantations, so thath any new
plantations must therefore be located in more remote
areas than the existing ones.

A comparison of the results between the two
islands showed some differences in the patterns of
oil palm expansion. The establishment of oil palm
plantation occurred earlier, and the expansion was
also faster before 2000 in Sumatra than in Kali-
mantan, while the expansion pace grew more rapidly
in Kalimantan after 2003 (figures 2(b) and (c); USDA
2013). Since Sumatra has a longer oil palm cultiv-
ation history and more intense agricultural activity
(National Research Council 1993, Wicke et al 2008,
Syuaib 2016), the natural forest resources remain-
ing for estate crop plantation has become limited
(figure 2(b)). Compared with Sumatra, Kalimantan
was a comparative latecomer (Wicke et al 2008, Austin
et al 2017), and land resources for oil palm expansion
on the island were therefore less limited (figure 2(c)).
Therefore, the expansion patterns of oil palm in Kali-
mantan proved to be better characterized by our
explanatory models than those of Sumatra.

The direction and significance of the coeffi-
cients in terms of individual explanatory variables
in Kalimantan were more in line with our expect-
ations, i.e., oil palm expansion would be stimu-
lated by the export value of palm oil products,
and would tend to occur in areas with greater bio-
physical suitability and infrastructure accessibility,
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as well as with lower conversion cost. The stimula-
tion effects of export value were statistically signi-
ficant and positive for oil palm expansion into each
of the three sources in Kalimantan, but not signific-
ant for the case of expansion into natural forest in
Sumatra. Oil palm expansion in Kalimantan, partic-
ularly into natural forest, was more likely to occur
in areas with more suitable climatic conditions, such
as high shortwave radiation and higher precipita-
tion in the driest month. In both the countrywide
and Kalimantan models, oil palm expansion showed
an inverted ‘U’-shaped relationship with each of the
source land ratios, indicating that oil palm expan-
sion tended to occur in areas within the medium
range of the source ratio (figure S2). These find-
ings were consistent with those of existing research
(Busch et al 2015, Euler et al 2017, Busch and
Engelmann 2018). In contrast, on Sumatra island,
such an inverted ‘U’ shape existed in the expansion
into natural forest for all models, and into dry agri-
culture for the pooled model (figure S2). With regard
to infrastructure and market factors, the expansion
in Kalimantan tended to benefit from existing infra-
structure, associated with existing plantations and
processing mills, and the beneficial connection was
more significant and stronger with expansion into
natural forest. By contrast, the plantation in 1990 and
mill density did not constrain oil palm expansion into
any sources in Sumatra, since oil palm plantation and
the associated infrastructure had already dispersed
over the island, with the exception of the mountain-
ous area along the west coast. Locations with lower
population density were preferred for oil palm expan-
sion into all three land sources in Kalimantan, which
could be explained by the following factors: (a) oil
palm was less labor intensive than alternative crops
(Feintrenie et al 2010, Euler et al 2017, Gatto et al
2017), (b) locations with higher population densit-
ies and a longer history of planting traditional crops
were less attractive for switching to oil palm (Gatto
et al 2015), and (c) oil palm companies intended to
avoid the land tenure conflicts and high transaction
costs associated with consolidating land from small-
holders (Meyfroidt et al 2014). Nevertheless, this rela-
tionship was significant in Sumatra for the expansion
into shrub only. The percentage of peatland showed
opposite effects in terms of oil palm expansion in
Sumatra versus Kalimantan. The negative relation-
ship in Kalimantan might be ascribed to the fact that
oil palm establishments on the island preferred min-
eral land to peatland, either due to the lower cost of
land preparation, or with the intention of reducing
CO2 emissions (Meyfroidt et al 2014, Afriyanti et al
2016, Rulli et al 2019).

In contrast to our expectations, the potential
yield of oil palm showed a negative effect on oil
palm expansion in Kalimantan, which could be
explained by the location choice sequence of planta-
tion developers, which is similar to the pecking order

sequence of corporate managers in considering their
sources of financing (Vogt 1994). Areas with higher
potential yield of oil palm also offer greater potential
yields for other types of plantation, such as dry agri-
culture crops and paddy fields; as such, those areas
had already been occupied by existing agricultural
activity and estate crop plantations. Interestingly,
such pecking order effects were not found in Sumatra,
which might be explained in terms of the follow-
ing two reasons: Firstly, compared with Kalimantan,
where all source lands are generally suitable for
oil palm plantation, with a potential yield ranging
between 43 and 71 ton ha−1, the potential yield of oil
palm in Sumatra ranges between 6 and 72 ton ha−1,
with regencies along the west coast being entirely
unsuitable for oil palm plantation. Secondly, owing
to its longer history of plantation (National Research
Council 1993,Wicke et al 2008, Syuaib 2016), remain-
ing land resources for new plantations in Sumatra
have become limited since 1990 (figure 2(b)); as a
result, oil palm has to expand into areas with relat-
ively high potential yield, but which are very costly or
illegal to convert, such as peatland and logging con-
cessions (USDA 2010, Gaveau et al 2013, Austin et al
2017), andwhere the high proportion of smallholders
(40%) aggravates the situation (Molenaar et al 2013,
Meyfroidt et al 2014, Gatto et al 2015).

In our analysis at the regency level, protected areas
showed no significant effect on oil palm expansion.
However, we cannot conclude that protected area
status was not effective in protecting natural forest
from plantation expansion, because the spatial resol-
ution at the regency level was quite coarse, and protec-
ted areas account for only a small portion of the ter-
ritory of individual regencies. To address the effects of
protected areas, analyses at the grid level are required.

3.3. Bare ground as land banking for oil palm
expansion in kalimantan
Since oil palm is almost the only productive sink
of bare ground conversion in Kalimantan, and there
is often a latency between forest clearance and oil
palm plantation (Carlson et al 2018), we treated bare
ground expansion as a phase of oil palm expansion,
and ran the pooled and spatial panel models using
oil palm and bare ground expansion together as the
dependent variable in the first instance (see table 2).
The results show that bare ground developed from
natural forest was clustered in areas with large protec-
ted sectors, more natural forest cover, and were less
significantly stimulated by the export value for the
previous period, once spatial autocorrelations within
the explanatory variables were addressed. We then
ran the pooled and spatial panel models using oil
palm expansion as the dependent variable, and bare
ground as the land source (table 3). The results indic-
ated that the conversion from bare ground to oil palm
plantation was significantly stimulated by the export
value for the previous period, and that conversionwas
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clustered in those regencies with a higher proportion
of protected areas. Considering that bare ground has
been developed and converted to oil palm plantation
at a rapid pace in recent years (Carlson et al 2012a,
2012b), the above results suggest that bare ground
had been increasingly used as an indirect clearing-
up tactic for oil palm expansion at a later stage,
so that the expansion nominally meets the sustain-
able development requirements. The existence of this
land banking mechanism highlights that it is practic-
ally important to include bare ground development
in any monitoring system, so that the system can
more effectively track where and why bare ground is
developed, and its eventual utilization. Meanwhile, as
the current moratorium and RSPO certification only
deals with new licenses and post-certification activ-
ities, it is necessary to establish policies to cope with
such land banking.

4. Conclusion

Oil palm expansion is one of the major drivers of
deforestation in Indonesia, especially in Sumatra and
Kalimantan. However, as time goes by, these expan-
sions become more likely to occur in low-biomass
areas, such as shrub and dry agriculture, than in nat-
ural forest. Bare ground often emerges as an inter-
mediate state (i.e., land banking) of conversion from
natural forest to oil palm plantation, serving as a
clearing-up tactic to meet the procedural sustainable
development requirements of oil palm plantation.

Most of the plantation expansion during our
study period occurred in Sumatra and Kalimantan,
with the two islands hosting the majority of oil palm
plantations in Indonesia. Compared with Sumatra,
Kalimantan is at an earlier stage of plantation devel-
opment, with relatively abundant land resources.
Consequently, oil palm expansions in Kalimantan
are better characterized by our models, meaning that
the direction and significance of the coefficients for
most of the explanatory variables meet the theoretical
expectations underlying the specification of ourmod-
els. The results of our spatial panel regressions showed
that oil palm expansion in Kalimantan was highly
stimulated by the export value of oil palm products,
took place in areas with better biophysical suitabil-
ity and infrastructure accessibility, followed the peck-
ing order sequence where more productive areas had
already been occupied by existing agricultural activit-
ies and estate crop plantations, and avoided areas with
high environmental values or socioeconomic costs.

However, as global demand for palm oil products
continues to grow at a rapid pace, which in turn drives
up its export value, oil palm plantation will continue
to expand, subject to the increasing scarcity of land
sources. This trend may drive the expansion dynam-
ics in Kalimantan in near future to approach that in
Sumatra today, where oil palm plantation has been
expanding into remote and fertile areas with high

conversion costs or legal barriers, including peatland
and logging concessions. Under this highly plaus-
ible development scenario, future oil palm expansion
in Indonesia would cause more environmental and
social issues, such as increasing CO2 emissions result-
ing from LULC conversion, the failure of land conces-
sions, land right conflicts, etc. Therefore, to balance
oil palm expansion and environmental conservation
in Indonesia, current regulations, such as forest and
peatland moratoriums, RSPO certification, protected
areas, land use concessions, moratorium of new oil
palm license issuance policy, and zero-deforestation
commitments, should be continued, and extended to
secondary forest and vulnerable ecosystems, as well
as fully implemented and enforced. New policies and
regulations on land banking are also urgently needed.
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