
 
 
With land cover sources for OP plantations largely unknown (3), we utilized a timeseries of 
classified Landsat satellite images (1989-2008)  coupled with spatially-explicit land cover change 
modeling (2009-2020) to evaluate the dynamics of plantation expansion in Ketapang District, West 
Kalimantan. We sought to address three questions:  
 
1. What are the land cover sources for oil palm expansion? 
2. Which land cover changes have been the main sources of C flux? 
3. How will future scenarios of OP expansion and forest protection affect land cover and C flux? 
 
  

 

 
 
Across Indonesia, oil palm (OP) expanded from 1.1M ha in 1990 to 7.8M ha in 2010; Indonesia 
aims to double OP production by 2020. As OP agribusiness expands, it is essential to refine carbon 
(C) emissions estimates – both historic and projected – from OP-driven land cover change to inform 
policies aimed at mitigating land-based emissions. OP expansion impacts C emissions   

emissions from peat oxidation as peatlands 
are cleared and drained, while natural forest 
conversion threatens high aboveground live 
biomass (AGB) C stocks. Also impacted are 
swidden agricultural lands maintained by 
Kalimantan’s rural communities (1, 2). While 
C dynamics in these managed agroforestry 
systems differ from “natural” forests, they 
contain considerable AGB and sequester C 
through regrowth. It is vital that remote 
sensing assessments distinguish logged 
forests, regrowing forests, and agroforest 
mosaics to improve the accuracy of regional 
C flux estimates. 

 
 

• To assess land cover change, 11 Landsat images (TM and ETM+, ~30m; 1989-2008) were 
acquired over Gunung Palung National Park and the surrounding area (Path 121/Row 61), 
yielding a timeseries of imagery every 1-4 years. 

• We developed a land cover classification system utilizing biophysical information available 
from CLASlite data (4) as well as ancillary datasets (e.g., slope, elevation) to identify dominant 
land covers in the study region. 

• We applied post-classification change detection to track the history of each pixel, identifying 
impossible transitions from “logged forest” to “intact forest” and re-classifying these pixels as 
“secondary forest”. 
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Effects of oil palm plantation expansion on land cover and carbon flux in 
West Kalimantan, Indonesia from 1989-2020 

Intact Forest  Closed-canopy natural forest without detectable evidence of disturbance 

Logged Forest  Natural forest with detectable canopy disturbance 

Secondary Forest  Recovering logged forests 

Agroforests  Swidden agricultural systems including rice, rubber, and fruit gardens, and fallows 

Burned or Cleared  Non-forest areas characterized by recent clearing or burning 

Bare Soil or Built  Roads, rivers, human settlements, and open mines 

Oil Palm  Areas being cleared for or planted with oil palm 

 

 
 

 
 

Total C emissions (positive values) peaked in 1997-1998 when widespread fires during the 
ENSO-associated drought burned AGB and peatlands. Under a BAU scenario of oil palm 
expansion from 2009-2020, drained peatlands become the primary source of C emissions by 
2020. Solid lines represent means of twenty model runs for each scenario from 2009-2020. 
Dotted lines indicate minimum and maximum C flux derived by applying low and high C 
input values. 

BAU 
  Reflects Indonesia’s goal to double oil palm production by 2020,  
  clearing two new oil palm leases each year and expanding active  
  plantations at the 1989-2008 mean rate of 2,900 ha yr-1. 

Moratorium 
M+Int 
M+Sec 

  Similar to BAU, yet prohibits oil palm development in intact forests (M+Int)  
  or  intact, logged, and secondary forests (M+Sec) and peatlands on new  
  plantations from 2012-2020. 

Forest 
Protection 

FP+Int   
FP+Sec 

  Similar to Moratorium scenarios, yet halts oil palm expansion into forests and 
  peatlands, protecting intact (FP+Int) or intact, logged, and secondary (FP+Sec) 
  forests in PAs and undeveloped oil palm leases from  degradation and  
  deforestation from 2012-2020. 

 
 
 
For each annual timestep, the simulation 
first expanded oil palm across the study 
region; in certain scenarios, plantation 
expansion was constrained by moratoria on 
forest and peatland clearing. Then, based 
on probability maps and land cover 
transition matrices specific to ENSO or 
non-ENSO years, land cover changes were 
distributed using cellular automata. These 
land cover changes were constrained in 
certain forest protection scenarios, 
preventing all types of forest degradation 
and deforestation, as well as no “leakage”, 
or displaced land cover change that may 
occur from forest protection. 
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Methods 

Background 

• To contrast five scenarios of future OP development from 2009-2020, we built a model of 
historic (1989-2008) and future (2009-2020) land cover change using Dinamica EGO (5), an 
environmental modeling platform that allows spatially-explicit simulation of landscape 
dynamics. 

• With Dinamica EGO, we implemented a C bookkeeping model to account for C stocks and 
flows through time and space in above- and below-ground C pools. 

Land cover classes 

Objectives 

Agroforest on mineral soils 
cleared and drained for 
oil palm (June 2011) 
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Land cover change 
simulation in Dinamica EGO 

Across all scenarios, OP was restricted from areas <2km from villages, slopes >45º, <200m from rivers, 
elevations >500m asl.  

Five future scenarios of oil palm expansion  
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• Only recently (2005-2008) did OP become a major proximate cause of deforestation (19% of 

total deforestation) with elevated plantation expansion rates associated with high prices in 
agricultural commodities markets. 

• Agroforests have been the preferred land cover source for OP plantations since 2001. 
• High peat burning and clearing rates, increasingly due to OP expansion, are driving massive C 

emissions from peatlands. 
• We demonstrate that secondary forest, agroforest, and OP growth contributed relatively low C 

offsets through sequestration (8% through 2008 and 17% in the BAU scenario). Reducing 
proximate C emissions requires protecting existing forests. 

• Enforcing a moratorium on converting forests and peatlands to OP plantations is predicted to 
have negligible effects on C emissions reductions. Instead, protecting intact, secondary, and 
logged “degraded” forests (FP+Sec) is necessary for reduced C emissions and maintenance of 
total forest cover. 

 

Conclusions 

 
OP Expansion 
• OP was first detected in 1994. 
• From 1994-2008, OP plantations expanded to occupy 5% of the study region. 
• Area cleared for OP increased from 30 km2 yr-1 (1994-2004) to 108 km2 yr-1 (2005-08). 
• OP directly contributed only 6% to deforestation across the timeseries, yet by 2007-08 OP was 

responsible for 28% of deforestation. 
Land Cover Sources for OP 
• Plantations were converted mainly from agroforests (39%), followed by intact forests (28%), 

secondary forests (13%), burned/cleared and bare lands (12%) and logged forests (8%). 
• Throughout the 1990s, plantation development primarily replaced intact, logged, and  
 regrowing logged forests (91%), yet since 2001 expansion favored agroforests (55%). 
• Through 2007, most (73%) OP expansion occurred on mineral soils, yet from 2007-2008, more 

(54%) peatlands were converted. 
Carbon Flux from OP 
• Cumulative net C emissions from 1989-2008 totaled 11.4M tC yr-1. 
• OP emitted only 0.44M tC yr-1, ~3% of net emissions from 1994-2008. 
• Gross emissions from OP were mainly from clearing AGB in intact, logged, and secondary 

forests on mineral soils (75%). 
 Future Scenarios of OP Development 
• Across all scenarios, 86-92% of net C emissions came from peatlands. Peat burning contributed 

the most C flux (44-52%), followed by peat draining (30-36%). 
• Under a BAU oil palm expansion scenario, OP occupied 32% of the region by 2020, generating 

26% of 11.9M tC yr-1 cumulative net emissions from 2009-2020. 
• A Moratorium on oil palm expansion reduced emissions 3-4% below BAU. 
• Protecting intact forests (FP+Int) reduced emissions by 9%. 
• Also protecting logged and secondary forests (FP+Sec) reduced emissions by 21%. 

Results 

Annual C flux under five future scenarios of OP expansion 

 
  
(a) The focal study region (12,000 km2) contains ~50% peatlands surrounding Gunung Palung 
National Park and other Protected Areas (PAs, 2,800 km2). In 2008, allocated OP plantation 
leases spanned 51% of the region. (b) Land cover classification and change analysis revealed 
that in 1989, ~63% of the study region was covered by intact forest. (c) By 2008 intact forest 
declined to cover 15% of the region, while 6% of the area outside designated PAs was planted 
with OP. (d) By 2020 under a Business-As-Usual (BAU) scenario, intact forest area declined 
precipitously to 4%, while OP plantations occupied 41% of non-PA area. 

Study Region – Ketapang District, West Kalimantan, Indonesia 

AGROFOREST 

Oil Palm Seedlings 
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