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Supplementary Table 3. Number of villages used in: (1) land-use and livelihood change analysis at village level, 
and (2) impact evaluation analysis, consist of evaluating: (A) impact of industrial oil palm plantations, and (B) 

impact of RSPO certified plantations. 

By island Analysis Total 

villages Sumatra Kalimantan Papua 

(1) Land use and livelihood change analysis 3,396 2,065 1,295 36 

(2) Impact evaluation analysis (with number of treated 

villages, excluding controls) 

    

Analysis A: Impact of industrial oil palm plantations 587 200  356 31 

Analysis B: Impact of RSPO-certified plantations 500  392 108 0 

 

 

Supplementary Table 4. PODES censuses used to assess the change in village well-being (indicated in check 
marks) 5-11 years after the industrial oil palm plantations had been developed and 5-11 years after the 

certification had been issued or proposed. The first certification was issued or proposed in 2009. 

PODES census year 

Analysis type 

Plantation or 

certification 

age (years) 

Analysis 

time frame 

Baseline 

year 2000 2003 2005 2008 2011 2014 2018 

5 2000 – 2005 2000 √  √     

8 2000 – 2008 2000 √   √    

11 2000 – 2011 2000 √    √   

5 2003 – 2008 2003  √  √    

8 2003 – 2011 2003  √   √   

11 2003 – 2014 2003  √    √  

6 2005 – 2011 2005   √  √   

9 2005 – 2014 2005   √   √  

6 2008 – 2014 2008    √  √  

10 2008 – 2018 2008    √   √ 

Impact of 

industrial oil 

palm plantation 

development 

7 2011 – 2018 2011     √  √ 

6 2008 – 2014 2008    √  √  

10 2008 – 2018 2008    √   √ 

Impact of 

RSPO 

certification 7 2011 – 2018 2011     √  √ 
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Supplementary Table 5. Distribution of covariates before and after matching for the oil palm plantation 

impact analysis (analysis A). Covariate balance from the propensity score matching analysis for the oil palm 

plantation impact analysis. Covariates include ELEV (elevation), SLOP (slope), CITY (distance to nearest city), 

POPB (human population density), SDRY (long-term mean monthly rainfall during the dry period), SWET (long-
term mean monthly rainfall during the wet period), TRNS (distance to transmigration areas), and VILA (the extent 

of villages). The results are aggregated across 11 time periods and three islands (Sumatra, Kalimantan and 
Papua). Percent bias, i.e. B, was calculated as: 100·(Mt – Mc)·(0.5·(Vt + Vc))

-0.5, where Mt and Mc are the mean for 

treated and control villages, and Vt and Vc are the variance for the treated and control villages. Percentage bias 
reduction was calculated as 100·(Bu – Bm)/Bu, where Bu and Bm are percentage bias before and after matching (or 

for unmatched and matched samples), respectively. Bias reduction of higher than 80% indicates satisfactory 

matched samples (sufficient overlap between treated and control villages). 

Mean (standard deviation)  Percent bias (B) 

Before matching  After matching  

Covariate 

Treated 

villages 

Control 

villages 

 Treated 

villages 

Control 

villages 

 

Before 

matching 

After 

matching 

Bias 

reduction 

(%) 

ELEV 40.08 (33.33) 57.89 (57.95)  44.09 (36.19) 45.06 (36.36)  -37.66 -2.67 92.92 

SLOP 1.95 (1.24) 2.72 (2.66)  2.06 (1.30) 2.09 (1.31)  -36.99 -2.04 94.49 

Log(CITY) 2.54 (0.93) 2.06 (1.11)  2.30 (0.92) 2.28 (0.96)  47.00 2.06 95.61 

Log(POPB) 3.46 (1.22) 4.31 (1.78)  3.70 (1.28) 3.74 (1.27)  -55.73 -2.79 94.99 

SDRY 204.83 (63.74) 189.96 (74.16)  206.42 (66.13) 205.39 (69.07)  21.50 1.52 92.91 

SWET 256.18 (58.01) 263.46 (76.66)  256.83 (62.11) 257.11 (62.20)  -10.72 -0.45 95.82 

Log(TRNS) 1.13 (1.23) 1.45 (1.48)  1.05 (1.20) 1.07 (1.20)  -23.04 -1.63 92.92 

Log(VILA) 3.66 (1.08) 2.67 (1.36)  3.38 (1.04) 3.37 (1.05)  80.06 1.19 98.51 
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Supplementary Table 6. Distribution of covariates before and after matching for the oil palm certification 

impact analysis (analysis B). Covariate balance from the propensity score matching analysis for the RSPO-

certification impact analysis. Covariates include ELEV (elevation), SLOP (slope), CITY (distance to nearest city), 

POPB (human population density), SDRY (long-term mean monthly rainfall during the dry period), SWET (long-
term mean monthly rainfall during the wet period), TRNS (distance to transmigration areas), VILA (the extent of 

villages), and OPV (proportions of villages land area allocated to industrial oil palm plantations). The results are 

aggregated across 3 time periods and two islands (Sumatra and Kalimantan). Percent bias, i.e. B, was calculated 
as: 100·(Mt – Mc)·(0.5·(Vt + Vc))

-0.5, where Mt and Mc are the mean for treated and control villages, and Vt and Vc 

are the variance for the treated and control villages. Percentage bias reduction was calculated as 100·(Bu – 

Bm)/Bu, where Bu and Bm are percentage bias before and after matching (or for unmatched and matched 
samples), respectively. Bias reduction of higher than 80% indicates satisfactory matched samples (sufficient 

overlap between treated and control villages). 

Mean (standard deviation)  Percentage bias (B) 

Before matching  After matching  

Covariate 

Treated 

villages 

Control 

villages 

 Treated 

villages 

Control 

villages 

 

Before 

matching 

After 

matching 

Bias 

reduction 

(%) 

ELEV 46.38 (35.23) 45.97 (42.60)  47.08 (35.13) 47.03 (37.40)  1.05 0.14 86.19 

SLOP 1.58 (0.65) 1.88 (1.25)  1.57 (0.65) 1.60 (0.63)  -29.97 -4.25 85.82 

Log(CITY) 8.63 (1.27) 8.90 (1.18)  8.66 (1.22) 8.68 (1.29)  -22.12 -1.53 93.10 

Log(POPB) 4.70 (1.21) 4.49 (1.24)  4.60 (1.20) 4.59 (1.31)  17.02 1.10 93.56 

SDRY 241.42 (57.32) 210.71 (63.12)  242.68 (56.97) 242.20 (57.97)  50.93 0.84 98.36 

SWET 198.56 (64.09) 243.75 (74.44)  202.45 (62.41) 203.19 (71.04)  -65.07 -1.09 98.32 

Log(TRNS) 2.42 (1.71) 1.31 (1.50)  2.40 (1.74) 2.28 (1.83)  69.08 6.30 90.88 

Log(VILA) 2.77 (0.97) 2.93 (1.01)  2.79 (0.92) 2.82 (1.01)  -16.65 -3.04 81.74 

OPV 79.00 (17.11) 46.44 (25.34)  77.14 (17.30) 75.76 (20.77)  150.61 7.23 95.20 
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Supplementary Table 7. Distribution of covariates before and after matching for the oil palm plantation 
impact analysis (analysis A) obtained from alternative propensity score matching method, separately for 
subsistence and market-based villages. Covariate balance from the propensity score matching analysis for the 
oil palm plantation impact analysis for subsistence and market-based villages. Covariates include ELEV 
(elevation), SLOP (slope), CITY (distance to nearest city), POPB (human population density), SDRY (long-term 
mean monthly rainfall during the dry period), SWET (long-term mean monthly rainfall during the wet period), 
TRNS (distance to transmigration areas), and VILA (the extent of villages). Results are aggregated across 11 
time periods and three islands (Sumatra, Kalimantan and Papua). See Supplementary Tables 4-5 for calculation 
of the percent bias and bias reduction. Bias reduction of higher than 80% indicates satisfactory matched 
samples. 

Mean (standard deviation)  Percent bias 

Before matching  After matching  

Livelihoods 

& 

Covariate Treated Control  Treated Control  
Before 

matching 

After 

matching 

Bias 

reduction 

(%) 

SUBSISTENCE VILLAGES            

ELEV 34.88 (29.39) 53.26 (57.49)  36.11 (32.56) 38.34 (45.55)  -40.26 -5.64 86.00 
SLOP 1.88 (1.33) 2.54 (2.64)  1.84 (1.40) 1.90 (1.50)  -31.57 -4.49 85.77 
Log(CITY) 2.69 (0.94) 2.12 (1.16)  2.46 (0.95) 2.44 (1.06)  54.35 2.32 95.74 

Log(POPB) 3.31 (1.30) 4.22 (1.77)  3.50 (1.39) 3.63 (1.42)  -58.94 -9.32 84.19 
SDRY 194.29 (67.13) 187.82 (79.07  195.04 (73.67) 193.76 (75.15)  8.81 1.71 80.56 
SWET 257.51 (62.87) 269.81 (81.10)  257.26 (67.70) 259.54 (68.59)  -16.96 -3.35 80.26 
Log(TRNS) 1.06 (1.18) 1.50 (1.54)  1.10 (1.15) 1.17 (1.36)  -32.12 -5.74 82.12 
Log(VILA) 3.70 (1.11) 2.62 (1.41)  3.40 (1.04) 3.25 (1.17)  85.38 13.66 84.01 

MARKET-BASED VILLAGES           

ELEV 45.29 (36.13) 65.06 (57.93)  52.31 (37.92) 54.74 (40.52)  -40.96 -6.20 84.86 
SLOP 2.02 (1.14) 3.00 (2.67)  2.30 (1.16) 2.41 (2.06)  -47.58 -6.99 85.31 
Log(CITY) 2.38 (0.90) 1.96 (1.03)  2.13 (0.86) 2.12 (0.91)  44.22 1.74 96.07 
Log(POPB) 3.62 (1.12) 4.45 (1.78)  3.81 (1.16) 3.84 (1.23)  -56.07 -2.65 95.28 
SDRY 215.37 (58.34) 193.29 (65.69)  218.13 (58.97) 214.35 (60.96)  35.55 6.31 82.26 
SWET 254.85 (52.72) 269.12 (68.82)  259.48 (55.76) 260.58 (60.63)  -23.28 -1.89 91.88 
Log(TRNS) 1.21 (1.27) 1.36 (1.37)  1.22 (1.25) 1.24 (1.28)  -11.76 -2.14 81.76 
Log(VILA) 3.62 (1.06) 2.76 (1.28)  3.37 (1.04) 3.24 (1.11)  72.93 12.21 83.26 
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Supplementary Table 8. Distribution of covariates before and after matching for the RSPO-certification 
impact analysis (analysis B) obtained from alternative propensity score matching method, separately for 
subsistence and market-based villages. Covariate balance from the propensity score matching analysis for the 
RSPO-certification impact analysis for subsistence and marker-based villages. Covariates include ELEV 
(elevation), SLOP (slope), CITY (distance to nearest city), POPB (human population density), SDRY (long-term 
mean monthly rainfall during the dry period), SWET (long-term mean monthly rainfall during the wet period), 
TRNS (distance to transmigration areas), and VILA (the extent of villages). Results are aggregated across 3 time 
periods and two islands (Sumatra and Kalimantan). See Supplementary Tables 4-5 for calculation of the percent 
bias and bias reduction. Bias reduction of higher than 80% indicates satisfactory matched samples. 

Mean (standard deviation)  Percent bias 

Before matching  After matching  

Livelihoods 

& 

Covariate Treated Control  Treated Control  
Before 

matching 

After 

matching 

Bias 

reduction 

(%) 

SUBSISTENCE VILLAGES            

ELEV 60.26 (57.86) 39.16 (44.42)  60.55 (59.19) 55.93 (63.36)  40.93 7.53 81.61 
SLOP 1.30 (0.30) 1.69 (1.27)  1.31 (0.31) 1.34 (0.40)  -42.16 -6.46 84.67 
Log(CITY) 8.41 (0.83) 8.86 (1.17)  8.42 (0.88) 8.47 (1.15)  -44.40 -4.52 89.81 
Log(POPB) 5.13 (1.38) 4.53 (1.40)  5.15 (1.40) 5.10 (1.49)  43.19 2.91 93.26 
SDRY 238.88 (66.47) 206.97 (71.92)  240.42 (67.94) 236.10 (65.83)  46.08 6.45 86.00 
SWET 179.38 (75.70) 239.46 (85.01)  178.53 (70.28) 183.12 (78.01)  -74.64 -6.19 91.71 
Log(TRNS) 3.30 (1.39) 1.30 (1.56)  3.35 (1.39) 3.16 (1.73)  135.59 12.03 91.13 
Log(VILA) 2.57 (1.08) 2.79 (1.08)  2.52 (1.09) 2.56 (1.12)  -20.41 -3.06 85.00 
OPV 71.93 (15.48) 46.61 (25.14)  72.68 (16.05) 69.31 (18.47)  121.31 19.47 83.95 

MARKET-BASED VILLAGES           

ELEV 44.49 (30.64) 48.72 (41.53)  45.07 (29.75) 45.77 (31.78)  -11.59 -2.26 80.54 
SLOP 1.62 (0.68) 1.95 (1.24)  1.60 (0.69) 1.64 (0.64)  -33.82 -5.26 84.43 
Log(CITY) 8.66 (1.31) 8.92 (1.18)  8.60 (1.27) 8.63 (1.21)  -20.55 -2.63 87.20 
Log(POPB) 4.64 (1.18) 4.47 (1.17)  4.61 (1.19) 4.59 (1.21)  14.20 2.08 85.37 
SDRY 241.76 (56.13) 212.22 (59.15)  242.13 (55.17) 237.22 (56.79)  51.23 8.77 82.89 
SWET 201.17 (62.09) 245.49 (69.66)  206.87 (60.58) 207.09 (69.24)  -67.17 -0.34 99.49 
Log(TRNS) 2.30 (1.72) 1.31 (1.48)  2.29 (1.74) 2.10 (1.82)  61.66 10.48 83.01 
Log(VILA) 2.79 (0.96) 2.99 (0.98)  2.87 (0.88) 2.89 (0.95)  -20.14 -2.67 86.76 
OPV 79.96 (17.13) 46.38 (25.41)  79.05 (17.39) 74.69 (24.34)  154.97 20.61 86.70 
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Supplementary Figures  
 

 
Supplementary Figure 1. Estimated plantation size outside the known concession boundaries (NCONC). 

Distributions of plantation size outside the known concession boundaries, i.e. <25 ha for small-scale, 25-100 ha 

for medium-scale, >100 ha for large industrial-scale plantations. Large scale industrial plantations are typically 

characterized by (1) an organized rectilinear grid form or trails if they are located in flat terrain, or (2) an 
organized curvy trail if they are located on steep terrain. The boundary of one large-scale plantation was defined 

as the area covered by one contiguous block of planted oil palms. Small to medium scale plantations are typically 

characterized by (1) a patchy arrangement in landscape mosaic, or (2) a more clustered arrangement but with 
less uniform plantation age or tree size than those found in industrial plantations. For the first type of the small to 

medium scale plantations, one patch of oil palms was used to represent one plantation, whereas for the second 

type one plantation was defined as a patch with similar plantation age or tree size. 

 

 
Supplementary Figure 2. Prevalence of conflicts in villages with industrial oil palm plantations by island. 

The difference in the prevalence of social conflicts in villages with industrial oil palm plantations compared to 

those without, in Sumatra, Kalimantan, and Papua, based on PODES data. Error bars represent 95% confidence 

intervals. 
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Supplementary Figure 3. Classification tree rules used in land use change analysis for defining villages 

based on primary land cover. Classification rules for defining villages to each of the four categories based on 
their primary land cover: (1) natural forest; (2) agricultural lands, mixed plantations and shrubs; (3) non-certified 

industrial oil palm plantations; and (4) RSPO-certified industrial oil palm plantations. Nt below each class 

represents the total number of villages in each category across Sumatra, Kalimantan, and Papua at census year 
t, where t = {2000, 2005, 2011, 2018}.
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Supplementary Figure 4. Village land area and proportions of village land area allocated to different land 

uses in villages with the presence of industrial oil palm plantations and RSPO-certified plantations. 

Distribution of (a) village land area, (b) proportion of village land area allocated to natural forest, (c) proportion of 

village land area allocated to industrial oil palm plantations across Sumatra, Kalimantan, and Papua (left plot), 

and in villages with RSPO-certified plantations across Sumatra and Kalimantan (right plot), and (d) RSPO-
certified plantations in villages across Sumatra and Kalimantan.
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Supplementary Figure 5. Diagram representing the treated and control unit for analysing oil palm 

plantation impacts. Diagram illustrating the selection of treated and control (counterfactual) villages for 
analysing the impact of industrial oil palm plantations on village well-being (analysis A). The units receiving 

treatment were villages with ≥10% of their land area allocated to industrial oil palm plantation over the full study 

periods, but not within the previous five years. The 10% threshold was based on the median proportion of village 
land area allocated to industrial oil palm plantations across Sumatra, Kalimantan and Papua (Supplementary 

Figure 5c, left plot). As the units for counterfactuals or controls we used villages where none of the land areas 

were allocated to industrial oil palm plantations over the range of the analysis period, nor in the five years prior to 
that. For example, to assess the impact of oil palm on the change in village well-being between the 2005 and 

2011 census (i.e. 6 years after plantations were established), the units receiving treatment were villages where 

industrial oil palm plantations account for ≥10% of land areas between 2005 and 2011, but no plantation was 
detected in 2000, and the control units were villages where no industrial oil palm plantations was detected 

between 2000 and 2011. The number of villages in the treated and control unit analyses A and B varied 

depending on the timeframe of analysis. 
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Supplementary Figure 6. Diagram representing the treated and control unit for analysing oil palm 

certification impacts. Diagram illustrating the selection of treated and control (counterfactual) villages for 
analysing the impact of RSPO certification on the well-being of oil palm villages (analysis B). The units receiving 

treatment were oil palm villages (i.e. villages with ≥10% of the land areas allocated to industrial oil palm 

plantations) where ≥10% of the land area were assigned to certified plantations over the full analysis periods, but 
no certified plantations were detected within the previous three years. The 10% threshold for certification was 

based on the median proportion of village land area allocated to certified plantations across Sumatra and 

Kalimantan (excluding Papua because certified plantations are rarely found in this island) (Supplementary Figure 
5d). As the unit for counterfactual or control, we used oil palm villages with the same proportion of their areas 

allocated to industrial oil palm plantations as that in the treated villages and where none of the plantations were 

certified over the analysis period, nor in the previous three years. For example, to assess the impact of 
certification on the change in village well-being between the 2011 and 2018 census (i.e. 7 years after receiving 

certification), the units receiving treatment were oil palm villages where ≥10% of the land area assigned to 

certified plantations between 2011 and 2018, but no certified plantation was detected in 2008, and the control 
units were oil palm villages with the same proportion of oil palm plantations as that in the treated villages but 

without any plantation being between 2008 and 2018. The number of villages in the treated and control unit 

analyses A and B varied depending on the timeframe of analysis. 
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Supplementary Figure 7. Distribution of variables before and after matching for analysing the impact of 

industrial oil palm plantations. Improvement in the extent of overlapping areas of continuous variables ELEV 

(elevation), SLOP (slope), CITY (distance to nearest city), POPB (human population density), SDRY (long-term 

mean monthly rainfall during the dry period), SWET (long-term mean monthly rainfall during the wet period), 
TRNS (distance to transmigration areas), and VILA (the extent of villages), between villages with and without 

industrial oil palm plantation development in the matched dataset compared to the original (unmatched) dataset, 

aggregated across 11 time periods and three islands (Sumatra, Kalimantan and Papua). See Supplementary 
Table 2 for description of each variable. Detailed covariate balance diagnostics is provided in Supplementary 

Table 4. 
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Supplementary Figure 8. Distribution of variables before and after matching for the RSPO certification 

impact evaluation. Improvement in the extent of overlapping areas of continuous variables ELEV (elevation), 
SLOP (slope), CITY (distance to nearest city), POPB (human population density), SDRY (long-term mean 

monthly rainfall during the dry period), SWET (long-term mean monthly rainfall during the wet period), TRNS 

(distance to transmigration areas), VILA (the extent of villages), and OPV (proportion village land area allocated 
to industrial oil palm plantations) between villages with RSPO-certified industrial oil palm plantations and those 

without certification in the matched dataset compared to the original (unmatched) dataset, aggregated across 3 

time periods and two islands (Sumatra and Kalimantan). See Supplementary Table 2 for description of each 
variable. Detailed covariate balance diagnostics is provided in Supplementary Table 5. 
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Supplementary Figure 9. Impact of oil palm plantation development and certification on village well-being 

obtained from alternative propensity score matching approach. (a) Impact of oil palm plantations on village-

level well-being, evaluated by comparing the change in well-being indicators in villages with oil palm after 5-11 
years of oil palm development against the change in well-being in villages without oil palm across Sumatra, 

Kalimantan and Papua. (b) Impact of RSPO certification on village-level well-being, evaluated by comparing the 

change in well-being indicators in villages with certified plantation after 5-11 years of certification against the 
change in well-being in villages with non-certified oil palm plantations across Sumatra and Kalimantan. In both 

analyses comparisons are made between village types with similar baseline characteristics appropriate to the 

datasets analysed. N represents the number of villages assessed in each panel, which are slightly different than 
those assessed in the main approach due to different propensity score generation. Error bars represent 95% 

confidence intervals. 
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Supplementary Figure 10. Impact of oil palm plantation development and certification on village well-

being obtained from alternative classification of well-being indicators. (a) Impact of oil palm plantations on 

village-level well-being, evaluated by comparing the change in well-being indicators in villages with oil palm after 
5-11 years of oil palm development against the change in well-being in villages without oil palm across Sumatra, 

Kalimantan and Papua. (b) Impact of RSPO certification on village-level well-being, evaluated by comparing the 

change in well-being indicators in villages with certified plantation after 5-11 years of certification against the 
change in well-being in villages with non-certified oil palm plantations across Sumatra and Kalimantan. In both 

analyses comparisons are made between village types with similar baseline characteristics appropriate to the 

datasets analysed. N represents the number of villages assessed in each panel, which are the same as those 
assessed in the main approach. Error bars represent 95% confidence intervals. 

 

 

 

Supplementary Figure 11. Village primary livelihoods across Indonesian Outer Islands. (a) Village primary 
livelihood based on PODES 2018 census overall across Indonesian Outer Islands (i.e. islands outside Java and 

Bali) and by region (i.e. Western region: Sumatra; Central region: Kalimantan and Sulawesi; Eastern region: 
Nusa Tenggara, Maluku, and Papua). (b) The change village primary livelihoods between 2000 and 2018 in 

Sumatra, Kalimantan, and Papua.  
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Supplementary Figure 12. Categorization of well-being indicators used in this study relative to the SLA 

framework. A diagram representing indicators of well-being used in our study compared to those defined in the 

Sustainable Livelihood Approach (SLA). 
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Supplementary Figure 13. Agreement between the impact estimates generated from alternative 

propensity score matching method and our main approach. The relationship between the estimated effects 

of oil palm plantation development (analysis A) or RSPO certification (analysis B) on individual well-being 
indicator in subsistence and market-based villages obtained from the alternative method versus those obtained 

from the main approach. 
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