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Supplementary Materials 

DISTANCE analysis 

Table S1 Detection model selected, parameters estimated and their variance, probability density 

function evaluated at distance zero [f(0)], detection probability (p), and ESW 

 

Detection model selected: Half-normal key, k(y) = Exp(-y**2/(2*A(1)**2)), Cosine adjustments of 

order(s): 2, 3. 

Parameter Point Estimate Standard Error Percent Coef. 

of Variation 

95 Percent Confidence Interval  

A (1) 13.66 0.2364    

A (2) 0.7236E-01   0.2993E-01    

A (3) -0.6909E-01   0.2845E-01    

F (0) 0.59568E-01  0.18751E-02     3.15 0.56003E-01  0.63359E-01 

P 0.51654    0.16260E-01     3.15 0.48563    0.54942   

ESW 16.788    0.52844       3.15 15.783     17.856   

 



 

Fig. S1 Histogram of detection distances: truncation distance 32.5 m; six intervals 



 

 

Table S2 Results of χ2 goodness of fit test on detection model 

Cell  

I 

Cut points Observed 

values 

Expected 

values 

Chi-square 

values 

1 0.000 5.42 990 971.69 0.345 

2 5.42 10.8 864 855.30 0.089 

3 10.8 16.2 595 593.22 0.005 

4 16.2 21.7 318 338.51 1.234 

5 21.7 27.1 192 192.05 0.000 

6 27.1 32.5 94 102.23 0.662 

Total Chi-square value = 2.3444 Degrees of Freedom = 2.00. Probability of a greater chi-square value, P 

= 0.30969 

 

ANALYSIS 

 

Autocorrelation 

The average of model residuals weighted by the inverse distance (dij) to the focal transect is included as 

an additional predictor into the model. To account for spatial autocorrelation, we first determined the 

residuals from the full model. Then, separately for each data point, we averaged the residuals of all other 

data points, with each residual’s weight being a function of its distance to that data point. The weight 

followed a normal distribution (with a mean of zero), and we optimized the standard deviation of this 

distribution by minimizing the AIC of the full model with the derived autocorrelation term included in 

addition to the poaching pressure variable. 
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Nest decay 

We estimated mean nest decay time by using a slightly modified approach of the logistic regression 

models proposed by Laing et al. (41), i.e. we normalized the logistic regression values by dividing them 

by the intercept in order to constrain the nest decay function to one at time zero. Thus the logistic 

regression model equation was: 
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pi is the survival of nest i at time t after construction. The term (1+exp(-(α))) in the numerator ensures 

that pi (0) =1. 

 

If more than one revisit was available for a particular nest, we extracted it from the set of repeat visits 

for those nests which did not decay during the study period, and used the last visit available. For nests 

that decayed, we extracted both the last visit before the nest had decayed and the final visit during which 

the nest was no longer there. To estimate the two parameters of the logistic regression model, we then 

maximized nest survival probability for surviving nests. For decayed nests we maximized the decay 

probability by taking the difference in survival probability for the visit before and after decay. 

 

All analyses were conducted in R using the “optim” function (51). We then estimated mean nest decay 

time by applying discrete time steps in whole days. For this we first calculated the daily nest decay 

probability and then took the product of daily decay time probability and nest age on that day and 

summed it over 2,000 days; 2,000 days is a sufficiently long period to have no nests remaining. The 



95% confidence limits were estimated by bootstrapping our data 999 times, repeating the mean decay 

time estimation. Subsequently from the ordered estimates, including the estimate for the original data, 

we then obtained the 25th and 975th value as lower and upper confidence limits. 



Model diagnostics 

a) 

 

 

b) 

 

 

Fig. S2 Plots showing model diagnostics for the best (above (a)) and the full model (below (b)), 

including histogram of residuals, Q-Q-plots, residuals vs. fitted values and observed vs. predicted values 

 



Spatial predictions 

 

To derive 95% confidence intervals for the estimated orangutan density and abundance, we ran 1,000 

parametric bootstraps. In each bootstrap, we sampled a prediction from each model and each of the 

17,797 cells (the total orangutan range). This gave us a population abundance estimate for each of the 

104 models. We then averaged the estimated population sizes based on each of the 104 models and by 

weighing them according to their Akaike weights. We repeated this procedure for all of the 1,000 

bootstraps and thus produced 1,000 estimates of orangutan population size. We then determined the 

lower and upper 95% confidence limits per cell (i.e., per km2) by ordering the 1,000 estimates from 

smallest to largest and by selecting the 25th and 975th value (percentile method [53]). 

 

Scenarios 

 

We used nine different scenarios to assess the future abundance of the Sumatran orangutan. Scenarios 1 

and 2 come from a recent study (54) that used autologistic (scenario 1) and von Thünen spatial-

autoregressive (scenario 2) models to explain past deforestation and predict deforestation into the future. 

These Indonesia-wide models predicted deforestation between 2010 and 2020 to occur in proximity to 

where deforestation had occurred between 2000 and 2010. The northwest of Sumatra was predicted to 

have one of the highest deforestation rates in Indonesia. Scenarios 3 and 4 are based upon land-use plans 

for Aceh (SK170 Menhutbun/Kpts-II/2000 ) and North Sumatra (SK44/Menhut-II/2005). In scenario 3 

we assumed that all areas that are forested in the land-use plans, including logging concessions, would 

remain suitable for orangutans. Because of the uncertainty over whether logging concessions will remain 

suitable for orangutans, we developed scenario 4 in which all logging concessions would cease to be 

suitable for orangutans. Scenario 5 is for Aceh only, where new a land-use plan is under discussion. 

Under this plan many areas that are currently forested will become non-forested land. Scenarios 6−9 



predict deforestation based on a combination of low and high future deforestation rates and whether the 

developments of an extensive road network in northwestern Sumatra will occur or not (31). These 

scenarios do not cover the areas outside of the Leuser Ecosystem and Sidiangkat area, which leads to the 

last four scenarios: low deforestation with no road development (scenario 6), low-deforestation with 

road development (scenario 7), high deforestation with no road development (scenario 8) and high 

deforestation with road development (scenario 9). 

 

Results 

 

The following ten figures (Figs. S3–S12) show the distribution of orangutans and remaining populations 

for the present, and the nine deforestation scenarios for the year 2020 and year 2030. The present 

orangutan distribution is shown as a grey layer in the background. Following those figures the results for 

the 5km barrier to dispersal are presented (Figs. S13–S23). 



 

 

Fig. S3 Distribution of orangutan populations separated by at least 1 km: Situation as of 2012 

 



Fig. S4 Distribution of orangutan populations separated by at least 1 km: Scenario 1 (year 2020) 



 

Fig. S5 Distribution of orangutan populations separated by at least 1 km: Scenario 2 (year 2020) 



 

Fig. S6 Distribution of orangutan populations separated by at least 1 km: Scenario 3 (year 2030) 



 

Fig. S7 Distribution of orangutan populations separated by at least 1 km: Scenario 4 (year 2030) 



 

Fig. S8 Distribution of orangutan populations separated by at least 1 km: Scenario 5 (year 2030; note 

that this scenario is based on land-use change prediction for Aceh only) 



 

Fig. S9 Distribution of orangutan populations separated by at least 1 km: Scenario 6 (year 2030) 



 

Fig. S10 Distribution of orangutan populations separated by at least 1 km: Scenario 7 (year 2030) 



 

Fig. S11 Distribution of orangutan populations separated by at least 1 km: Scenario 8 (year 2030) 



 

Fig. S12 Distribution of orangutan populations separated by at least 1 km: Scenario 9 (year 2030) 



 

Fig. S13 The estimated sizes of orangutan populations (defined as all adjacent and occupied patches 

below a distance of 5 km) based on the recent survey and under nine different land-use scenarios for the 

year 2020 and 2030, respectively. The Leuser Ecosystem populations are represented by circles, 

populations outside the Leuser Ecosystem and the Sidiangkat area by circles bounded by quadrats. The 

size and color of each circle is proportional to the area occupied by each population and the size of the 

largest population is provided in numbers. Below the estimated population sizes are given for the entire 

present (T) and projected Sumatran orangutan populations (in black, A) and for the northern population 

only, with the areas outside the Leuser Ecosystem and Sidiangkat area ommitted (in grey, N). 

Populations smaller than 250 individuals are not included in the estimates except for the current total 

number of 14,613. Note the Y-axis values are log transformed for better visibility of small 

subpopulations 

 



 

Fig. S14 Distribution of orangutan populations separated by at least 5 km: Situation as of 2012 



 

Fig. S15 Distribution of orangutan populations separated by at least 5 km: Scenario 1 (year 2020) 



 

Fig. S16 Distribution of orangutan populations separated by at least 5 km: Scenario 2 (year 2020) 



 

Fig. S17 Distribution of orangutan populations separated by at least 5 km: Scenario 3 (year 2030) 



 

Fig. S18 Distribution of orangutan populations separated by at least 5 km: Scenario 4 (year 2030) 



 

Fig. S19 Distribution of orangutan populations separated by at least 5 km: Scenario 5 (year 2030; note 

that this scenario is based on land-use change prediction for Aceh only) 



 

Fig. S20 Distribution of orangutan populations separated by at least 5 km: Scenario 6 (year 2030) 



 

Fig. S21 Distribution of orangutan populations separated by at least 5 km: Scenario 7 (year 2030) 



 

Fig. S22 Distribution of orangutan populations separated by at least 5 km: Scenario 8 (year 2030) 



 

Fig. S23 Distribution of orangutan populations separated by at least 5 km: Scenario 9 (year 2030) 



 

 

Site 

Mean decay 

time LCL UCL 

No. 

nests 

Batang Toru 501.5 482.5 526.3 385 

Ketambe 142.9 140.95 144.8 85 

Marike Sikundur 194.4 188.1 200.5 79 

Suaq 284.8 267.8 308.2 160 

Ketambe above 

1000m 244.8 237.4 295.5 

42 

Table S3 Decay times, 95% confidence levels (LCL, UCL) and nest sample sizes from five sites 



 

Predictor AIC weight 

Factor1 0.98 

Factor2 0.98 

Factor3 0.38 

Factor4 0.33 

z.human.pop 0.74 

z.roads 0.28 

 

Table S4 Summed AIC weights for the six predictors 



ID Class Covariate Dataset description Extraction Code 

1 

Topography Elevation 

DEM from SRTM; degree 

tile, 90m resolution 

SRTM_ffB03_p128r059 

downloaded from GLCF 

http://glcf.umiacs.umd.edu/ 

Mean altitude in circle around 

midpoint of each transects with 

radius of half the transect length elevation 

2 

Vegetation 

Forest type (peat swamp, 

lowland, lower montane forest) 

(55) Proportion of forest type in circle 

around midpoint of each transects 

with radius of half the transect 

length 

ht_3, ht_4, ht_5 

3 

Above ground carbon 

Based on 2005-2006 MODIS 

images. Provided by Woods 

Hole Research Center (for 

methods see: (56) 

Mean above ground carbon in circle 

around midpoint of each transects 

with radius of half the transect 

length 

carbon 

4 

Forest cover 

(21) 
Proportion of forested pixels in 

circle around midpoint of each 

transect with radius of half the 

transect length 

ft_1  

5 

Human Impact Human population density 

(21) Mean human population density in 

circle around midpoint of each 

transects with radius of half the 

human.pop 



transect length 

6 

Distance to roads 

(21) Mean distance in circle around 

midpoint of each transects with 

radius of half the transect length 

z.roads 

7 

Climate 

Mean annual rainfall 

Bioclim dataset, variable 12 

http://www.worldclim.org 

Mean annual rainfall in circle 

around midpoint of each transects 

with radius of half the transect 

length 

rain 

8 

Variation in annual rainfall 

Bioclim dataset, variable 15 

(Coefficient of variation) 

http://www.worldclim.org 

Mean coefficient of variation in 

circle around midpoint of each 

transect with radius of half the 

transect length 

rain.var 

9 

Mean annual temperature 

Bioclim dataset, variable 

http://www.worldclim.org 

Mean annual temperature in circle 

around midpoint of each transects 

with radius of half the transect 

length 

temp.range 

10 

Annual temperature range 

Bioclim dataset, variable 

http://www.worldclim.org 

Mean annual temperature range in 

circle around midpoint of each 

transects with radius of half the 

transect length 

temp.mean 

 

Table S5 Selected predictors for the Sumatran orangutan density distribution model



 

 elevation carbon ft_1 ht_3 ht_4 ht_5 human.pop z.roads rain rain.var temp.range temp.mean 

elevation 1.000            

carbon 0.540 1.000           

ft_1 0.098 0.284 1.000          

ht_3 -0.366 -0.195 0.065 1.000         

ht_4 -0.455 -0.179 0.213 -0.187 1.000        

ht_5 0.767 0.461 0.034 -0.193 -0.629 1.000       

human.pop 0.018 0.050 -0.097 -0.154 0.043 -0.046 1.000      

z.roads 0.424 0.390 0.215 0.023 -0.157 0.332 -0.227 1.000     

rain -0.531 -0.201 0.037 0.312 0.400 -0.438 0.238 -0.021 1.000    

rain.var 0.644 0.286 0.006 -0.207 -0.511 0.521 -0.162 0.161 -0.844 1.000   

temp.range 0.661 0.514 0.120 -0.218 -0.303 0.580 0.328 0.381 0.012 0.157 1.000  

temp.mean -0.951 -0.543 -0.117 0.322 0.409 -0.711 -0.079 -0.412 0.455 -0.591 -0.701 1.000 

 

Table S6: Spearman correlations between all predictors. For list of variable abbreviations see table S3 



  

Scenario # Scenario name Year 

Total 

abundance Abundance northern populations only  

0 Current status 2010 14,613/14,371 13,604 

1 Prediction Indonesia deforestation 1 2020 11,322 10,929 

2 Prediction Indonesia deforestation 2 2020 13,969 13,280 

3 Aceh and North Sumatra land use plan 1 2030 13,158 12,487 

4 Aceh and North Sumatra land use plan 2 2030 10,432 10,432 

5 Aceh land use plan 2030 NA 8,080 

6 

Predicted forest cover without roads low 

rate 2030 NA 12,935 

7 

Predicted forest cover with roads low 

rate 2030 NA 12,599 

8 

Predicted forest cover without roads high 

rate 2030 NA 11,087 

9 

Predicted forest cover with roads high 

rate 2030 NA 9,800 

 

Table S7: Abundance estimates for current orangutan distribution and future land-use scenarios based 

on a 5-km barrier. Not all land-cover scenarios cover the areas outside the Leuser Ecosystem and 

Sidiangkat area so for some models, estimates without those areas are provided for comparative 

purposes. Note that scenario 5 is for Aceh only. Populations smaller than 250 individuals are not 

included in the estimates except for the current total number of 14,613. 




