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Positive news about Sumatran orangutans is rare. The species is critically endangered because of forest loss and
poaching, and therefore, determining the impact of future land-use change on this species is important. To date,
the total Sumatran orangutan population has been estimated at 6600 individuals. On the basis of new transect
surveys, we estimate a population of 14,613 in 2015. This higher estimate is due to three factors. First, orangutans
were found at higher elevations, elevations previously considered outside of their range and, consequently, not
surveyed previously. Second, orangutans were found more widely distributed in logged forests. Third, orangutans
were found in areas west of the Toba Lake that were not previously surveyed. This increase in numbers is therefore
due to a more wide-ranging survey effort and is not indicative of an increase in the orangutan population in Sumatra.
There are evidently more Sumatran orangutans remaining in the wild than we thought, but the species remains
under serious threat. Current scenarios for future forest loss predict that as many as 4500 individuals could vanish
by 2030. Despite the positive finding that the population is double the size previously estimated, our results indicate
that future deforestation will continue to be the cause of rapid declines in orangutan numbers. Hence, we urge that
all developmental planning involving forest loss be accompanied by appropriate environmental impact assessments
conforming with the current national and provincial legislations, and, through these, implement specific measures to

reduce or, better, avoid negative impacts on forests where orangutans occur.

INTRODUCTION

Ideally, species conservation should be based on a good understanding
of the species’ population numbers and the threats to its survival
throughout its geographic range. Only with this information is it possible
to correctly evaluate the implications of different management decisions
(1-6). The total number of individuals is sometimes known for species
for which total numbers are very low (7-9); however, such information
is not spatially explicit. For some species, abundance estimates exist for
parts of their range (10, 11), but we could not find a single example in
the literature of a complete spatially explicit abundance estimate for any
of these species. The lack of a baseline to evaluate the impacts of dif-
ferent management scenarios on the species of interest severely hampers
conservation efforts (12). Even for great apes—species that attract con-
siderable conservation effort—spatially explicit abundance estimates ex-
ist for only small parts of their overall distributions (13-15). Although
the portions analyzed might themselves be relatively large, the impacts
of management strategies can, as such, be assessed for only part of their
total range (15). Reasons for the lack of range-wide density estimates
for great apes include the cost and the arduous, time-consuming nature
of the work involved (16) in often remote and difficult terrains (17, 18).
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The need for range-wide population data is particularly relevant for
species that are severely threatened, especially those listed as Critically
Endangered by the Red List of Threatened Species of the International
Union for Conservation of Nature (IUCN), which include the Sumatran
orangutan (18, 19). The Sumatran orangutan is threatened mainly by
forest loss and illegal killing (18). Forest loss is occurring in both the pro-
tected and unprotected forests in the Sumatran orangutan’s range and
has been prevalent and most rapid at elevations below 500 m above
sea level (asl) and in forests covering peatland (20, 21). The destruction
of peat-swamyp forests is driven mostly by conversion to oil palm planta-
tions, whereas for forests on mineral soils, conversion is largely for other
types of agriculture such as mixed agroforestry, rubber plantations, and
candlenut plantations (21). Poaching is confined mainly to the Batang
Toru area in the south of the species’ range, but in other areas, orang-
utans are captured or killed when they leave the forest and venture into
agricultural land or areas that have been recently deforested (13).

Government land-use planning decisions have potentially serious
negative impacts on the Sumatran orangutan (20-22), and it is thus
urgent to develop a good understanding of the size and status of orang-
utan populations throughout their range. Only then can the different
deforestation scenarios be evaluated effectively with regard to their im-
pacts on the species’ abundance. Furthermore, it is important to assess
not only the impact on orangutans’ overall abundance but also how
deforestation affects populations in different parts of their range; the
degree of fragmentation and isolation of the populations is a funda-
mental issue with regard to the long-term viability of the species (23).

Given the above, the aim of this study is to assess the impact of dif-
ferent land-cover change scenarios on Sumatran orangutan abundance
and viability. To achieve this, we conducted a large set of line-transect
nest surveys to estimate Sumatran orangutan density throughout their
range. We generated a covariate model over the entire range and then
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investigated the impact of nine land-cover change scenarios on the
resulting abundance estimates. We subsequently discuss how each
of these scenarios would affect the populations of wild Sumatran or-
angutans in the immediate future.

RESULTS

We encountered 3166 orangutan nests on 259 line transects (Fig. 1)
with a total length of 305.8 km. The mean nest encounter rate was
9.98 nests/km, ranging from 0 to 104 nests/km.

Effective strip width

When various detection functions were fitted to the pooled transect data,
the overall model fit was no better than when using only one detection
function. We therefore applied a single detection function and resulting
effective strip width (ESW) to the entire data set. We used a truncation
distance of 32.5 m (n = 114). This left 3052 nests in the data set after
nest observations beyond the truncation distance were discarded. The
best-fitting model based on the lowest Akaike information criterion

0 30 60 120 km
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Fig. 1. Map of the study area showing the Sumatran orangutan
distribution in northern Sumatra. The locations of transects (centroids),
the borders of the Leuser Ecosystem and Batang Toru (lower right on figure),
and the intermediate areas between the Leuser Ecosystem and the Batang
Toru area are shown.
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(AIC) and a % test was one with a half-normal key function and cosine
adjustment terms (tables S1 and S2 and fig. S1). ESW estimated with
this model was 16.79 m, and nest detection probability was P = 0.52.

Nest decay

Mean rates of nest decay at the different study sites ranged widely
from 143 days in Ketambe to 502 days in Batang Toru (table S3). The
number of times a particular decay rate was assigned was highest for
the Ketambe decay rate, which is used for nonpeat areas below 300 m.
Only a few cells (n = 13) in the model were assigned the very long
decay time estimate from the Batang Toru site.

Covariate modeling

Elevation, lower montane forest, mean temperature, and temperature
range mainly loaded on factor 1. Factor 2 represents annual rainfall
and variation in rainfall. Factor 3 represents peat swamp and lowland
forest, and factor 4 represents carbon and forest cover (Table 1). Suma-
tran orangutan nest density was much better predicted by the full
model, including all six covariates and the autocorrelation term, than
by the null model, which contained only the autocorrelation term (like-
lihood ratio test, X2 =24.53; df = 6; P < 0.001) (Table 2). Factor 1 (varia-
bles related to elevation and temperature), factor 2 (precipitation
variables), human population density, and the autocorrelation term
had significant effects on Sumatran orangutan density and distribution.
Factor 4 (variables related to forest cover) and other interacting varia-
bles were of less importance (tables $4 to $6). The model diagnostics,
including inspection of residuals, Q-Q plots, and the plotting of ob-
served versus predicted values, did not reveal any issue with model sta-
bility or misspecification (fig. S2).

Spatial prediction, Sumatran orangutan distribution,
density, and abundance estimates

The multimodel predictions of Sumatran orangutan density over their
current range of 17,797 km” yielded an estimate of 14,613 individuals
[95% confidence intervals (ClIs); range from 14,124 to 15,334] and a
mean density of 0.82 individuals/km” (range, 0.29 to 1.75; Table 3, Fig, 2,

Table 1. Loadings of the predictor variables on the four factors.
Loadings greater than 0.5 are in bold.

Factor 1 | Factor 2 | Factor 3 | Factor 4

Elevation 0.880 -0.420 -0.109 0.083

Carbon 0.507 -0.156 —0.003 0.484

ft_1 (forest cover) 0.041 0.045 —0.007 0.767

ht_3 (peat swamp) -0.215 0.243 0.545 0.098

ht_4 (lowland forest) -0.435 0417 -0.748 0.269

ht_5 (lower montane forest) | 0.693 -0.371 0.231 0.002

Rain -0.077 0.966 0.100 0.013

Rain.var 0.261 -0.859 0.027 0.021

Temperature range 0.818 0.201 —-0.007 0.076

Temperature mean -0.890 0.352 0.135 | -0.085
% Variance explained 33 24 10 9
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and figs. S3 to S12). Excluding populations that are smaller than 250
individuals, we estimate that 13,853 orangutans occur in viable popu-
lations on the basis of a 1-km barrier to orangutan dispersal through
nonforest areas (for 5-km barrier results, consult figs. S13 to S23 and
table S7). The design-based estimate yielded an orangutan population size
of 13,938 (95% CI, 11,561 to 16,805) and a density of 0.73 individuals/
km”. Density was predicted to be highest in the peat-swamp areas and
the lowlands of the Leuser Ecosystem (Fig. 2).

Land-cover scenarios

Under all land-use scenarios, and irrespective of 1- or 5-km barriers to
orangutan dispersal, Sumatran orangutan numbers are expected to de-
cline (although the reductions were relatively smaller under the 5-km
barriers to dispersal; table S7 and fig. S13) (Fig. 3, Table 3, and figs. S3

to S12). For the 2020 island-wide scenarios (1 and 2), the numbers of
orangutans remaining are estimated to range from 72.8 to 89.5% of the
current numbers. For 2030, the island-wide predictions (3 and 4) range
from 67.2 to 85.7% of the current numbers. The Aceh-only scenario
(5) predicts a reduction by 2030 to 68.5% of the current orangutan pop-
ulation size in the province (11,488 individuals). For scenarios (6 to 9)
that dealt only with the Leuser Ecosystem and the Sidiangkat area where
the majority of orangutans occur, the numbers remaining in 2030 are
predicted at 67.4 to 94.3% of the numbers there today.

The analyses presented here also highlight that relatively few Suma-
tran orangutan populations are isolated. Depending on the dispersal-
barrier distance (1 or 5 km) between forest blocks, the current situation
is either three large populations in the Leuser Ecosystem and two much
smaller populations outside of the Leuser Ecosystem (Fig. 3 and fig. S3),

Table 2. Results for full and null models. Significant models are in bold.

Model Term Estimate SE z value Pr(>|z|)
Full model Intercept -0.197 0.061 *
(AIC = 1721)
Factor 1 -0.213 0.068 -3.152 0.002
Factor 2 0.234 0.068 3.465 <0.001
Factor 3 0.059 0.063 0.931 0.352
Factor 4 -0.052 0.078 —0.669 0.504
z.human.pop -0.157 0.072 -2.195 0.028
z.roads 0.009 0.069 0.132 0.895
ac.term 0.773 0.064 12.088 <0.001
Null model Intercept —-0.148 0.064 *
(AIC = 1734)
ac.term 0.807 0.064 12.611 <0.001

*Not shown because of lack of a meaningful interpretation.

Table 3. Abundance estimates for current orangutan distribution and future land-use scenarios based on a 1-km barrier (see figs. S3 to S12
and details in the Supplementary Materials). 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 estimated total population of 14,613. NA, not applicable.

Scenario no. Scenario name Year | Total abundance Abundance of northern populations only
0 Current status 2010 14,613/13,835 13,231
1 Prediction Indonesia deforestation 1 2020 10,637 10,283
2 Prediction Indonesia deforestation 2 2020 13,085 12,546
3 Aceh and North Sumatra land use plan 1 2030 12,529 12,019
4 Aceh and North Sumatra land use plan 2 2030 9824 9824
5 Aceh land-use plan 2030 NA 7874
6 Predicted forest cover without roads low rate 2030 NA 12,722
7 Predicted forest cover with roads low rate 2030 NA 12,355
8 Predicted forest cover without roads high rate 2030 NA 10,879
9 Predicted forest cover with roads high rate 2030 NA 9085
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Fig. 2. Predicted density of the Sumatran orangutan.

or one large population in the Leuser Ecosystem and the southern
areas adjacent to it and one population in Batang Toru (figs. S13 and
S14). The various future land-cover scenarios show increased fragmen-
tation of the current large populations (Fig. 3 and figs. S3 to S23).

DISCUSSION

Our analyses produced a much higher abundance estimate than the
2004 estimate of 6600 Sumatran orangutans (18). This is due to three
factors. First, the Sumatran orangutan distribution was truncated
(conservatively) at 1500 m asl, instead of 900 m asl as it was for the
previous study (18). Second, several areas west of Lake Toba where we
now know orangutans occur were not included in the previous analyses.
Third, the previous estimate did not include large areas of logged
forests, in which the new surveys found orangutans. Because of all three
factors, it is now clear that the range of the Sumatran orangutan had
been drastically underestimated at 6946 km? (18). The known current
range is now 17,797 km?, roughly 2.56 times larger. It is therefore very
important that these results are not interpreted as indicating that
Sumatran orangutan numbers have increased, nor that their range has
expanded. Since 2004, Sumatran orangutan numbers have undoubted-
ly declined, and they continue to do so at an alarming rate because of
ongoing deforestation (21) and poaching/persecution (13).
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Fig. 3. Estimated sizes of Sumatran orangutan populations (defined as
all adjacent and occupied patches below a distance of 1 km) based on
recent surveys and under nine different land-use scenarios for the years
2020 and 2030, respectively. Populations of the Leuser Ecosystem popu-
lation are represented by circles, and populations outside the Leuser Eco-
system and the Sidiangkat area are represented by circles bounded by
quadrats. The size and color of each circle are proportional to the area in-
habited by each population, and the size of the largest population is pro-
vided in numbers. At the bottom, 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 omitted (in gray, N). Populations
smaller than 250 individuals are not included in the estimates except for
the current total number of 14,613. Note that the y-axis values are log-
transformed for better visibility of small subpopulations.

Similar to previous studies, the analyses presented here show that
Sumatran orangutan densities are highest in peat-swamp forests and
lowland forests on mineral soils (18, 20, 24). Recent studies have high-
lighted the importance of coastal peatland for current and future carbon
projects because of the very high carbon content of peat (21) and peatland’s
sensitivity to deforestation and drainage, which inevitably leads to sub-
sidence, an increased intake in ocean water, and greater incidences of
flooding, leaving the land unsuitable for agriculture (25). Our analyses
support the urgent need for a ban on further conversion of peat swamp
and highlight its key importance for Sumatran orangutans. The popu-
lation densities, especially those estimated for peat-swamp forests, are
somewhat lower than reported to date (24, 26, 27), but this is likely
due to the difference in scale between this survey and previous surveys.
If a transect falls into a cluster with many nests, small-scale, transect-
based nest density can be very high. However, in our study, we pro-
vide orangutan densities on a scale of 1 km?, an area roughly 30 times
larger than that covered by a 1-km transect. Our 1-km? density values
thus reflect the averaging of higher and lower fine-scale densities as
are found on transects.

The analyses presented here also show that orangutans can be found
at elevations higher than previously thought, although their densities
decrease with increasing elevation (22). This highlights the importance
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of maintaining lowland forests and peatlands because they harbor a
significant proportion of the remaining Sumatran orangutans. However,
the orangutan-rich peatlands and lowland forests of Sumatra are the
areas that are most targeted for agricultural expansion (21). In particular,
peat-swamp forests are important not only for their role in maintaining
orangutans but also for mitigating climate change as a result of their role
in the sequestration and storage of huge carbon stocks and in regulating
regional hydrologic cycles. When cleared and drained, these wider en-
vironmental services are lost because of oxidation and subsidence (21).

High human population densities also have a negative effect on
orangutan density. When there are people living near forested areas,
orangutan numbers are frequently lower than expected. This could be
due to poaching, which occurs in areas such as Batang Toru (13), or to
the capture and killing of orangutans that wander into agricultural
land and plantations as land is cleared (28-30). The fact that the forest-
cover variable had no significant influence on orangutan density indi-
cates that it is only when the human population is high at the forest edge
that orangutan numbers decrease significantly.

The different future land-cover scenarios all show a decrease in
orangutan abundance that, in the most extreme case, could lead to a
32.8% reduction in numbers by 2030. However, it is very likely that the
scenarios that produce the largest declines in orangutan numbers are
still underestimates. The main reason for this is that these models do
not take into account all roads that have been constructed or are under
construction. It is well known that roads lead to deforestation (31-34),
and, as such, there is a clear need for careful planning of roads so that
the impacts of deforestation can be minimized (35). At the time of
writing this paper, the land-use planning proposals for Aceh had
not been officially adopted, so there is still a chance that these plans
will not be implemented.

Although the Sumatran orangutan is classified as a single species,
there are genetically distinct populations. The Batang Toru population
is genetically unique; in a phylogenetic analysis, it clustered with the
Bornean orangutan for some genetic markers (36, 37). This population
is also the most southerly on the island, and because of its unique genetic
composition and behavior (38), it is essential that it be conserved. Under
one of the scenarios modeled, this population will be lost by 2030:
conservation measures are urgently needed for its forests there.

In conclusion, this study indicates that Sumatran orangutans occur
higher up the mountains than was previously assumed, and more Su-
matran orangutans exist than had previously been estimated. Although
this should be positive for the future viability of the Sumatran orang-
utan, it is important to stress that we have no behavioral or life history
data from the orangutans at these high elevations. It is likely that they
rely on lower lying areas for food during times of scarcity at higher
elevations, such that the loss of lowland areas could affect orangutans
residing at higher elevations (39). This would mean that the models in
this paper underestimate the impact of land-cover change on orangu-
tans. There is therefore no room for complacency in the efforts to
conserve the Sumatran orangutan. Besides providing a baseline for fu-
ture population assessments, this first ever spatially explicit abundance
estimate for Sumatran orangutans across their entire range can be used
to inform conservation strategies and land-use planning exercises.

Conservation strategies should focus on two main areas of inter-
vention: First, the assurance that poaching and trading of orangutans is
reduced by law enforcement so that poachers and traders are prose-
cuted and convicted. (This is particularly important because the 5-km
dispersal barrier scenario showed less steep declines than the more
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limited dispersal under a 1-km barrier. Ensuring that orangutans have
the opportunity to disperse through nonforest areas is beneficial for
their conservation but can only occur when poaching is prevented.).
Second, making sure that all land-use planning is accompanied by
environmental impact assessments so that the negative impacts on
orangutans can be minimized or avoided, most especially through the
cessation of road construction and agricultural development in key areas,
particularly those where regulations prohibit such activities (16). In ad-
dition, agricultural expansion should focus on areas that are suitable for
agriculture. This must exclude the peat swamps that are, at present,
targeted for oil palm plantations (21). The implementation of these re-
commendations would lead to a much improved conservation status for
the Sumatran orangutan.

MATERIALS AND METHODS

Experimental design

The analytical approaches for estimating orangutan density, dis-
tribution, and total Sumatran orangutan population size are a com-
bination of design-based interference (2, 3) and spatial modeling as
proposed by Hedley et al. (40) and the use of logistic regression models
to estimate decay rates as proposed by Laing ef al. (41). This combined
approach was successfully applied in a previous study on orangutans
in Batang Toru (13).

Sumatran orangutan distribution and survey

The distribution of Sumatran orangutans is taken from a large set of
published surveys (18, 21, 24, 42) that were used for earlier assess-
ments of the Sumatran orangutan (18, 21). The distribution used
in the current study differs slightly from that published in 2011 (21)
because of subsequent additional surveys. The surveys in the present
study were undertaken in areas up to 1500 m asl, whereas previous
surveys were limited to elevations of below 900 m. A systematic design
for 106 line transects in the Leuser Ecosystem was prepared in Dis-
tance 6.0 (43). The design used systematic random sampling so that
line transects would be spread evenly throughout the Leuser Eco-
system up to an elevation of 1500 m asl. This differed from surveys
that do not provide an even coverage of an entire area. A further 153
line transects from other areas were included in this study to cover the
entire range of Sumatran orangutans. The systematic surveys were
carried out from 2009 to 2011; the additional surveys were conducted
from 1999 to 2013.

Covariates

To explain the observed variation in orangutan density, we developed
a predictive spatial density distribution model (13, 40, 44). For this, we
first identified 10 potentially suitable covariate data sets that were
available for the entire geographic range of Sumatran orangutans (table
S5). We selected predictors for topography (elevation), ecological and
habitat conditions (forest cover, forest type, and aboveground carbon),
human impact (human population density and distance from roads),
and climate (average annual rainfall, variation in annual rainfall, mean
annual temperature, and range of annual temperature). For categorical
predictors, we extracted proportions, and for continuous predictors, we
calculated the mean value in a neighborhood of half the transect length
around each transect midpoint. We also extracted all predictors for
a grid with 1 x 1-km cells, covering the Sumatran orangutan’s dis-
tribution (17,797 km?), for which we subsequently made density
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predictions. Here, we set the radius for extraction to 0.1 km around
each grid-cell center point.

We ensured that all predictors had approximately symmetrical dis-
tributions and then log-transformed the predictor “distance to roads.”
Next, we calculated Spearman correlations for the predictors of the tran-
sect subset, which showed that some of the variables, such as tempera-
ture and elevation, were highly interrelated, as would be expected (table
S6). Furthermore, principal components analysis revealed that only one
human impact variable—“human population density”—loaded on fac-
tors with eigenvalues of >1 (45). This was not the case with the other
human impact variable—“distance to roads.” Neither of these variables
was highly correlated with other predictors (table S6). We therefore did
not include these predictors in a subsequent factor analysis (FA) with
varimax rotation to reduce the redundancy in the set of predictors. The
FA was justified as shown by the Kaiser-Meyer-Olkin measure of sam-
pling adequacy (0.74) and the Bartlett test of sphericity (x> = 2174, df = 66,
P <0.001) (45, 46). The FA extracted four factors with eigenvalues of >1
(Table 1), which together account for 76% of the total variance.

Autocorrelation

Environmental, ecological, and human covariates usually explain a pro-
portion of observed density variation; however, a much larger proportion
of the variance can remain unexplained, and this unexplained variance
is often partially attributed to “spatial autocorrelation” (that is, a lack
of independence between adjacent spatial features and their associated
values) between sampling locations (47, 48). Hence, we included an
autocorrelation term as a predictor (see the Supplementary Materials),
in addition to the aforementioned covariates. All covariates and the
autocorrelation term were z-transformed to facilitate model parameter
comparisons.

Orangutan nest decay

To convert orangutan nest densities into orangutan densities, the former
needs to be divided by nest decay time, daily nest construction rate,
and the proportion of nest builders in the population (16, 24). Daily
nest construction rate and the proportion of nest builders can only be
estimated by observing habituated individuals. We took a mean value of
1.8 constructed nests/day from published literature (24).

To derive nest decay time, we used data sets from the following five
sites (with sample sizes): Batang Toru (n = 386), Ketambe above 1000 m
(n = 42), Ketambe below 1000 m (n = 85), Marike and Sikundur (n =
80), and Suaq (n = 160). These data sets not only include observations
of nests from creation to disappearance but also nests that were still
recognizable at the end of the data collection period. These five sites
experience different environmental conditions and were therefore
used for different parts of the orangutan range: (i) Batang Toru (Batang
Toru nest decay); (ii) Leuser Ecosystem above 1000 m (Ketambe above
1000 m nest decay); (iii) all areas at elevations between 300 and 1000 m
(Ketambe below 1000 m nest decay); (iv) low altitudes, for nonpeat
areas below 300 m asl (Marike and Sikundur nest decay); and (iv) peat
swamps (Suaq nest decay). We estimated nest decay time for each site
using a logistic model (41) with normalized intercept and used the age
of the nest as the only predictor. We estimated mean decay time by
summing the product of daily decay probability and time elapsed since
the construction over 2000 days (see the Supplementary Materials). We
then assigned estimated nest decay times to each transect on the basis
of elevation and also assigned, in the same manner, nest decay times to
each grid cell for making spatial model predictions.
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Estimation of ESW

We estimated the ESW of line transects using Distance 6.0 (43). We ran
models on ungrouped data using various key functions and adjustment
terms. To test model fit, we used ? statistics for which we set distance
intervals under the “diagnostics” tab.

Modeling
We used generalized linear modeling to analyze the combined influ-
ence of the predictors and to build a predictive density distribution
model for the entire Sumatran orangutan geographic range (49). To
build an appropriate model, we considered the following issues. (i)
Nest survey data are usually skewed—a large proportion of transects
have only a few observed nests, and a small number of transects have
a large number of nests. To account for this skew, we used a negative
binomial error function. (ii) Our data were collected along transects of
different lengths. The transects in the systematic survey had a length of
1 km except in the cases where an environmental feature made this
unfeasible. The other transects were of variable length. We accounted
for this variation by including an offset term to relate the density pre-
diction of the model to the area covered by transects of different
lengths (50). In this offset term, we also included nest decay time, pro-
portion of nest building individuals, and nest construction rate, so that
the model expression directly predicted orangutan density and not the
unit of the response variable (that is, transect nest counts). (iii) To ac-
count for spatially autocorrelated residuals of the orangutan density
(model predictions), we included an autocorrelation term as an addi-
tional predictor in the model (see the Supplementary Materials).
Thus, our full model became as follows: orangutan transect nest
count ~ factor 1 + factor 2 + factor 3 + factor 4 + distance to roads
+ human population density + autocorrelation + offset + error term.
To evaluate the combined influence of the six predictors, we ran the
full model and compared it with the reduced model containing only
the autocorrelation term and none of the covariates. For reasons of
model uncertainty in spatial model prediction, we also evaluated all
possible combinations of models (# = 104) on the basis of the six cov-
ariates, for which we derived AIC and AIC weights.

Density distribution and abundance for present range

We made density predictions across the Sumatran orangutan’s range
(for each 1-km? cell of the grid) by first applying the fitted models to
each cell and predictor value. We did this for all 104 models evaluated.
For each cell, we then generated a Sumatran orangutan density esti-
mate by summing the AIC-weighted single-model estimates. We used
parametric bootstrapping repeated 1000 times to derive 95% confi-
dence limits of the global abundance and for each cell (see the Sup-
plementary Materials). We also estimated total orangutan population
size and density by applying a purely design-based approach using
Distance 6.0 (43).

Abundance for future range

We then clipped the model predictions of the current Sumatran
orangutan density distribution to fit nine potential land-use change
scenarios (see the Supplementary Materials for details). These scenar-
ios were developed for Aceh and northern Sumatra and provided pro-
jections of orangutan habitat remaining over the next two decades
(Table 3 and the Supplementary Materials). All analyses were con-
ducted using R version 2.10 (51) and ArcMap 9.2. To assess the impact
of potential fragmentation on orangutans, we made two sets of maps
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for each land-cover change scenario. In the first set, we treated all
forests separated by 1 km or more as having a barrier to orangutan
dispersal. In the second set, we treated all forests separated by 5 km or
more as having a barrier to orangutan dispersal. Forest patches that
contained fewer than 250 individuals were excluded from the abun-
dance estimates because they would not be viable in the long term
(52). The orangutan field survey and nest decay data used in this study
are available via the IUCN SSC (Species Survival Commission) A.P.E.S.
(Ape Populations Environments Surveys) database (http://apesportal.
eva.mpg.de).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/3/e1500789/DC1

Distance analysis

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

Fig. S2. Model diagnostics for the best and full model.

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 years 2020 and 2030, respectively.

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. $23. Distribution of orangutan populations separated by at least 5 km: Scenario 9 (year 2030).
Table S1. Detection model selected, parameters estimated and their variance, probability
density function evaluated at distance zero [f(0)], detection probability (p), and ESW.

Table S2. Results of ¥ goodness of fit test on detection model.

Table S3. Decay times, 95% confidence levels (lower confidence level, upper confidence level)
and nest sample sizes from five sites.

Table S4. Summed AIC weights for the six predictors.

Table S5. Selected predictors for the Sumatran orangutan density distribution model.

Table S6. Spearman correlations between all predictors.

Table S7. Abundance estimates for current orangutan distribution and future land-use
scenarios based on a 5-km barrier.
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