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The integration of Bayesian analysis into existing great ape survey methods could be used to generate
precise and reliable population estimates of Bornean orang-utans. We used the Marked Nest Count
(MNC) method to count new orang-utan nests at seven previously undocumented study sites in
Sarawak, Malaysia. Our survey teams marked new nests on the first survey and revisited the plots

on two more occasions; after about 21 and 42 days respectively. We used the N-mixture models to
integrate suitability, abundance and detection models which account for zero inflation and imperfect
detection for the analysis. The result was a combined estimate of 355 orang-utans with the 95% highest
density interval (HDI) of 135 to 602 individuals. We visually inspected the posterior distributions of our
parameters and compared precisions between study sites. We subsequently assess the strength or
reliability of the generated estimates using identifiability tests. Only three out of the seven estimates
had <35% overlap to indicate strong reliability. We discussed the limitations and advantages of our
study design, and made recommendations to improve the sampling scheme. Over the course of this
research, two of the study sites were gazetted as extensions to the Lanjak-Entimau Wildlife Sanctuary
for orang-utan conservation.

The world’s three orang-utan species, Sumatran (Pongo abelii), Bornean (Pongo pygmaeus) and Tapanuli
orang-utans (Pongo tapanuliensis) are listed as Critically Endangered under the IUCN Red List of Threatened
Species, with the latter described and listed in 2017'-3. Threats to orang-utan survival have intensified in the past
60 years due to rapid deforestation**, land use conversion into monoculture plantations®’, habitat fragmentation®,
illegal wildlife trade and hunting of the species”'. The Bornean orang-utan populations suffered more than 25%
decline between 1997 and 2015112 despite an increase in scientific interest and public support. The decline is
likely to continue in the immediate future considering social and economic circumstances' and the economic
importance of oil palm plantations in Malaysia and Indonesia’*.

Due to limited data collection, continued monitoring of orang-utan abundance is crucial to assess their pop-
ulation status and rates of population decline'>'®. This is in line with implementing the Orang-utan Population
and Habitat Viability Assessment (PHVA) mitigation measures with the goals of maintaining high forest cover at
orang-utan habitats and improving connectivity between forest patches with orang-utans'"!2. However, it is rarely
feasible to acquire accurate population and density estimates from direct counts of orang-utans in the wild. The
great apes are elusive, solitary and live in small population sizes which require greater effort to detect!*'6.

Researchers in general opted for indirect sign counts to generate population estimates due to constraints on
direct counts'®!”. For orang-utans, this means counting nests instead of individuals or groups. The advantages
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of using nest counts include: (a) nests are proxies for orang-utans; (b) indicator of active habitat use as weaned
individuals build nests on an almost daily basis to sleep at night or sometimes to rest during the day; (c) higher
encounter rates than encounters with great apes; and (d) easier measurement of perpendicular distances as nests
are stationary'®’.

Currently, the standard survey protocol to estimate orang-utan density consists of: (a) counting all nests visi-
ble from a line transect or plot; (b) generating nest density within the area surveyed; and (c) converting nest den-
sity into orang-utan density using an algorithm'®18. There are two methods to generate orang-utan density using
various parameters: (1) the standing crop nest count (SCNC) method uses nest decay rate, nest construction rate
and the records of all nests encountered; and (2) the marked nest count (MNC) method uses only nest construc-
tion rate and the records of new nests built within a known inter-survey period'®!8-2,

Both the SCNC and MNC methods are being used for long-term nest monitoring in Borneo and
Sumatra'®?"22, Although, these methods have limitations, Marshall & Meijaard® warned that the nest decay rate
in SCNC is the most problematic source of error when used to estimate orang-utan density. It is often based on
nest decay rates from other sites and time periods when an empirical rate is not available for a particular study
region. This approach adds much uncertainty and error to the population estimation because nest decay rates are
affected by environmental and biophysical conditions, which vary across space and time!¢24-26,

To bypass nest decay rate, the MNC method uses records of only newly-built nests between the first and the
last survey'>?. MNC assumes that all new nests were marked and recorded on the first survey, and no new nests
built and decayed between the inter-survey periods. However, despite bypassing nest decay rate, Spehar et al.'®
found that the time and effort to acquire reliable and precise density estimates were reportedly the same as the
SCNC method. Due to low number of new nests found, past MNC studies of great apes by Plumptre et al.?’ and
Spehar et al.'8 recommended a sample size of 50 new nests and survey effort of more than 200 km of line transects
to be sufficient.

Distance sampling is the most widely used technique to analyse line transect data at present'®*. The technique
uses detection functions to model the probability of nest detection given the perpendicular distance (or shortest
distance) between the observer and the nest. It is expected that the probability of nest detection rapidly decreases
with increasing distance from the observer. Nest density estimate is subsequently generated by combining the
model with nest encounter rate at the study site. However, the minimum sample size of 60 nests applies to acquire
a precise estimate?’. It is possible to pool nest data from all months to obtain an overall orang-utan density esti-
mate for study site with low nest detections'®. But this may result in imprecise estimates with wide confidence
intervals.

In this paper, we show how the integration of the Bayesian framework into the analysis of density estimates is
a novel approach. We applied the N-mixture models to simultaneously model suitability, abundance and detec-
tion®. For the surveys, we opted to use the MNC method and plot survey, instead of the standard line transect
(Supplementary Table S1). The suitability model relates to whether or not a plot has old or new orang-utan nest,
which is an indicator of active habitat use; whilst the abundance model refers to new nests abundance given the
suitability model. We were able to quantify and visually inspect the most credible range of possibilities and cov-
ered 95% of the probability distribution as the highest density interval (HDI)®. Finally, we ran identifiability tests
to assess the strength or reliability of our estimates™.

Given the above, the aims of this paper are to: (a) integrate the Bayesian analysis into the MNC method to
generate density and population estimates; and (b) assess the strength or reliability of these estimates. We con-
ducted nest count surveys of Bornean orang-utans (subspecies Pongo pygmaeus pygmaeus) at seven previously
undocumented study sites in the Malaysian state of Sarawak. We also compared the results with a non-Bayesian
approach, discussed the limitation and advantages of using the Bayesian analysis, and the conservation implica-
tions of our paper.

Results

Population and density estimates of orang-utans at the study sites. The combined estimate of
orang-utan population (/1) at the seven study sites was 355 individuals with 135 to 602 individuals within the 95%
highest density interval (HDI). The combined orang-utan density (3 ) was 0.5249 individuals/km? with 0.1964 to
0.8842 individuals/km? 95% HDI (Table 1 and Fig. 1).

Precision and reliability of the estimates. The precision of an estimate is visually inspected by the shape
of the histogram. For our study sites, the population estimate at Ulu Katibas had the highest precision. This is vis-
ible as the distribution with the narrowest 95% HDI, and the highest and sharpest peak of the seven sites (Fig. 1).
The distribution at Ulu Sungai Menyang shows that the estimate was less precise with wider 95% HDI and flatter
peak than Ulu Katibas, even though it had the highest mean of 115 orang-utans. The shape for Ulu Ngemabh is
notably skewed to the right with the highest peak (mode or the most probably value) at zero. This is the only study
site where we were not able to generate an estimate based on the data we collected.

Gimenez et al.*® suggested an identifiability test to assess the strength of an estimate with a guideline that 35%
overlap or more between the posterior and prior distributions was ‘an indicator of weak identifiability of a param-
eter’ Out of the seven study sites, the posterior distributions for Batang Ai, Ulu Engkari, Ulu Pasin and Ulu
Ngemah had an overlap of more than 35%, which indicated that our orang-utan population estimates (/i) for
these sites were weak. In contrast, the posterior distributions for Ulu Katibas, Ulu Sungai Menyang and
Engkari-Telaus were clearly different with overlaps of 22%, 26% and 20% respectively. Thus, our estimates of /i at
these sites were strongly reliable and estimable (Fig. 1).

Results from a non-Bayesian approach for our datasets show that two of the seven sites had problematic esti-
mates due to low number of new nests detected (Supplementary Figs S1-S3). The problematic estimates generated
via the bootstrapping analysis were: (a) 7 individuals with 95% confidence interval (CI) of 0 to 17 individuals for
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Estimate of orang-utan Estimate of orang-

density utan population

. Lower | Upper Lower | Upper
Study site Acronym | g (95% HDI) %, (95% HDI) d HDI HDI i HDI | HDI
1. Southern (Batang Ai) BA 1.4050 0.5440 2.2586 82 32 132
2. Northern (Ulu Engkari) | UE 1.7890 0.7442 2.8663 40 17 64
3. Ulu Ngemah UN 0.4681 0.0000 1.5696 NA |[NA NA

R 0.8133 (0.6586 to | 43.4237 (36.0003 to

4. Ulu Katibas UK 0.9412) 52.6110) 0.1719 0.0080 0.4014 16 1 39
5. Ulu Pasin UP 1.0174 0.3682 1.6944 46 17 78
6. Ulu Sungai Menyang USM 0.8245 0.4052 1.2554 115 |57 176
7. Engkari Telaus ET 0.2273 | 0.0434 | 0.4571 56 11 113
Total combined estimate with 95% HDI at the study sites: 0.5249% | 0.1964* | 0.8842* | 355 | 135 602

Table 1. Estimates of probability of detecting new nest (3), new orang-utan nests recorded on the first survey
(%,), orang-utan density, d (orang-utans km~2), and orang-utan population (i) with 95% HDI for the study
sites. We do not have an estimate of orang-utan population at Ulu Ngemah given that there was no evidence of
habitat use by orang-utans during the survey duration. We assigned ‘NA’ for the estimates. *Note: The density
estimates here were weighted by the area size of the study sites.

Ulu Katibas; and (b) 37 individuals with 95% CI of 0 to 85 individuals for Engkari-Telaus. The lower limit of 95%
CI for (a) and (b) should include at least one orang-utan given new nests were recorded during the inter-survey
period. The inclusion of zero orang-utan at the lower limit was due to a large proportion of zero values computed
from the bootstrapping analysis®!.

Other parameters of interest. A total of 29 plots were surveyed with a combined plot area size of 4.27
km? or 0.63% of the combined study area (680.21 km?) (Supplementary Table S2, and Supplementary Figs S4 and
S5). The average plot size for the 29 plots surveyed was 0.1471 km?, or four 1-km strips per plot with strip width
of 36 m (Supplementary Figs S6 and S7). There were 20 plots revisited on the second and third surveys with an
average of 42.7 days between the first and the third survey. Two plots were visited on the second survey but not
revisited on the third due to logistics constraint. Seven plots were not revisited on the second and third surveys as
no old or new orang-utan nest detected in these plots on the first survey.

We used detection of old or new orang-utan nest on the first survey (1)) as an indicator of habitat use by
orang-utans at the plots. There were four left skewed distributions for 1) with the highest peaks at 1 (Fig. 1). Given
our data, this was an indication of 100% habitat use by the orang-utans present at all plots in Batang Ai, Ulu
Engkari, Ulu Pasin and Ulu Sungai Menyang during the survey duration. The highest mean for ¢) at 87.5% in Ulu
Sungai Menyang landscape shows the importance of this non-protected landscape for long-term orang-utan con-
servation. In contrast, the distribution at Ulu Ngemah was right skewed and had the highest peak at zero. But we
did not assume habitat use was 0% at the plots since the result in Ulu Ngemah was unestimable given our data
during the survey duration. For Ulu Katibas and Engkari-Telaus, not all plots were used by orang-utans at the two
study sites as shown by the 95% HDI spread around values less than 1 for ¢} distributions.

There were 40 new orang-utan nests recorded by the two teams combined during the first surveys (x) at 29
plots; whilst the total number of new nests recorded on the second and third surveys (y) was 93 new nests
(Supplementary Table S2). We assessed the estimated probability of detecting new nest by two teams on the first
survey (4). Team 1 missed five nests in total but were recorded by Team 2 from the opposite direction. The esti-
mate of § for all the study sites was 0.8133 within 95% HDI of 0.6586 to 0.9412 (Table 1). This estimate was used
for the detection of new nests in subsequent visits (second and third surveys). As 1.0000 was not within the 95%
HDI, not all new orang-utan nests were detected even if they were present at the plots.

Given the data, it was also possible to estimate the overall new orang-utan nests built during the first surveys
at the seven study sites (£,). Although 40 new orang-utan nests were recorded, the estimate of X, was 43 new
orang-utan nests within 95% HDI of 36 to 52 nests during the first surveys (Table 1). For further information on
the data collected and additional results, refer to the Supplementary Appendix S1.

Discussion

Our results show that integrating the Bayesian analysis into the MNC method allowed us to generate more precise
estimates even with low counts of new nest. However, we were only able to generate reliable estimates for three of
the seven study sites due to insufficient number of plots surveyed in the other four. We acknowledge that time and
survey effort invested in the MNC method of this paper was likely the same as the SCNC method from previous
studies in Borneo by Spehar et al.'® and van Schaik et al.?!. But we compensate this by quantifying and visually
inspecting the precision for all our parameters of interest, in contrast with the uncertainty in nest decay estima-
tion using the SCNC method. In this section, we further discuss the two components of the N-mixture models,
the limitation and advantages of using the Bayesian analysis in the MNC method, as well as the conservation
implications of our paper on the study sites.

Zero inflation and imperfect detection in the N-mixture models. One of the initial concerns for
the MNC method was the low counts of new nest observed, and not meeting the recommended sample size of
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Figure 1. The columns correspond to the probability density function of: (a) prior and posterior estimates of
orang-utan population, and (b) probability of old nest at a site with 95% HDI at the seven study sites. The row
sequence corresponds to the study sites: (1) Batang Ai, (2) Ulu Engkari, (3) Ulu Ngemah, (4) Ulu Katibas, (5)
Ulu Pasin, (6) Ulu Sungai Menyang, and (7) Engkari-Telaus.

50 new nests and survey effort of more than 200 km. We initially ran the bootstrapping analysis for plots without
any new nests (or in very small numbers) but had signs of habitat use by orang-utans. Some of these results were
indeed problematic with population estimates ranging from zero orang-utan and did not fit the standard distri-
butions due to high number of bootstrap samples computed containing the value zero. We then compared this
non-Bayesian bootstrapping approach with a Bayesian framework that accounts for subjective belief about our
study sites. The first step in our N-mixture modelling was then to identify the source of zero inflation and use the
models to examine the ecological process.

We adapted Martin et al’ s*"*? descriptions into our context for the two types of zero values that vary in four
ways. The first type is ‘true zero’ and it refers to: (a) zeros due to random local orang-utan extinction at suitable
habitats; and (b) zeros due to strong ecological processes such as unsuitable habitat from disturbances or poor
vegetation quality. The second type is ‘false zero’ and it refers to: (c) zeros from temporary absence due to large
home ranges; and (d) zeros due to imperfect detection by observers due to the detection process and variability of
new nests sampled. To account for definitions (b) and (d), we combined the zero-inflated Poisson to model new
nest abundance given a Bernoulli distribution for site suitability based on plots used or not used (1)) as the latent
process. The number of new nests recorded (y) was then based on a Binomial distribution to account for imper-
fect detection (4) as the observation process®*.
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However, we made no inferences about true zeros due to local extinction at suitable habitats nor about false
zeros due to temporary orang-utan absences relative to large home ranges. This is of concern in view that we did
not observe any new or old orang-utan nest at Ulu Ngemabh at all three plots, and did not revisit for the second
and third surveys. We made the decision based on Assumption #3 of our methodology as we found no evidence
that orang-utans were present. Thus, the most appropriate inference for Ulu Ngemah is to say we were 95% cer-
tain that habitat use by orang-utans at the plots surveyed was less than 5%.

To reiterate, estimates generated via the MNC method in this paper represent only orang-utans present at the
plots during the survey period, which is an average of 42.7 days between the first and the last survey. The estimates
based on our data were site-specific, reflected a snapshot at a given point in time and did not reflect an overall
steady population density at the study sites'®. Wich & van Schaik® noted that orang-utans do range extensively
across habitats and their abundance in certain areas may correlate to wild fruit abundance at the time. The infer-
ence of our estimates then were made after deliberating only habitat use by orang-utans within surveyed plots,
over a short survey period, and with imperfect detection by observers.

Limitation and advantages of using the Bayesian analysis. Having prior credibility is a critical part
of Bayes’ Rule?. But up to this point, we did not have previous knowledge of orang-utan numbers at the study
sites. Hence, we opted for an uninformative prior (or flat prior) as our prior credibility. This became problematic
for Ulu Ngemah as no old or new nest was recorded at the study site. The posterior distribution for /i then spread
widely within 95% HDI of 0 to 109 individuals and had 99% overlap with the uninformative prior, which can be
misleading. A more sensible approach to estimate parameter of interest when none of the plots had new nests is
to use (or borrow) estimates from nearby study sites as informative priors. The strength and reliability assessment
can then be used to measure the posterior-prior overlap percentages to justify the results.

There were three assumptions in this study that determined key decisions when conducting our survey meth-
odology. These assumptions were adapted from the standard MNC method and distance sampling theory'®?’. All
three assumptions were violated at some point, and were either resolved during subsequent surveys, quantified for
a measure of precision, or amended for future surveys. Violation of these assumptions meant that we detected less
new nests which may have led to an underestimation of nest construction rate, orang-utan density and population
estimates generated in this study.

Assumption #1 states that ‘all orang-utan nests present at the plot were recorded on the first survey’. This is
adapted from one of the critical assumptions underlying the distance sampling theory except that distance sam-
pling uses line or point transects. Our survey design allowed this assumption to be assessed by having two teams
searching each strip for new nests on the same day. There were at least five new nests missed by Team 1 but were
later detected by Team 2 from the opposite direction. The assessment result indeed showed probability of detect-
ing new nests (4) to be <1, which was at 81.33%, 95% HDI of 65.86% to 94.12%. This shows that not all nests
present at the plots were recorded by the two teams.

Assumption #2 states that ‘no nest will be constructed and then visible as old before the next survey (21 days
later)’1192. On at least three occasions, Class C nests were detected by the teams on subsequent surveys. This
could mean that nests were built after the first survey and decayed before the second survey, or the nests were
missed on the first survey entirely. Another possible situation that violates this assumption was to have new nests
built on the first survey but missed by both teams, and was still new when it was detected during the subsequent
survey. We addressed this possible violation by conducting one-day training on at least five occasions for inexpe-
rienced field assistants and researchers on detecting and observing different nests classes. In addition, for future
surveys, we may opt for a shorter inter-survey period of 14 to 21 days® to avoid nest decaying before the next
survey.

Assumption #3 was the most challenging as we assumed that ‘plots with no orang-utan nests (old/new) at the
first survey were assumed not to be used in the next 42 days (one survey duration) by orang-utans, and nest con-
struction rate was zero. The main reason for this assumption was initially as a cost effective measure. Our study
then does not infer whether unused plots were due to local extinction, temporary absence or a non-habitat for
orang-utans. But we highly recommend the application of our study design as possible follow up studies in the
area, albeit with more plots, more revisits and a different set of research questions.

It is a great advantage for the Bayesian framework in our N-mixture models to allow even low counts of new
nests to generate precise estimates. However, sufficient number of plots and revisits are prerequisites to generate
reliable estimates. For our results, the estimate at Ulu Katibas was the most precise and the second most reliable of
the seven study sites despite having only two new nests recorded on the second and third surveys. This was due to
five plots surveyed in contrast to only three plots at four study sites with weak estimates. Although the N-mixture
models do accommodate zero counts, Dénes et al.** cautioned that the analysis would induce errors if estimates
were generated at habitats where the species does not occur. Therefore, previous knowledge of orang-utan habitats
is also crucial to ensure a precise and reliable estimate at the study site with low or zero counts of new nest.

We believe there is potential to expand the use of MNC and the Bayesian analysis into existing, alternative
and/or integrative methods to study great ape population sizes. It is also possible to adapt this method to account
for indices of animal density based on sign density such as dung piles or tracks. The end goal of using the MNC
method is not just to acquire current density and population estimates given that the method is appropriate for
short term studies. But there is also potential to integrate with spatial data to map long term great ape movement,
population viability, and seasonal habitat use within a study site'*'%. Santika et al.'! already applied the Bayesian
analysis in an integrated analysis to estimate the rate and drivers of orang-utan decline in Borneo. The identifia-
bility tests by Gimenez et al.*° can also take similar analysis a step further by assessing the strength or reliability
of the estimates.
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Conservation implications on the study sites.  The results of this study provided updates on the remain-
ing orang-utan populations in Sarawak. This is critical to help develop more effective and proactive conservation
strategies for the species. The last reliable estimate of orang-utan abundance in Sarawak was published more
than two decades ago®®¥, although there have been ad hoc field surveys conducted between 2003 and 2007%.
However, the data for the 2003-2007 surveys was not published in a peer-review document as the estimates
were deemed inappropriate due to an issue of bias (surveys were conducted only on ridges, following those con-
ducted in 1993)%. Nevertheless internal and donor reports were generated for the surveys conducted at the core
orang-utan habitats of Batang Ai-Lanjak-Entimau (BALE) landscape. The reports provided an estimate of 1,984
orang-utans with 95% CI of 1,175 to 2,582 individuals. However, this estimate is credible only if the whole BALE
was homogenous and consisted of ridges.

In 2013, two study sites namely Ulu Katibas and Ulu Pasin were gazetted as extensions to the Lanjak-Entimau
Wildlife Sanctuary or LEWS. The data generated from these surveys were instrumental in justifying the creation
of the new protected areas. Active habitat use by orang-utans at the study sites confirmed their status as high con-
servation value forests despite the weak estimate at Ulu Pasin and low estimate at Ulu Katibas. The joint partners
of this study also proposed a list of prescribed activities including the prohibition of large-scale land use con-
version for commercial purposes for the non-protected landscapes of Ulu Sungai Menyang and Engkari-Telaus.
This is in line with the Sarawak Government’s policy of zero loss of orang-utans and their landscapes since 2016.

Conclusion

In this paper, we managed to generate estimates of orang-utan density and population even with low counts
of new nests. We addressed the concerns of previous studies that required a minimum number of 50 new
nests before a precise estimate can be generated. This was resolved by using N-mixture models to account for
zero-inflation and imperfect detection. The estimated total population for the combined seven previously undoc-
umented study sites was 355 orang-utans with 95% HDI of 135 to 602 individuals. However, we found that four
out of the seven estimates to be weak and misleading after performing the identifiability tests. The reasons for the
weak estimates were due to: (a) insufficient plots surveyed at those sites; (b) possible violations of the three main
assumptions leading to an underestimation of new nests detected; and (c) the use of an uninformative prior which
became problematic as the posterior distribution had a 99% overlap with its prior distribution, rendering our
output not estimable. For future replication of our sampling scheme, we recommend: (1) at least six or more plots
surveyed and revisited depending on the simulated outcome of having <35% overlap in an identifiability test; (2)
a shorter inter-survey period of 14 to 21 days; and (3) the use of an informative prior with strong reliability from
nearby sites to generate more sensible estimates for study sites without old or new orang-utan nest detected. The
concept for the Bayesian framework and identifiability test of this paper allowed stronger and reliable estimates
to be generated with a measure of precision, and it is applicable to existing, alternative and integrative methods
for orang-utan studies.

Methods

Study area. The surveys reported in this paper were conducted at the greater Batang Ai-Lanjak-Entimau
(BALE) landscape in the Malaysian state of Sarawak. The BALE landscape consists of two contiguous protected
areas, namely the Batang Ai National Park (BANP) and the Lanjak-Entimau Wildlife Sanctuary (LEWS). The
‘greater’ BALE landscape refers to the seven sites surrounding the two protected areas that consists of five proposed
extension areas (at the time of survey)* and two non-protected landscapes (Fig. 2). The seven study sites surveyed
in chronological order were Batang Ai, Ulu Engkari, Ulu Ngemah, Ulu Katibas, Ulu Pasin, Ulu Sungai Menyang,
and Engkari-Telaus. The area sizes of the sites ranged from 22.48 km? to 247.80 km? and the total area combined was
680.21 km? (Table 2). For further information on the study sites, refer to the Supplementary Appendix S2.

Sampling scheme. In total, there were 42 plots placed at random at the study sites (Supplementary Table S1).
The purpose of the random placement was to have a better representation of the heterogeneous nature of the
greater BALE landscape to include valleys, streams and ridges. Each plot consists of four strips 36 m in width and
1km in length arranged in a north-south direction (Supplementary Fig. S7). The survey extended 18 m from each
side of the centre line. The use of 18 m half-width for the plot was derived from previous surveys using Distance
sampling at the Batang Ai-Lanjak-Entimau (BALE) landscape between 2003 and 2007 whereby perpendicular
distances (PPD) were truncated at 18 m.

We surveyed 29 of the plots and had the remaining 13 as reserves (Supplementary Figs S4 and S5). For the
first five study sites, surveys were conducted at no less than three plots with signs of orang-utan nest. If one of the
plots had no sign of old or new nest, the reserved plot would be surveyed. But we soon discovered three plots per
study site were insufficient and opted to increase the number of plots to six per study site for the latter two study
sites. Fieldwork commenced from January 2011 to September 2012, and subsequently continued from October
2013 to May 2015.

The Marked Nest Count (MNC) method'®! is a survey technique used in estimating great ape population
based on counting and marking new nests built within specific plot (known area size) during a specific time inter-
val (known number of days). New nest is described as with green leaves, and old nest as without green leaf. We
used four different nest decay classes adapted from van Schaik et al. to refer to nest classification (Supplementary
Table S5). Old nests were observed at each plot and were later used in the Bayesian analysis to determine the
probability of whether orang-utans used the plot previously or not.

Nest construction rate (D) is one of the key features in the MNC. It refers to the density of new nests built
between the first and the last survey at plots with known area sizes (nests km~2 day~?!). To estimate D, all nests
were observed and new nests were marked on the first visit (x). This was to ensure that the latter were not included
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Figure 2. Map showing the study sites located adjacent to the two main protected areas (Lanjak-Entimau Wildlife
Sanctuary and Batang Ai National Park), and the locations of plots surveyed throughout the survey duration from
2011 to 2015. This map was created using the software ArcGIS 10.2.1 (www.esri.com) by SN and JP.

with the new ones built after the first survey (y). It was assumed that any new nests built after we visited the plot

were still visible and were recorded as new 21 days later. The interval between repeat surveys was adequately short

to ensure that no new nests constructed between the survey periods can disappear before the next survey®.
There were three main assumptions used in the survey methodology:

1. All orang-utan nests present at the plot were recorded on the first survey.

2. All new nests constructed in the plot after the first surveys were recorded on subsequent surveys.

3. Plots with no orang-utan nests (old/new) at the first survey were assumed never to be used or at least were
not used in the next 42 days (the survey duration) by orang-utan, and nest construction rate was zero.

Additional information on Plot layout, steps for the First survey, followed by Second and Third surveys are
found in Supplementary Appendix S3.

Bayesian framework for the N-mixture models. Kruschke? defines Bayesian analysis as the process
of reallocating prior credibility consistent with the new data observed. Possibilities that were consistent with the
data gain more credibility; possibilities that were not, lose credibility. The Bayesian framework is the structure
where the reallocation takes place. All the possibilities were spread out as a probability distribution; thus, the total
area under the histogram is equal to 1. The most credible range of possibilities which covers 95% of the posterior
distribution is the highest density interval (HDI).

‘N refers to abundance. The term ‘mixture’ in our models is derived from the Binomial/Poisson mixture that
we used to estimate abundance of new nests from signs of plot use by orang-utans based on the probability of
detection by observers®**>. We did not use any covariates and opted to use an intercept-only model. We summa-
rize the Bayesian analysis for the N-mixture models of this study into three steps (Supplementary Appendix S4
and Supplementary Fig. S8).
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1. Batang Ai BA Proposed Southern extension of BANP 58.28
2. Ulu Engkari UE Proposed Northern extension of BANP 2248
3. Ulu Ngemah UN Proposed extension of LEWS 69.40

Extension of LEWS (proposed at the commencement of

4. Ulu Katibas UK surveys, became part of the sanctuary in 2013) 96.41
vp | e oL (ropodat e compecemantol |,
6. Ulu Sungai Menyang | USM Non-protected landscape 140.00
7. Engkari-Telaus ET Non-protected Community Conservation Landscape 247.80

Total area size= 680.21

Table 2. The study sites and their area sizes. The protection status of each study site (proposed, gazetted as
extension, or non-protected) is also indicated. The acronym BANP refers to Batang Ai National Park, and LEWS
refers to Lanjak-Entimau Wildlife Sanctuary.

Step 1: Describe the latent and observation processes. Latent process. ~Suitability model: Sign of
plot use by orang-utans (z) is indicated by detection of old or new nest on the first surveys. An indicator varia-
ble z;=1 was used if signs of old orang-utan nest at plot i (i=1, 2, 3, ..., N) was available for detection. We had
z=0 for plots without signs of use (this is the zero-inflation part). The relationship for the model depends on a
Bernoulli process (z;, detected or not detected) and varies among plots based on the probability of old nest at a
site, ). The suitability model given plot use by orang-utans is shown in Eq. (1):

z; ~ Bernoulli (¢) (1)

As a cost effective measure, plots with z=0 on the first survey were not revisited.

Abundance of new nests model: The purpose of this model is to find out how many new nests were built
between the first and the last visit. The zero-inflated Poisson here captures the latent process of modelling
expected new nests abundance (n;) given spatial variation and the suitability model (z;). This model is written in
Eq. (2):

n; ~ Poisson (\; X z; x a; x t;), forz; =1 (2)

Here, ) is the expected estimate of nest construction rate (nests km=2 day~!). We included plot size a (km?), and
the time between the first and last survey ¢ (days) for plots i to get number of nests without the rate units. The A
here refers to the expected nest construction rate if the whole study site was used by orang-utans (Supplementary
Table S3 and Fig. S1). This rate is different from the estimated D which accounts for plots used and not used by
orang-utans.

Observation process. Detection model: This model is based on a Binomial argument that assumes detection
probability (g) is independent and identical for all expected abundance of new nests (#,) at plots i. This relation-
ship is modelled in Eq. (3):

¥, ~ Binomial (q, n;) 3)

where g is the probability of detecting new nest by two teams on the first survey. Only the total number of new
nests recorded on the second and third surveys (y) is used in this model. The observation y will always be lower
than the latent n due to imperfect detection. The number of new nests recorded on the first survey (x) was used
to estimate imperfect detection g, as part of assessing Assumption #1. The relationship between x and q is further
shown in Supplementary Table S4.

Step 2: Generate estimates of nest construction rate, orang-utan density and popula-
tion.  Estimate of nest construction rate. We weighted the expected estimate of nest construction rate (\) with
the probability of old nest at a site (1)) so as not to lose information about habitat use by orang-utans. We show the
estimated nest construction rate (13) for the whole study site, used and not used by orang-utans in Eq. (4):

Dy = Xy X Oy 4
where M is the study site in chronological order: Batang Ai, Ulu Engkari, ... Engkari-Telaus (M =1, 2, ... 7).

Estimates of orang-utan density and population. ~ After generating the estimated nest construction rate, we deter-
mine the estimated orang-utan density, d (orang-utan km~2) at the study site using Eq. (5):

Dy

px7 (5)

dy =

where, p=estimated proportion of nest builders in the population.
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7 = estimated daily rate at which nest-builders build nests (nests orang-utan—! day—?).

p x #=number of nests built per orang-utan per day.

Orang-utan follows to determine p x 7 for the BALE landscape was unsuccessful in past attempts which were
conducted from September to November 2006*. Instead, we used the results by Ancrenaz et al.? for the values of
p~0.85 (given n=92 individuals) and 7 =2 1.00 (given 602 dawn-to-dusk follows) obtained at Kinabatangan,
Sabah.

We then determine the estimated orang-utan population at each study site throughout the duration of the
survey (/) using Eq. (6):

fiy = dy X Areasize of study site, (km?) (6)

Step 3: Assess strength or reliability of the estimates.  Identifiability test. This test by Gimenez et al.*®
is a simple guideline to check the identifiability of any parameter of interest (¢) by declaring it weak for overlap of
>35% between the marginal prior and its marginal posterior distributions. The percentage overlap (7,) between
the two distributions for data Y is shown in Eq. (7):

7= f min(p(6), 7(6]Y)do) @

where p(8) is the marginal prior distribution, and 7(6|Y) is the marginal posterior distribution. The estimates for
the parameter 6 is said to be weak and misleading when 7(6]Y) = p(6).

Implementation in programme R.  We used the Markov chain Monte Carlo (MCMC)* to perform the
Bayesian analysis for our N-mixture models and to estimate uncertainty for better interpretation of the results.
We ran the estimation in Just another Gibbs sampler or JAGS* using the R2jags interface*! in programme R
(version 3.4.3)*2, We used the coda package developed by Plummer et al.** and R25ags package version 0.5-7
developed by Su & Yajima*! to run the models. R

We used uninformative priors: a uniform [0, 1] prior for ¢}, and a uniform [0, 4] prior for X. Prior sensitivity
analysis showed that the latter was uninformative. The analysis converged quickly, and 40,000 iterations were
used, of which 5,000 were discarded as burn-in. The mean and 95% highest density interval (HDI) of the MCMC
samples were used to summarise the posterior probabilities.

In order to assess the strength and reliability of the generated estimates, the posterior and prior distributions
were made to overlap using the function postPriorOverlap within the wiqgid package version 0.1.3 devel-
oped by Meredith**. The complete R scripts for these analyses are shown in Supplementary Appendix S5.

Use Of experimental animals and human subjects. No experiments on live vertebrates or human
subjects were performed for this paper. All survey protocols in the Methods section were approved by the Wildlife
Conservation Society in accordance with the approved guidelines.

References
1. Singleton, I., Wich, S. A., Nowak, M. G., Usher, G. & Utami Atmoko, S. S. Pongo abelii. The IUCN Red List of Threatened Species 2017:
e.T121097935A115575085 (2017).
2. Ancrenaz, M. et al. Pongo pygmaeus. The IUCN Red List of Threatened Species 2016: e.T17975A17966347 (2016).
3. Nowak, M. G., Rianti, P., Wich, S., Meijide, A. & Fredriksson, G. Pongo tapanuliensis. The IUCN Red List of Threatened Species 2017:
e.T120588639A120588662 (2017).
4. Hansen, M. C. et al. High-resolution global maps of 21st-century forest cover change. Science 342, 850-853, https://doi.org/10.1126/
science.1244693 (2013).
5. Gaveau, D. L. et al. Four decades of forest persistence, clearance and logging on Borneo. PLoS One 9, e101654, https://doi.
org/10.1371/journal.pone.0101654 (2014).
6. Bryan, J. E. et al. Extreme differences in forest degradation in Borneo: comparing practices in Sarawak, Sabah, and Brunei. PLoS
ONE 8, €69679, https://doi.org/10.1371/journal.pone.0069679 (2013).
7. Struebig, M. . et al. Anticipated climate and land-cover changes reveal refuge areas for Borneo’s orang-utans. Global Change Biology
21, 2891-2904, https://doi.org/10.1111/gcb.12814 (2015).
8. Wich, S. A. et al. Understanding the impacts of land-use policies on a threatened species: is there a future for the Bornean orang-
utan? PLoS One 7, €49142, https://doi.org/10.1371/journal.pone.0049142 (2012).
9. Bennett, E. L. & Robinson, J. G. Hunting of wildlife in tropical forests: Implications for biodiversity and forest peoples. (The World Bank,
2000).
10. Gumal, M. Batang Ai National Park: The Different Conditions under which Local People Benefit or Do Not Benefit from Protected
Areas in Malaysia. Protected Areas and Human Livelihoods 32, 50-57 (2007).
11. Santika, T. et al. First integrative trend analysis for a great ape species in Borneo. Sci Rep 7, 4839, https://doi.org/10.1038/s41598-
017-04435-9 (2017).
12. Utami-Atmoko, S. S. et al. Orangutan Population and Habitat Viability Assessment: Final Report. IUCN/SSC Conservation Breeding
Specialist Group, 2017).
13. Meijaard, E., Wich, S., Ancrenaz, M. & Marshall, A. J. Not by science alone: why orangutan conservationists must think outside the
box. Ann N'Y Acad Sci 1249, 29-44, https://doi.org/10.1111/j.1749-6632.2011.06288.x (2012).
14. Spehar, S. N. & Rayadin, Y. Habitat use of Bornean Orangutans (Pongo pygmaeus morio) in an Industrial Forestry Plantation in East
Kalimantan, Indonesia. International Journal of Primatology 38, 358-384, https://doi.org/10.1007/s10764-017-9959-8 (2017).
15. Husson, S. J. et al. In Orangutans: Geographic Variation in Behavioral Ecology and Conservation (eds Serge A. Wich, S. Suci Utami
Atmoko, Tatang Mitra Setia, & Carel P. Van Schaik) 77-96 (Oxford University Press, 2009).
16. Kiihl, H., Maisels, E, Ancrenaz, M. & Williamson, E. A. Best Practice Guidelines for Surveys and Monitoring of Great Ape Population.
(TUCN SSC Primate Specialist Group (PSG) 2008).
17. van Schaik, C. P, Priatna, A. & Priatna, D. In The Neglected Ape (eds Ronald D. Nadler, Birute, F. M. Galdikas, Lori, K. Sheeran &
Norm Rosen) 129-147 (Plenum Press, 1995).

SCIENTIFICREPORTS| (2018) 8:15672 | DOI:10.1038/s41598-018-33872-3 9


http://dx.doi.org/10.1126/science.1244693
http://dx.doi.org/10.1126/science.1244693
http://dx.doi.org/10.1371/journal.pone.0101654
http://dx.doi.org/10.1371/journal.pone.0101654
http://dx.doi.org/10.1371/journal.pone.0069679
http://dx.doi.org/10.1111/gcb.12814
http://dx.doi.org/10.1371/journal.pone.0049142
http://dx.doi.org/10.1038/s41598-017-04435-9
http://dx.doi.org/10.1038/s41598-017-04435-9
http://dx.doi.org/10.1111/j.1749-6632.2011.06288.x
http://dx.doi.org/10.1007/s10764-017-9959-8

www.nature.com/scientificreports/

18. Spehar, S. N. et al. Estimating Orangutan Densities Using the Standing Crop and Marked Nest Count Methods: Lessons Learned for
Conservation. Biotropica 42, 748-757, https://doi.org/10.1111/j.1744-7429.2010.00651.x (2010).

19. Plumptre, A. J. & Reynolds, V. Censusing chimpanzees in the Budongo Forest, Uganda. Int. J. Primatol. 17, 85-99 (1996).

20. Plumptre, A. ., Cox, D. & Mugume, S. The Status of Chimpanzees in Uganda. (Wildlife Conservation Society, 2003).

21. van Schaik, C. P, Wich, S. A., Utami, S. S. & Odom, K. A simple alternative to line transects of nests for estimating orangutan
densities. Primates 46, 249-254, https://doi.org/10.1007/s10329-005-0134-z (2005).

22. Ancrenaz, M., Calaque, R. & Lackman-Ancrenaz, I. Orangutan nesting behavior in disturbed forest of Sabah, Malaysia: Implications
for nest census. Int. J. Primatol. 25, 983-1000 (2004).

23. Marshall, A. J. & Meijaard, E. Orang-utan nest surveys: the devil is in the details. Oryx 43, 416, https://doi.org/10.1017/
$0030605309001513 (2009).

24. Laing, S. E., Buckland, S. T., Burn, R. W. & Lambie, D. Dung and nest surveys: estimating decay rates. J. Appl. Ecol. 40,1102-1111
(2003).

25. Walsh, P. D. & White, L. J. T. Evaluating the steady state assumption: Simulations of gorilla nest decay. Ecol. Appl. 15, 1342-1350
(2005).

26. Mathewson, P. D. et al. Evaluating orangutan census techniques using nest decay rates: Implications for population estimates. Ecol.
App. 18, 208-221 (2008).

27. Buckland, S. T. et al. Introduction to Distance Sampling. (Oxford University Press, 2001).

28. Wenger, S. J. & Freeman, M. C. Estimating Species Occurrence, Abundance, and Detection Probability Using Zero-Inflated
Distributions. Ecology 89, 2953-2959, https://doi.org/10.1890/07-1127.1 (2008).

29. Kruschke, J. K. Bayesian estimation supersedes the t test. J. Exp. Psychol. Gen. 142, 573-603, https://doi.org/10.1037/a0029146
(2013).

30. Gimenez, O., Morgan, B. J. T. & Brooks, S. P. In Modeling Demographic Processes in Marked Populations Environmental and Ecological
Statistics (eds David L. Thomson, Evan G. Cooch, & Michael J. Conroy) Weak identifiability in models for mark-recapture-recovery
data, (Springer US, 2009).

31. Martin, T. G. et al. Zero tolerance ecology: improving ecological inference by modelling the source of zero observations. Ecol Lett 8,
1235-1246, https://doi.org/10.1111/j.1461-0248.2005.00826.x (2005).

32. Martin, T. G., Kuhnert, P. M., Mengersen, K. & Possingham, H. P. The power of expert opinion in ecological models using Bayesian
methods: Impact of grazing on birds. Ecological Applications 15, 266-280, https://doi.org/10.1890/03-5400 (2005).

33. Dénes, E. V,, Silveira, L. E. & Beissinger, S. R. Estimating abundance of unmarked animal populations: accounting for imperfect
detection and other sources of zero inflation. Methods in Ecology and Evolution 6, 543-556, https://doi.org/10.1111/2041-210x.12333
(2015).

34. Barker, R.]., Schofield, M. R,, Link, W. A. & Sauer, J. R. On the reliability of N-mixture models for count data. Biometrics. https://doi.
org/10.1111/biom.12734 (2017).

35. Wich, S. A. & Van Schaik, C. P. The impact of El Nino on mast fruiting in Sumatra and elsewhere in Malesia. Journal of Tropical
Ecology 16, 563-577, https://doi.org/10.1017/S0266467400001577 (2000).

36. Meredith, M. E. A faunal survey of Batang Ai National Park, Sarawak, Malaysia. Sarawak Mus. J. 48, 133-155 (1995).

37. Blouch, R. A. Distribution and abundance of orang-utans (Pongo pygmaeus) and other primates in the Lanjak-Entimau Wildlife
Sanctuary, Sarawak, Malaysia. Trop. Biodivers. 4, 259-275 (1997).

38. Gumal, M. et al. Densities of orangutan nests in Batang Ai National Park, Lanjak-Entimau Wildlife Sanctuary and the proposed Ulu
Sebuyau National Park. Hornbill 9, 177-200 (2007).

39. Pearce, K. G. Development of Lanjak-Entimau Wildlife Sanctuary as a Totally Protected Area Phase IV: The Lanjak-Entimau Wildlife
Sanctuary Strategic Management Plan (2009-2020). (ITTO-Forest Department Sarawak, 2010).

40. Plummer, M. JAGS: A program for analysis of Bayesian Graphical Models using Gibbs Sampling. 3rd International Workshop on
Distributed Statistical Computing (DSC) (2003).

41. Su, Y.-S. & Yajima, M. R2jags: Using R to run JAGS. R package version 0.5-7, https://CRAN.R-project.org/package=R2jags (2015).

42. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, http://www.R-
project.org/ (2017).

43. Plummer, M., Best, N., Cowles, K. & Vines, K. CODA: Convergence Diagnosis and Output Analysis for MCMC. R News 6, 7-11
(2006).

44. Meredith, M. E. wigid: Quick and Dirty Estimates for Wildlife Populations. R package version 0.1.3, https://CRAN.R-project.org/
package=wiqid (2017).

Acknowledgements

We acknowledge the support of the Arcus Foundation, Borneo Adventure, Department of Survey and Mapping
Malaysia, Fondation Segré, Orang-utan Project Sdn Bhd, Forest Department Sarawak, Margot Marsh Biodiversity
Foundation, Sarawak Forestry Corporation, Sarawak State Government, The Enlyst Fund, US Fish and Wildlife
Service Great Ape Conservation Fund, and the Whitley Fund for Nature. We also acknowledge the support of
Mike Meredith, the statistician who developed the study design of this project. In particular, we thank Sudarsono
Osman, Sapuan Ahmad, Mohd Shahbudin Hj. Sabki, Latifah Teh, Oswald Braken, Sundai Silang, Nickson Joseph
Robi, Lily Sir and Winnie Endun Thomas for their inputs, logistic and supportive manpower through the years.
Additional oft-road transportation was provided by Hariwood Sdn Bhd. Additional support was provided by the
District Offices as well as District Police Offices of Lubok Antu, Kanowit and Song. Permits to conduct the surveys
were provided by the Forest Department Sarawak. J.P. received support from the WCS Graduate Scholarship
Program, a program of the Wildlife Conservation Society, and the Christensen Conservation Leaders Scholarship.
All the authors except for L.PK. were WCS Malaysia staff at the time of the field surveys. L.PK. was supported by
the Australian Research Council.

Author Contributions
J.P. refined the study, developed the methodology and performed the analysis. J.P, L.A., A.S. and S.N. collected
the data and wrote field reports. S.N. and J.P. created the maps. J.P., M.G. and L.PK. jointly wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33872-3.
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2018) 8:15672 | DOI:10.1038/s41598-018-33872-3 10


http://dx.doi.org/10.1111/j.1744-7429.2010.00651.x
http://dx.doi.org/10.1007/s10329-005-0134-z
http://dx.doi.org/10.1017/s0030605309001513
http://dx.doi.org/10.1017/s0030605309001513
http://dx.doi.org/10.1890/07-1127.1
http://dx.doi.org/10.1037/a0029146
http://dx.doi.org/10.1111/j.1461-0248.2005.00826.x
http://dx.doi.org/10.1890/03-5400
http://dx.doi.org/10.1111/2041-210x.12333
http://dx.doi.org/10.1111/biom.12734
http://dx.doi.org/10.1111/biom.12734
http://dx.doi.org/10.1017/S0266467400001577
https://CRAN.R-project.org/package=R2jags
http://www.R-project.org/
http://www.R-project.org/
https://CRAN.R-project.org/package=wiqid
https://CRAN.R-project.org/package=wiqid
http://dx.doi.org/10.1038/s41598-018-33872-3

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:15672 | DOI:10.1038/s41598-018-33872-3 11


http://creativecommons.org/licenses/by/4.0/

	Population estimates of Bornean orang-utans using Bayesian analysis at the greater Batang Ai-Lanjak-Entimau landscape in Sa ...
	Results

	Population and density estimates of orang-utans at the study sites. 
	Precision and reliability of the estimates. 
	Other parameters of interest. 

	Discussion

	Zero inflation and imperfect detection in the N-mixture models. 
	Limitation and advantages of using the Bayesian analysis. 
	Conservation implications on the study sites. 

	Conclusion

	Methods

	Study area. 
	Sampling scheme. 
	Bayesian framework for the N-mixture models. 
	Step 1: Describe the latent and observation processes. 
	Latent process. 
	Observation process. 

	Step 2: Generate estimates of nest construction rate, orang-utan density and population. 
	Estimate of nest construction rate. 
	Estimates of orang-utan density and population. 

	Step 3: Assess strength or reliability of the estimates. 
	Identifiability test. 

	Implementation in programme R. 
	Use Of experimental animals and human subjects. 

	Acknowledgements

	Figure 1 The columns correspond to the probability density function of: (a) prior and posterior estimates of orang-utan population, and (b) probability of old nest at a site with 95% HDI at the seven study sites.
	Figure 2 Map showing the study sites located adjacent to the two main protected areas (Lanjak-Entimau Wildlife Sanctuary and Batang Ai National Park), and the locations of plots surveyed throughout the survey duration from 2011 to 2015.
	Table 1 Estimates of probability of detecting new nest (), new orang-utan nests recorded on the first survey (), orang-utan density, (orang-utans km−2), and orang-utan population () with 95% HDI for the study sites.
	Table 2 The study sites and their area sizes.




