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Abstract

In the 200 years since the Sumatran rhinoceros was first scientifically described (Fisher
1814), the range of the species has contracted from a broad region in Southeast Asia to three
areas on the island of Sumatra and one in Kalimantan, Indonesia. Assessing population and
spatial distribution of this very rare species is challenging because of their elusiveness and
very low population number. Using an occupancy model with spatial dependency, we
assessed the fraction of the total landscape occupied by Sumatran rhinos over a 30,345-km?
survey area and the effects of covariates in the areas where they are known to occur. In the
Leuser Landscape (surveyed in 2007), the model averaging result of conditional occupancy

estimate was z]/(SE[J/}) = 0.151(0.109) or 2,371.47 km?, and the model averaging result of
replicated level detection probability p (SE[p]) = 0.252(0.267); in Way Kambas National

Park—2008:  (SE[i/]) = 0.468(0.165) or 634.18 km?, and p (SE[p]) = 0.138(0.571); and in

Bukit Barisan Selatan National Park—2010: y/ (SE[}}]) = 0.322(0.049) or 819.67 km?, and

P (SE[p]) = 0.365(0.42). In the Leuser Landscape, rhino occurrence was positively associ-
ated with primary dry land forest and rivers, and negatively associated with the presence of a
road. In Way Kambas, occurrence was negatively associated with the presence of a road. In
Bukit Barisan Selatan, occurrence was negatively associated with presence of primary dry-
land forest and rivers. Using the probabilities of site occupancy, we developed spatially
explicit maps that can be used to outline intensive protection zones for in-situ conservation
efforts, and provide a detailed assessment of conserving Sumatran rhinos in the wild. We
summarize our core recommendation in four points: consolidate small population, strong pro-
tection, determine the percentage of breeding females, and recognize the cost of doing noth-
ing. To reduce the probability of poaching, here we present only the randomized location of
site level occupancy in our result while retaining the overall estimation of occupancy for a
given area.
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Introduction

The year 2014 marked the bicentennial of the scientific description of the Sumatran rhinoceros
(Dicerorhinus sumatrensis Fisher 1814), a critically endangered species whose only known wild
populations are on the island of Sumatra, Indonesia, and in Kalimantan, Indonesia. The Suma-
tran rhino is the smallest and most primitive of the five extant species of Rhinocerotidae, is
most closely related to the woolly rhino (Coelodonta antiquitatis) from the Pleistocene ice age
[1], and is distantly related to the other Asian rhinoceros species, the Javan rhino (Rhinoceros
sondaicus) and the Indian rhino (Rhinoceros unicornis). Contrary to the implications of its
name, the Sumatran rhino once occurred in Myanmar (D. s. lasiotis), Malaysia (Peninsula and
Borneo; D. s. harrisoni), and Thailand (D. s. sumatrensis, as in Sumatra) [2], but has been extir-
pated from most of its historical range. The global population of Sumatran rhinos is identified
on the International Union for Conservation of Nature (IUCN) red list as Critically Endan-
gered [3], and was estimated to have decreased from 600 animals in 1985 to less than 300 in
1995 [2]. In 2007, the world population was believed to be around 200 individuals [4], and by
2013 it had decreased to less than 100 [5]. The most recent consensus is that the population
numbers from 87 to a maximum of 179, with sub-populations ranging in size from 2 to 50 rhi-
nos [6].

Due to its rarity and elusive nature, little is known about the ecology and habitat require-
ments of the Sumatran rhinoceros. The earliest field studies of rhinos in northern Sumatra
occurred in the 1970s and 1980s [7-8], and since then most research on the species has focused
on its physiology as it applies to captive breeding [9-14]. In 2008, a systematic assessment of
Sumatran rhinos was initiated in Bukit Barisan Selatan National Park, using rhino sign to esti-
mate their distribution and occupancy rate [15]. That work demonstrated that sign surveys
were logistically feasible, required minimal equipment (compared to camera trapping), could
be completed in a relatively short time period (6-9 months), and could be used for population
monitoring purposes.

Assessing the effectiveness of conservation actions depends on our ability to quantify popu-
lation changes over time [16]. Recently, statistically robust techniques that account for detec-
tion probability have been developed for the analysis of occupancy data and are now
commonly used in the field of wildlife ecology [17-18]. Our goal was to estimate the occur-
rence rate of Sumatran rhinos throughout their remaining range on Sumatra, based on island-
wide occupancy surveys, and to relate these findings to environmental factors and anthropo-
genic disturbance. The resulting models of distribution and indices of occurrence can then be
employed to evaluate current protection and long-term conservation of the Sumatran
rhinoceros.

Identifying the best strategy for conserving the Sumatran rhinoceros is a pressing concern
of the international conservation community, and captive breeding, versus protection in the
wild, are two approaches being considered [19]. In 1988, the Sumatran Rhino Trust (SRT)
developed a captive breeding program, an undertaking that involved four American zoos
(Bronx, Cincinnati, Los Angeles, and San Diego), along with the governments of Indonesia and
Malaysia, under the American Association of Zoological Parks and Aquarium (AAZPA), and
was overseen by the Asian Rhino and Captive Breeding Specialist Group IUCN [20-22]. This
program was developed in response to the 1984 declaration by the IUCN, which listed the
Sumatran rhino as one of the 12 most endangered species in the world [21]. The philosophy of
the SRT is sometimes described as the “Noah’s Ark Paradigm”; i.e., in response to species
endangerment a captive breeding program should be developed to ward off extinction [22-23].
Unfortunately, after bringing 40 wild rhinoceroses into captivity and investing $3 million USD
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[24-25], most of the rhinos died, few offspring were produced, and the program was ultimately
deemed unsuccessful [26].

In 1995, Rabinowitz warned that money and effort spent on the capture and breeding of rhi-
noceroses alone would not solve the problem of declining wild populations. In his essay, he
suggested that conservationists would be “helping a species go extinct” if they placed too much
emphasis on captive breeding at the expense of "the more difficult job" of protection and man-
agement in the field [27]. In support of this perspective, Hutchins and Conway [23] stated that
the American Zoo Association (AZA) does not promote captive breeding as a panacea for
endangered species.

The Sumatran rhino is now considered to be extinct in Malaysia [28], and the current con-
servation strategy there is to propagate the remaining rhinos in a captive breeding program
[29]. The Borneo Rhino Alliance (BORA) [29] directs this program, and currently it seems
there is no chance to re-introduce any rhinos back into the wild [19,26]. On 21 March 2014, a
female rhino, named Iman, was captured from the wild in the Danum Valley, Sabah, Borneo,
to join Tam (male) and Puntung (female) in the Borneo Rhino Sanctuary, located in the Tabin
Wildlife Reserve [30]. These three rhinos are the only representatives left of the Malaysian Bor-
neo Sumatran rhino.

Despite debate regarding the best approach to conserving Sumatran rhinos, most conserva-
tionists agree that the primary goal should be to preserve wild animals and their natural habitat
[23]. Today, conservationists and wildlife managers may have to consider conservation "triage"
for Sumatran rhinos that now exist in the wild as a relatively small metapopulation on the
island of Sumatra [31]. On Sumatra, an attempt has been made to conserve the rhinoceros in
the wild by guarding them from poachers using Rhino Protection Units. The question remains,
is it more feasible to capture all remaining rhinos and save them through the yet-unproven
strategy of captive breeding, or is there still a chance for wild population persistence? At this
point in time, there is no easy answer.

Methods

Permission to conduct this field study was provided by the Director General of Nature Conser-
vation for Gunung Leuser National Park (96° 35’- 98° 30 East and 2° 50’- 4° 10’ North), Way
Kambas National Park (106° 32’- 106° 52’ East and 4° 37°- 5° 15’ South), and Bukit Barisan
Selatan National Park (103.3°E 4.51°S-104.7°E 5.93°S) (Fig 1). Since our study only used occur-
rence sign, and thus no direct interaction with animals, approval from the Institutional Animal
Care and Use Committee (IACUC) was not required.

Study Area

Sumatra is one of more than 17,000 islands in the Indonesian archipelago, and is the largest
volcanic island in the world (480,793 km?) [32]. Geologically, Sumatra, together with Java and
the islands of Nusa Tenggara, is part of the ‘Sunda Archipelago Arc’ formed between 15 and 3
M years BP. Compared to the rest of the Indonesian archipelago, Sumatra is geologically
young, and climatic changes and fluctuations of sea level during the Quaternary glacial and
inter-glacial periods shaped the present landscape [33]. According to Verstappen (1973) in
[33], Sumatra Island can be divided into five physiographical units: 1) the coastal strip of the
west coast, 2) mountain zone: the Barisan range and the central graben, 3) the eastern pied-
mont, 4) the well-drained eastern lowlands, and 5) the eastern swampy lowlands and islands to
the west and east of Sumatra. The equator passes through the center of Sumatra, dividing it
into almost equal-sized northern and southern sections. Temperatures at low elevations are
uniformly high, with mean monthly temperatures of 25-27°C. Rainfall is abundant and evenly
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Fig 1. Randomized distributions patter of the last wild population of Sumatran rhinoceros based on occupancy probability.

doi:10.1371/journal.pone.0136643.g001

distributed throughout the year. Sumatra is also divided into five bioclimates/rainfall regimes:
subhumid (precipitation 1,000-1,500 mm/year); humid (1,500-2,000 mm/year); very humid
(2,000-2,500 mm/year); superhumid (2,500-3,000 mm/year); and hyperhumid (>3,000 mm/
year) [33]. Based on these categories, 90% of Sumatra consists of very humid, superhumid and
hyperhumid bioclimates.

During 2007-2009, the forest habitat available on Sumatra was surveyed for occurrence of
large mammals by eight organizations (Wildlife Conservation Society, Fauna & Flora Interna-
tional, Zoological Society of London, Leuser International Foundation, World Wildlife Fund,
Rhino Foundation of Indonesia, Sumatran Tiger Protection and Conservation Program, and
Durrell Institute of Conservation and Ecology) [34]. The surveys confirmed the presence of
Sumatran rhinoceros in only three areas: Leuser Landscape (LL; 2 May 2007-1 March 2009);
Way Kambas NP (WKNP; 6 January- 11 March 2008); and, Bukit Barisan Selatan NP
(BBSNP; 19 October 2007-25 June 2008; [15]). For this last study area, we analyzed data col-
lected during the second survey (28 September 2010-2 February 2011) that was conducted by
the Wildlife Conservation Society. These three areas effectively contain the last remaining pop-
ulations of wild Sumatran rhinoceros in the world, now that the populations in Malaysia
(Sabah and Peninsular) are extinct [35-36, 19, 28]. The newly discovered population in West
Kalimantan is thought to be too small to be viable [37,6].

During 1985-2007, 49.3% of forest was lost in Sumatra and currently only 29% of Sumatra is
still forested [38]. The Leuser Landscape is located in northern Sumatra and covers 26,000 km?,
while BBSNP and WKNP are located in southern Sumatra and cover 3,500 km?, and 1,293 km?,
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respectively. The LL is mostly forested and located in the provinces of Aceh and North Sumatra
[39]. The BBSNP was 77% forested in 2000 but since then has lost forest cover at a rate of 0.57%/
year, primarily due to the establishment of coffee plantations [40]. Historically, before establish-
ment of the park, some areas were designated as logging concessions and 60 km of logging trails
exist today [41]. WKNP is 43% forest, most of which has regrown following logging, contains
234 km of logging trails, and is losing forest cover at a rate of 1.01%/year [41]. Both BBSNP and
the LL are located on the Barisan geanticline that was formed by Tertiary volcanic activity along
the west coast of Sumatra [33]. WKNP is located in the eastern swamp lowlands physiographic
unit. Rhino Protection Units have patrolled to reduce poaching of wild Sumatran rhinos in
BBSNP since 1995, in WKNP since 1998, and in Gunung Leuser National Park (GLNP; within
LL), since 2012.

Data Collection

Surveys across the island followed the protocol for the Sumatran rhinoceros [42], adapted from
the landscape-wide patch occupancy protocol [43, 44]. In summary, a 72.25-km? grid (8.5 x 8.5
km) was defined as the sampling unit since this area is slightly larger than the maximum home
range size reported for a Sumatran rhino (60 km?; [8]). The number of grids surveyed was 337 in
the LL, 55 in BBSNP, and 28 in WKNP. The total length of survey routes was 4,479 km in the LL
(mean = 13.29 km/grid, range = 2-38 km/grid), 340 km in WKNP (mean = 12.14 km/grid,
range = 1-39 km/grid), and 1,042 km in BBSNP (mean = 18.95 km/grid, range = 4-41 km/grid),
for a total of 5,861 km across 421 survey grids. This is by far the most substantial effort spent for
assessing the Sumatran rhinoceros.

Surveys were conducted by four teams, each composed of four individuals that searched for
rhino sign along paths believed to have a high probability of use by rhinos. Teams recorded
signs of rhino presence and any signs of natural or human disturbance. Only footprints were
used in analyses of surveys from BBSNP and WKNP to avoid false detection from tapirs
(Tapirus indicus), and in LL we also used dung and two rare incidents of direct sightings
(sound and vision) as signs of presence since tapirs are not found in this area. In addition to
the non-random survey routes, a randomly selected 18-km” cell was chosen to ensure random-
ization of search effort.

Assessing the Influence of Landscape and Disturbance on Sumatran
Rhinos

We evaluated the importance of 17 environmental and anthropogenic covariates on the proba-
bility distribution of Sumatran rhinos. Covariates examined included: landcover types, roads,
rivers, natural and anthropogenic disturbances, landscape roughness (index of altitude and
slope), forest cover, deforestation, and a vegetation index (Normalized Difference Vegetation
Index—NDVI) (S1 Table). All covariates for each site were checked for autocorrelation, and
only one of the correlated variables was included in a model if the absolute value of Pearson’s
correlation coefficient was greater than +0.70.

Species often respond to environmental and anthropogenic factors at different scales. To
assess this, a kernel density estimator was chosen for extracting the value of covariates to repre-
sent pattern intensity across a range of spatial scales. We assessed landscape characteristics and
disturbance factors (covariates) for different cell sizes and linear distances. For each covariate,
cell sizes of 50 m, 100 m and 200 m were chosen as the ‘grain’ sizes that rhinos might respond
to. Ten spatial distances (kernel width) from 500 to 5,000 m (in 500-m increments) were cre-
ated in order to capture various scales of pattern intensity, using the kernel density tool for
point and polyline data, and a weighted focal statistic for the polygon and raster data.

PLOS ONE | DOI:10.1371/journal.pone.0136643 September 16,2015 5/16



@’PLOS ‘ ONE

The Last Wild Population of Sumatran Rhinoceros

Multi-scale analyses were conducted for all of the covariates, except the gradient data from a
Digital Elevation Model (DEM) and the vegetation index. To extract the gradient matrix of ele-
vation and the vegetation index, we used the ArcGIS Geomorphometry and Gradient Metrics
toolbox [45]. Roughness was one of the surface matrices extracted from DEM, and was com-
posed of overall variability in surface height (non-spatial) and the local variability in slope (spa-
tial) [46]. Curvature of the NDVI summarized the combination of amplitude and spatial
characteristics of NDVT local peaks where the index value is at a maximum. We identified the
most appropriate scale for our covariates using a single-season occupancy model. The most
parsimonious model with the corresponding covariate scale was assumed to be best. Due to the
wide variation in environmental characteristics between the three areas, a different subset of
the 17 covariates was evaluated for each area (S2 Table).

Data Analysis

All analyses were conducted using PRESENCE var. 8.3 [47] and R version 2.8.1. We developed
a detection matrix of 1s and Os (detection or non-detection of sign, respectively) using a sam-
pling occasions of 1-km in length. A detection indicates that sign was found, while no detection
could result from either true absence or false absence. Using ArcGIS 10.1, the survey track log
was downloaded from GPS and overlaid with rhino sign locations. We then calculated the 3D
length (using the DEM) of each survey route and subdivided these routes into 1-km detection
segments that served as spatial replicates. Grid cells varied with regard to area that was unsuit-
able for rhinos (e.g., sea or human settlement), resulting in different transect lengths between
grids. In creating our detection matrix, we defined a full trial as the longest transect measured
across all grids. Shorter transects were made equivalent to a full trial by recording missing val-
ues for the difference in transect length between a given transect and the longest transect. Miss-
ing values were ignore in the log-likelihood function [48], and therefore did not bias our
analyses.

To estimate occurrence, we used site-occupancy models [49-52], also known as zero-
inflated binomial models [53], with an underlying Markov models for spatial dependence [54].
A site-occupancy model is a hierarchical logistic regression that uses a logit link function and
employs Bernoullian random effects to model the probability of observation (detection) and
process (occupancy). This modeling approach was developed specifically to estimate the pro-
portion of an area occupied by a species, but it can also be used to predict the geographical
range and habitat characteristics of a species [51]. Estimation of detection probabilities and
occurrences was conducted by incorporating occupancy probabilities directly into the model
likelihood [49-52]. Occupancy with spatial dependence decomposed the detection process into
rhino presence at a segment, and rhino detection given presence on a segment is modeled as a
first-order spatial Markov process [54]. An occupancy model is essentially a discrete random-
effects model that includes variable values assumed to be drawn from a Bernoulli or Poisson
distribution which correspond to the true, but imperfectly observed, state of occurrence [55].
The model was run using a 1-km segment length in a cluster sampling, spatial replication sce-
nario. In order to avoid multi-collinearity issues, we examined correlations between covariates
and if |r| was > 0.70 they were not used in the same model. We modified the basic approach
used by Karanth et al. [56] in a two-stage process by modeling covariates affecting the detection
and ecological process. Instead of first using a global model of occupancy to correct the covari-
ates of detection probability, we used constant covariates of detection and combined various
ranges of covariates to get the ‘best’ set for predicting occupancy (53, S5 and S7 Tables). The
second stage of our modeling used the covariates of occupancy from the first stage, and tested
different combinations of covariates in the detection probability (54, S6, and S8 Tables). We
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assumed no covariates in modeling the Markovian dependence. All modeling was conducted
using PRESENCE single season with correlated detection [54], and the psi estimates output
was further calculated to take into account the effect of the correlated detection (R code pro-
vided by James Hines, Arnaud Lyet personal comm.). The model averaged Psi and associated
SE were further weighted based on the available areas within each sampling grid that could be
habitable [56]; i.e., a sampling grid with 100% coverage of forest received a weight of 1 and cov-
erage less than that, a lesser weight. Site-level-occupancy patterns for each area were further
randomized to obscure the exact location of the area and reduce the possibility of poaching. A
map showing the true occurrence pattern is available for conservation purposes only and can
be requested from the authors.

Results
Multiscale Assessment of Covariates

Each of the covariates, with associated scale, listed in S1 Table were run in single season occu-
pancy—constant detection models. Several of the covariates were correlated with rhino occur-
rence (failure to converge defined as non-fit for the respective dataset), but often at a spatial
scale that differed between study areas (S2 Table). For example, road presence was significant
at the ‘grain’ of 100 m for all three areas, but at a kernel radius of 4,000 m in LL, 5,000 m in
WKNP, and 1,500 m in BBSNP. Thus, road presence was an important covariate, but it affected
rhino occurrence at a shorter distance (1.5-km from the road) in BBSNP compared to WKNP
(5-km). The set of covariates for each area was tested for collinearity and none exceeded the
chosen threshold of |r|>0.7 (S1, S2, and S3 Figs).

Leuser Landscape (LL)

The first stage of modeling was to assess covariates affecting occupancy probability with constant
detection (S3 Table, all the models with AAIC < 7). The most parsimonious model showed that
occupancy with constant detections was mainly affected by Primary Dry Land Forest, River, and
Road. In the next step we focused these covariates on occupancy and tried to fit a range of site
covariates with detection probability (S4 Table). Our results showed that curvature of NDVI and
Roughness were affecting detection. This model of w(PDF + River + Road),0(.),0'(.),p(NDVI +
Roughness) had a 52% chance of being the best model based on AIC weight. Primary dry land for-
est had positive association with occupancy (in logit scale: 6.09(3.88), S4 Fig), as did river (8.67
(4.94), S5 Fig), while presence of road had a negative association (however, the value is very small
and approaching zero; Table 1A).

The total fraction of area for the model averaged occupancy probability is v/ (SE[y/]) =
0.151(0.109) with detection probability p(SE[p]) = 0.252(0.267). This translated into the
area occupied by Sumatran rhinos in 2007 being 2,371.47 km” out of 15,751.24 km? of total
surveyed area. The randomized site-specific probability of occupancy is shown in Fig 1, with
red indicating probability of occupancy of 100% and green indicating 0%.

Way Kambas National Park (WKNP)

Following the same procedure, the occupancy model with correlated detection showed that
roads affected the occupancy probability (S5 Table), and none of the site covariates affected the
detection probability (S6 Table). The model of y(Road),0(.),0'(.),p(.) had a 51% chance of being
the most parsimonious model among all, as shown by the adjusted AICc for small sample size
[57]. Roads showed a negative relationship with the occurrence of Sumatran rhinos in Way
Kambas National Park (in logit scale: -33.33(22.53), Table 1B, S6 Fig). The total fraction of area
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Table 1. Untransformed parameter estimates.

A. Leuser Landscape

Model

w(PDF + River + Road),8(.),8'(.),p(NDVI + Roughness)
w(PDF + River + Road),8(.),8'(.),p(River)

w(PDF + River + Road),0(.),0'(.),p(River + Disturbance)
w(PDF + River + Road),8(.),8'(.),p(NDVI)

w(PDF + River + Road),6(.),6'(.),p(.)

B. Way Kambas National Park
Model

w(Road
w(Road

8(.),8'
()8

Jp()

.),p(Forest)
w(Road),6(.),0'(.),p(Disturbance)
w(Road),0(.),0'(.),p(NDVI)
w(Road),8(.),6'(.),p(River)

C. Bukit Barisan Selatan National Park
Model

W(PDF + River),6(.),0'(.),p(DLA)

—_ = = =
— —~ ~ =

w(PDF + River),8(.),8'(.),p(DLA + Disturbance)

w(PDF + River),0(.),0'(.),p(DLA + Disturbance + Forest)
w(PDF + River),0(.),0'(.),p(Forest)

W(PDF + River),6(.),8'(.),p(.)

w(PDF + River),0(.),0'(.),p(Disturbance + Forest)
w(PDF + River),0(.),0'(.),p(Disturbance)

PDF, Primary Dryland Forest; DLA, Dryland Agriculture.

doi:10.1371/journal.pone.0136643.t001

psi(int) (SE)

-5.95 (2.62)
4.88 (8.40)
5.09 (7.97)
-5.86 (2.25)

-6.43 (2.16)

psi
(PDF)
(SE)
6.09
(3.88)

19.92
(22.27)
20.43
(23.09)
4.89
(2.82)

4.75
(2.56)

psi(River) (SE)

8.67 (4.94)

-11.78 (15.14)

-12.15 (14.46)

psi(Road) (SE)

-22066443.23 (2.62437E+11)

-17945717 .42

(15512506743.60)

-27599545.41

(1945171990129.93)

7.35 (3.89) -22963173.05
(497366108644.48)
7.38 (3.61) -20901005.39
(211520464377.18)
psi(Int) (SE) psi(Road) (SE)
1.49 (1.86) -33.33 (22.53)
2.17 (2.83) -31.01 (27.97)
1.57 (1.87) (22.76)
1.53 (1.78) -33.64 (22.72)
1.49 (1.86) -33.26 (23.07)
psi(Int) (SE) psi(PDF) (SE) psi(River) (SE)
4.42 (2.24) -6482.01 -9.16 (4.46)
(31565305.04)

4.34 (2.21) -6848.94 -9.07 (4.41)
(70730180.01)

4.17 (2.13) -21003.10 (10) -8.72 (4.25)

4.32 (2.62) -7367.17 -8.48 (4.79)
(95562737.74)

4.55 (3.11) -7724.96 -8.91 (5.51)
(131835924.27)

3.48 (2.14) -19465.39 (10) -7.33 (4.20)

3.96 (2.56) -53893.62 (10) -8.07 (4.74)

for the model averaged occupancy probability is  (SE[i/]) = 0.252(0.267) with detection

probability p(SE[p]) = 0.138(0.571). This translated into area occupied by Sumatran rhinoc-
eros in 2008 as 634.18 km” out of 1,355.21 km? total surveyed area. The randomized site-spe-
cific probability of occupancy is shown in Fig 1.

Bukit Barisan Selatan National Park (BBSNP)

Primary dryland forest and river were the covariates shown to affect the occupancy probability
with constant detection probability (S7 Table). The second stage of modeling showed that the
combination of these covariates with Dryland agriculture as site covariates for detection proba-
bility, and y(PDF + River),0(.),0'(.),p(DLA) was the most parsimonious model with a 54%
chance of being the best model (S8 Table) based on adjusted AICc for small sample size.

River had a negative relationship with the probability of occupancy (in logit scale: -9.16(4.46),
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S7 Fig), and primary dry land forest also had a negative relationship (however the value was
very small and approached zero; Table 1C). The total fraction of area for the model averaged

occupancy probability is Y (SE[i)]) = 0.322(0.049) with detection probability
P(SE[p]) = 0.365(0.42). This translated into an area occupied by Sumatran rhinoceros in 2010
of 819.67 km? out of 2,545.18 km* surveyed (Fig 1).

Discussion

Current knowledge of the ecology of Sumatran rhinos in the wild is largely based on field stud-
ies in the 1970s [7] and 1980s [8]. Our analysis provides a current quantitative assessment of
Sumatran rhinoceros occurrence and updates the 1986 rhino distribution findings [8] for the
Leuser region. Although these ‘current’ data were collected several years ago, they are still the
best and most up to date assessment for this critically endangered species.

Prior to our study, no systematic surveys had been conducted to estimate the distribution of
rhinos throughout Sumatra. Using a hierarchical modeling approach, we were able to assess
the distribution of Sumatran rhinos while taking into account the low probability of detecting
signs in the wild. This approach was first tested in Bukit Barisan Selatan National Park in 2008
[15]. Errors of commission, when a species is predicted to be present but is not observed,
reduce the accuracy of predictions from wildlife-habitat models [58]. In our analyses, we used
detection/non-detection data to estimate spatially explicit occurrences, which were then used
to develop rhino distribution maps for the island of Sumatra.

Leuser Landscape

In the Leuser landscape, we found that Sumatran rhinos are primarily concentrated in the cen-
tral region. Comparing this occurrence map to the International Union for Conservation of
Nature’s distribution map [3] and van Strien’s map [8], it appears that in addition to the ‘core’
population, there may be several small populations outside the national park, and thus receive
no institutional protection. We estimated the size of the area rhinos occupied by the rhinos in
the LL to be 2,371 km?, a relatively small area given the size of the landscape (26,000 km?),
with total occurrence of 0.151 (0.109).

In Leuser, the presence of primary dry land forest and river was important for Sumatran
rhino, and the presence of roads had a negative impact. Contrary to anecdotal suggestions that
the optimum locations for rhinos are in lowlands, our model showed that topographic rough-
ness did not influence rhino occurrence. Sumatran rhinos were found both at low elevation
sites with less rugged terrain, and in high elevation habitats.

Study in 1985 used footprint size to identify individual rhinos and estimated a density of 10
rhinos/100 km? in Leuser, or a total of 130-200 animals in the area [8]. The current population is
likely lower than this estimate, but successful breeding still occurs, as indicated by a 2014 video
trap set by the Leuser International Foundation. We suggest the next step for saving the LL rhino
population is to secure the core area while at the same time trying to assess the small isolated
populations scattered outside the core area. Given the current landscape, it is unlikely that these
small populations are connected, but management plans should attempt to consolidate them into
a single large population. Because rhino occurrence is negatively influenced by roads, we suggest
that any area proposed for consolidating the population be located far from roads.

Way Kambas National Park

Of the three parks currently supporting Sumatran rhinos, WKNP is by far the smallest and
contains the most unique habitats. Unlike the other two national parks, this 1,293-km” park is
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dominated by swamp forest, along with secondary lowland forest that resulted from intensive
logging in the 1960s and 1970s. Following logging in the area, rhinos were believed to be locally
extinct [7], but in the 1990s they were ‘rediscovered’ [59]. The park is located in southeast
Sumatra and is bordered on the east by the sea, while its remaining borders are in direct contact
with the surrounding settlements [59]. It encloses the Sumatran Rhino Sanctuary (SRS), a
semi-captive breeding facility for the Sumatran Rhinoceros. In WKNP, Sumatran rhino occur-
rence is negatively associated with roads, but disturbance was unrelated to rhino occurrence.
Perhaps roads, which represent constant human presence, do not disturb the rhinoceros as
much as occasional human presence in the park.

Despite being the smallest of the three areas, we estimate that WKNP has a rhino occurrence
probability of 0.468(0.165). Thus, it appears that WKNP has the highest occurrence rate of rhi-
nos in Sumatra. Rhinos occupied 634 km? of the park area, similar to the occurrence area in
BBSNP. The last known poaching incident in the park was in 2007, and no incident of reported
rhino poaching ever since, though there are signs of elephant killing inside the park. The small
size of the park should allow for rapid inspection by protection teams. Because the occurrence
rate of rhinos is high in WKNP, it is critical that their population be protected, even though its
size is likely to remain small due to the limited size of the park. Rhino calves were recently born
both in the Sanctuary and in the wild. The wild-born calf was photographed with its mother by
a rhino protection unit in 2010 and estimated to be 10 months old.

Bukit Barisan Selatan National Park

Of the three parks, BBSNP is the most studied area. Comparing the overall rhino occupancy in
2008 (0.32; 0.09) with the current estimate (0.322; 0.049), the distribution seems stable with an
area occupied in 2010-2011 of ~820 km”. Interestingly, the same two covariates that were sig-
nificant for LL also affected occurrence of rhino in BBS, but in the opposite way. Sumatran rhi-
nos in BBS were found in areas with fewer rivers (mostly along ridges), and appeared to avoid
primary dryland forest (though the effect was small; Table 1C).

BBSNP has long been thought to be the area with highest abundance of Sumatran rhinos in
Sumatra [4, 60]. During 1998-2005, rhino sign was frequently found in the park, with most
rhino activity occurring in the central region [61]. In 2004-2005, the national road crossing the
central region was upgraded and currently it receives heavy use since it connects the eastern
part of the province with the large west coast city of Bengkulu. WCS has suggested establishing
a non-violated zone in the middle of the park [62], known as an Intensive Protection Zone
(IPZ), based on conservation approaches used to conserve African rhino species.

Our observations indicated that there may be two rhino sub-populations outside of the pro-
posed IPZ. The persistence of these sub-populations has not been confirmed since subsequent
surveys (2012 ~-WCS unpublished, and 2013 ~-WWF and YABI unpublished) were restricted to
the IPZ area. However, data from current camera trapping and fecal DNA surveys (unpub-
lished data) indicate that the population likely has crashed, and suggests that the remaining
population might not be large enough to survive on its own. One possibility is to consolidate
individuals in a new area with very strong protection.

Conclusions

Currently, there is decreasing support in the conservation community to maintain Sumatran
rhinos in their natural habitat [19], and increasing pressure to remove all remaining Sumatran
rhinos from the wild with the hope of developing a successful captive breeding program for the
species. Pessimism regarding maintenance of a wild rhino population on Sumatra is under-
standable since the island has a population of 50 million people [32] and an annual population
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growth rate of 2.4% (mean from 10 provinces, census 2010 [32]). As a result, there is continu-
ing pressure to develop natural habitats, as reflected by the national government's proposal of
an economic corridor in which Sumatra would be the center for production of natural
resources and the nation’s energy reserve [63]. This plan is likely to have significant negative
impact on rhinoceroses since the development of roads would give poachers increased access
[64-65]. In addition, the proposed developments would reduce the area of old-growth forest
on Sumatra, a habitat that declined by 40% between 1990 and 2010 [66].

With uncertainty surrounding the actual rhino population size, it is better to assume a small
population and apply appropriate management accordingly. The question that still needs to be
answered is: how small is it? Furthermore, the relationship between a species distribution and its
population size is not monotonic, especially for a small population of large mammals. A single
individual, in search of food, security, and/or breeding partner, can move over vast areas. Even
without anthropogenic pressure on the population, the combined impacts of demographic and
environmental stochasticity can lead to high rates of extinction in growing populations that are
fewer than 15, and in non-growing populations of fewer than 40 [6]. Conservation step therefore
should be taken immediately without waiting for hard to get information in population sizes.

However, by removing every rhino from the Sumatran landscape, we fear that their natural
landscape would be at a greater risk of development. The presence of Sumatran rhinos can pro-
vide a strong argument for protecting vast landscapes, as the mountain gorilla (Gorilla beringei
beringei) has for Africa. Protected habitat is necessary for sustaining a viable rhino population,
and for providing a place for animals that might be produced in a successful captive breeding
program. We believe it is not too late to conserve Sumatran rhinos through protection of their
wild populations. Some sub-populations may be too small to survive on their own (e.g., BBSNP
and some in LL), and for these it is vital to consolidate them into a single protected population.

In summary, our four recommendations going forward are to:

1. Consolidate the small population in BBSNP and the outside of the core population of LL.
This will require strong political will and major financial support.

2. Give strong protection for the remaining core populations in LL and WKNP by using our
maps (Un-randomized maps, available upon request for strict conservation purposes) to
better identify an Intensive Protection Zone (IPZ).

3. Determine the percentage of breeding females in each population and each population’s
genetic variability. We recognize that DNA from rhino feces degrades quickly in tropical
rainforests and that dung from such a small population individual is hard to find, but new
developments in environmental genetics (E-DNA) could be applied, even in the scattered
small populations outside the core to confirm rhino presence.

4. Recognize that the result of doing nothing is likely to be extinction of the Sumatran rhino,
as occurred with the Javan Rhino in Vietnam [67].

The Indonesian Government is positioned to be the leader in Sumatran rhino conservation,
and should put forth the effort to save this iconic species.

Supporting Information

S1 Fig. Pearson’s Correlation Matrix for Selected Covariates—Leuser Landscape.
(TIFF)

S2 Fig. Pearson’s Correlation matrix for Selected Covariates—Way Kambas National Park.
(TIFF)

PLOS ONE | DOI:10.1371/journal.pone.0136643 September 16,2015 11/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s002

@’PLOS ‘ ONE

The Last Wild Population of Sumatran Rhinoceros

S3 Fig. Pearson’s Correlation Matrix for Selected Covariates—Bukit Barisan Selatan
National Park.
(TIFF)

S4 Fig. Occurrence Probability and Primary Dry Land Forest, Leuser Landscape 2007-
2009.
(TIFF)

S5 Fig. Occurrence Probability and River, Leuser Landscape 2007-2009.
(TIFF)

S6 Fig. Occurrence Probability and Major Road, Way Kambas NP 2008.
(TIFF)

S7 Fig. Occurrence probability and River Bukit Barisan Selatan NP 2010-2011.
(TIFF)

S1 Table. List of covariates.
(DOCX)

S2 Table. Different scale of covariates use in each area.
(DOCX)

S3 Table. Leuser Landscape- 2007-2009. Model selection results; roles of covariates in deter-
mining probability of occupancy Sumatran rhino, with constant detection probability p on
1km long replicates, using the Hines et al. (2010) model. Number of sites = 337. Covariates
considered Primary Dryland Forest (PDF), River, Road Density (Road), Curvature of NDVI
(NDVI), Roughness, and Secondary Dryland Forest (SDF).

(DOCX)

$4 Table. Leuser Landscape- 2007-2009. Model selection results; roles of covariates in Suma-
tran rhinoceros occupancy in Leuser Landscape, based on modeling probability of detecting
rhino sign p on 1km long replicates using the Hines et al. (2010) model. Number of sites = 337.
Covariates considered Primary Dryland Forest (PDF), River, Road Density (Road), Curvature
of NDVI (NDVI), Roughness, and Disturbance.

(DOCX)

S5 Table. Way Kambas NP—2008. Model selection results; roles of covariates in determining
probability of occupancy Sumatran rhino, with constant detection probability p on 1km long
replicates, using the Hines et al. (2010) model. Number of sites = 28. Covariates considered
Road Density (Road), Forest, Deforestation, and Curvature of NDVI (NDVI).

(DOCX)

$6 Table. Way Kambas NP- 2008. Model selection results; roles of covariates in Sumatran rhi-
noceros occupancy in Leuser Landscape, based on modeling probability of detecting rhino sign
p on 1km long replicates using the Hines et al. (2010) model. Number of sites = 28. Covariates
considered Road Density (Road), Forest, Disturbance, Curvature of NDVI (NDVI), and River.
(DOCX)

S7 Table. Bukit Barisan Selatan NP- 2010-2011. Model selection results; roles of covariates
in determining probability of occupancy Sumatran rhino, with constant detection probability p
on 1km long replicates, using the Hines et al. (2010) model. Number of sites = 55. Covariates
considered Primary Dryland Forest (PDF), River, Secondary Dryland Forest (SDEF),

PLOS ONE | DOI:10.1371/journal.pone.0136643 September 16,2015 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s014

@’PLOS ‘ ONE

The Last Wild Population of Sumatran Rhinoceros

Deforestation, and Disturbance.
(DOCX)

S8 Table. Bukit Barisan Selatan NP- 2010-2011. Model selection results; roles of covariates
in Sumatran rhinoceros occupancy in Leuser Landscape, based on modeling probability of
detecting rhino sign p on 1km long replicates using the Hines et al. (2010) model. Number of
sites = 55. Covariates considered Primary Dryland Forest (PDF), River, Dryland Agriculture
(DLA), Disturbance, and Forest.

(DOCX)

Acknowledgments

We wish to thank the following colleagues in Sumatra conservation for collaborative work in
the survey: Hariyo T. Wibisono, Arief Rubianto, Widodo Ramono, G. V. Reddy, Tarmizi, and
Muhammad Yunus. We are also grateful for the contribution of the entire WCS survey team,
LIF survey team, RPU members in Bukit Barisan Selatan and Way Kambas, and Taofik
Nugraha for the map. Arnaud Lyet, Mike Meredith, and Samantha Strindberg were very help-
ful in the revision of the statistical models and statistics. We thank Sarah Brook and Matthew
Linkie for their constructive reviews. We also thank our colleagues in UMass Ambherst for help:
John Finn, Kevin McGarigal, Andrew Stein, and Mike Akresh. Gratitude also goes to the Direc-
tor General of Nature Conservation and The Gunung Leuser National Park, Way Kambas
National Park, and Bukit Barisan Selatan National Park for permission and support to carry
out this research.

Author Contributions

Conceived and designed the experiments: WP. Performed the experiments: WP. Analyzed the
data: WP. Contributed reagents/materials/analysis tools: WP NA. Wrote the paper: WP PRS
TKF TOR NA.

References

1. Orlando L, Leonard JA, Thenot A, Laudet V, Guerin C, Hanni C. Ancient DNA analysis reveals woolly
rhino evolutionary relationships. Mol Phylogenet Evol. 2003; 28: 485-499. PMID: 12927133

2. Foose TJ, van Strien NJ. Asian Rhinos: Status Survey Conservation Action Plan. IUCN, Gland, Swit-
zerland, and Cambridge, UK. 1997; 112 + v pp.

3. Van Strien NJ, Manullang B, Sectionov, Isnan W, Khan MKM, Sumardja E, et al. Dicerorhinus suma-
trensis. In: IUCN 2012. IUCN Red List of Threatened Species. Version 2012.2. 2008. Available: http:/
www.iucnredlist.org/details/6553/0.

4. MoF RI (Ministry of Forestry Republic of Indonesia). Strategy and action plan for the conservation of rhi-
nos in Indonesia. Rhino Century Program, Jakarta, Indonesia. 2007: 1-67. Available: http://www.
rhinoresourcecenter.com/pdf_files/134/1347679274.pdf.

5. IUCN SSC (International Union for Conservation of Nature, Species Survival Commission) Last chance
for the Sumatran rhino—International news release. 2013. Available: http://www.iucn.org/?12741/Last-
chance-for-the-Sumatran-rhino.

6. Miller PS, Lees C, Ellis S, Talukdar B. Population Viability Analysis for the Sumatran Rhino in Indone-
sia. Bogor, Indonesia. 2015; 65.

7. Borner MA. Field Study of the Sumatran Rhinoceros Dicerorhinus sumatrensis (Fischer 1814): Ecology
and Behaviour Conservation Situation in Sumatra. Doctoral Dissertation, der Universitat Basel. 1979.

8. van Strien NJ. The Sumatran rhinoceros, Dicerorhinus sumatrensis (Fischer, 1814), in the Gunung
Leuser National Park, Sumatra, Indonesia: Its distribution, ecology and conservation. P. Parey, Ham-
burg, 1986.

9. Roth TL, Bateman HL, Kroll JL, Steinetz BG, Reinhart PR. Endocrine and ultrasonographic characteri-
zation of a successful pregnancy in a Sumatran rhinoceros (Dicerorhinus sumatrensis) supplemented
with a synthetic progestin. Zoo Biol. 2004; 23(3): 219-238.

PLOS ONE | DOI:10.1371/journal.pone.0136643 September 16,2015 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136643.s015
http://www.ncbi.nlm.nih.gov/pubmed/12927133
http://www.iucnredlist.org/details/6553/0
http://www.iucnredlist.org/details/6553/0
http://www.rhinoresourcecenter.com/pdf_files/134/1347679274.pdf
http://www.rhinoresourcecenter.com/pdf_files/134/1347679274.pdf
http://www.iucn.org/?12741/Last-chance-for-the-Sumatran-rhino
http://www.iucn.org/?12741/Last-chance-for-the-Sumatran-rhino

@’PLOS ‘ ONE

The Last Wild Population of Sumatran Rhinoceros

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.

24.
25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

Roth TL. Integrating science, technology and animal management to produce the first Sumatran Rhino
calf in captivity in 112 years. Proceedings of the AZA Annual Conference 2002: 63—65.

Roth TL. Unraveling the mysteries of sumatran rhino (Dicerorhinus sumatrensis) reproduction. Biol
Reprod. 2003; 68: 95.

Stoops MA, Bateman HL, Campbell MK, Roth TL. Attempted in Vitro Maturation and Fertilization of
Postmortem Sumatran Rhinoceros (Dicerorhinus sumatrensis) Oocytes. J Zoo Wildl Med. 2011; 42(4):
723-726. dx.doi.org/10.1638/2010-0186.1. PMID: 22204070

O’Brien JK, Roth TL. Post-coital sperm recovery and cryopreservation in the Sumatran rhinoceros
(Dicerorhinus sumatrensis) and application to gamete rescue in the African black rhinoceros (Diceros
bicornis). J Reprod Fertil. 2000; 118: 263-271. PMID: 10864790

Andriansyah, Candra D, Riyanto MACT, Barry J, Radcliffe RW. Hematology and Serum Biochemistry
of Sumatran Rhinoceroses (Dicerorhinus sumatrensis) In a Rainforest Sanctuary in Way Kambas
National Park, Indonesia. J Zoo Wildl Med. 2013; 44(2): 280—-284. PMID: 23805545

Pusparini W, Wibisono HT. A landscape-level assessment of Sumatran rhinoceros distribution in Bukit
Barisan Selatan national park, Sumatra. Pachyderm 2013; 53: 59-65.

Buckland ST, Magurran AE, Green RE, Fewster RM. Monitoring change in biodiversity through com-
posite indices. Philos Trans R Soc Lond B Biol Sci. 2005: 360: 243-254. PMID: 15814343

Mackenzie DI, Nichols JD, Hines JE, Knutson MG, Franklin AD. Estimating site occupancy, coloniza-
tion and local extinction probabilities when a species is detected imperfectly. Ecology 2003; 84: 2200—
2207.

Mackenzie DI, Nichols JD, Sutton N, Kawanishi K, Bailey LL. Improving inferences in population stud-
ies of rare species that are detected imperfectly. Ecology 2005; 86: 1101-1113.

Ahmad AH, Payne J, Zainuddin ZZ. Debate Forum: Preventing the extinction of the Sumatran rhinoc-
eros. Journal of Indonesian Natural History 2013; 1(2): 11-22.

Anonymous. Sumatran Rhino Trust. Animal Kingdom. 1989; 92: 2.
Doherty JG. Saving species: the Sumatran Rhino Trust. Zoo View 1992; 26: 24-27.
Hutchins M. Sumatran Rhino Conservation. Conserv Biol. 1995; 9: 977-977.

Hutchins M, Conway WG. Beyond Noah's Ark: the evolving role of modern zoological parks and aquari-
ums in field conservation. Int Zoo Yearb. 1995; 34: 117-130.

Lessee J. Sad news [Sumatran rhino in San Diego]. Really Rhinos 1995; 9: 1.
Merz A. The Sumatran Rhino. REF Journal 1997; 11: 4-5.
Nichols H. Sex and the single Rhinoceros. Nature 2012; 485: 566—-569.

Rabinowitz A. Helping a species go extinct—the Sumatran rhino in Borneo. Conserv Biol. 1995; 9:
482-488.

Hance J. Officials: Sumatran rhino is extinct in the wild in Sabah. Mongabay. 2015. Available: http://
news.mongabay.com/2015/0423-hance-sumatran-rhino-sabah-extinct.html.

Payne J, Ahmad AH. A comment on 'sex and the single Rhinoceros' by Henry Nichols. 2012. Available:
http://www.borneorhinoalliance.org/featured/a-comment-on-sex-and-the-single-rhinoceros-by-henry-
nicholls/.

Sabah Wildlife Department. Press release: Female Sumatran rhino rescued and translocated from
Danum Valley to the Borneo Rhino Sanctuary in Tabin Wildlife Reserve. 2014. Available: http://
macroecology.ku.dk/dk/medier/news_list/2014/03_sidste_vilde_sumatranaesehorn_fanget_i_
malaysia/Wild_rhino_rescued_23Mar14.docx.

Macdonald-Madden E, Baxter PWJ, Possingham HP. Subpopulation Triage: How to Allocate Conser-
vation Effort among Populations. Conserv Biol. 2008; 22: 656—665. doi: 10.1111/j.1523-1739.2008.
00918.x PMID: 18477029

BPS (Badan Pusat Statistik). Trends of Selected Socio-Economic Indicators of Indonesia. 2013. Avail-
able: http://www.bps.go.id/eng/download_file/booklet_leaflet/Booklet_Mei_2013.pdf.

Laumonier Y. The Vegetation and Physiography of Sumatra. Kluwer Academic Pub, Dordrecht, the
Netherlands; 1997.

Wibisono HT, Linkie M, Guillera-Arroita G, Smith JA, Sunarto, Pusparini W, et al. Population Status of a
Cryptic Top Predator: An Island-Wide Assessment of Tigers in Sumatran Rainforests. PLoS One 2011;
6(11): 1-6.

Zafir AWA, Mohamed A, Lau CF, Sharma DSK, Payne J, Alfred R, et al. Now or never: What will it take

to save the Sumatran rhinoceros Dicerorhinus sumatrensis from extinction? Oryx 2011; 45: 225-233.

PLOS ONE | DOI:10.1371/journal.pone.0136643 September 16,2015 14/16


http://dx.doi.org/10.1638/2010-0186.1
http://www.ncbi.nlm.nih.gov/pubmed/22204070
http://www.ncbi.nlm.nih.gov/pubmed/10864790
http://www.ncbi.nlm.nih.gov/pubmed/23805545
http://www.ncbi.nlm.nih.gov/pubmed/15814343
http://news.mongabay.com/2015/0423-hance-sumatran-rhino-sabah-extinct.html
http://news.mongabay.com/2015/0423-hance-sumatran-rhino-sabah-extinct.html
http://www.borneorhinoalliance.org/featured/a-comment-on-sex-and-the-single-rhinoceros-by-henry-nicholls/
http://www.borneorhinoalliance.org/featured/a-comment-on-sex-and-the-single-rhinoceros-by-henry-nicholls/
http://macroecology.ku.dk/dk/medier/news_list/2014/03_sidste_vilde_sumatranaesehorn_fanget_i_malaysia/Wild_rhino_rescued_23Mar14.docx
http://macroecology.ku.dk/dk/medier/news_list/2014/03_sidste_vilde_sumatranaesehorn_fanget_i_malaysia/Wild_rhino_rescued_23Mar14.docx
http://macroecology.ku.dk/dk/medier/news_list/2014/03_sidste_vilde_sumatranaesehorn_fanget_i_malaysia/Wild_rhino_rescued_23Mar14.docx
http://dx.doi.org/10.1111/j.1523-1739.2008.00918.x
http://dx.doi.org/10.1111/j.1523-1739.2008.00918.x
http://www.ncbi.nlm.nih.gov/pubmed/18477029
http://www.bps.go.id/eng/download_file/booklet_leaflet/Booklet_Mei_2013.pdf

@’PLOS ‘ ONE

The Last Wild Population of Sumatran Rhinoceros

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Clements R, Rayan DM, Zafir AWA, Venkataraman A, Alfred R, Payne J. et al. Trio under threat: can
we secure the future of rhinos, elephants and tigers in Malaysia? Biodivers Conserv. 2010; 19: 1115—
1136.

Meijaard E, Nijman V. Secrecy considerations for conserving Lazarus species. Biol Conserv. 2014;
175:21-24.

Wich S, Riswan YEL, Jenson J, Refisch J, Nellemann C. Orangutans and the Economics of Sustain-
able Forest Management in Sumatra. UNEP/GRASP/ PanEco/YEL/ICRAF/GRID-Arendal. 2011.
Available: http://www.unep.org/pdf/orangutan_report_scr.pdf.

BPKEL (Badan Pengelola Kawasan Ekosistem Leuser). Leuser Ecosystem Management Authority
Homepage. 2013. Available: http://leuserecosystem.org/id/leuser/52-the-leuser-ecosystem.html.

Ditjen PHKA Kemenhut Rl (Direktorat Jenderal Perlindungan Hutan dan Konservasi Alam Kementrian
Kehutanan Republik Indonesia). Taman Nasional Bukit Barisan Selatan. 2012. Available: http://
ditienphka.dephut.go.id/index.php/daftar-taman-nasional/711-tn-bukit-barisan-selatan.

Gaveau DLA, Epting J, Lyne O, Linkie M, Kumara |, Kanninen M, et al. Evaluating whether protected
areas reduce tropical deforestation in Sumatra. J Biogeogr. 2009; 36: 2165-2175.

Wibisono HT, Pusparini W. A survey protocol: Sumatran Rhino Monitoring—Patch Occupancy
Approach. 2008. Available: http://www.academia.edu/5443513/A_SURVEY_PROTOCOL _
SUMATRAN_RHINO_MONITORING_PATCH_OCCUPANCY_APPROACH.

Karanth KU, Nichols JD. Non-invasive survey method for assessing tiger population. In: Tilson RL,
Nyhus PJ, editors. Tigers of the world: the science, politics, and conservation of Panthera tigris. Else-
vier/Academic Press, Boston.2010. pp 241-261.

Mackenzie DI, Royle JA. Designing occupancy studies: general advice and allocating survey effort. J
Appl Ecol. 2005; 42: 1105-1114.

Evans JS, Oakleaf J, Cushman SA, Theobald D. A Toolbox for Surface Gradient Modeling. Jeffrey S.
Evans spatial ecology website. In prep. Available: http://evansmurphy.wix.com/evansspatial.

McGarigal K, Tagil S, Cushman SA. Surface metrics: an alternative to patch metrics for the quantifica-
tion of landscape structure. Landscape Ecol. 2009; 24: 433—450.

Hines JE. PRESENCE4- Software to estimate patch occupancy and related parameters. USGS-
PWRC. 2006. Available: http://www.mbr-pwrc.usgs.gov/software/presence.shtml.

Royle JA, Dorazio RM. Hierarchical modeling and inference in ecology: the analysis of data from popu-
lations, metapopulations and communities. Academic Press; 2008.

Mackenzie DI, Kendall WL. How should detection probability be incorporated into estimates of relative
abundance? Ecology 2002; 83: 2387-2393.

Mackenzie DI, Nichols JD, Lachman GB, Droege S, Royle JA, Langtimm C. Estimating site occupancy
rates when detection probabilities are less than one. Ecology 2002; 83: 2248-2255.

Mackenzie DI, Royle JA, Brown JA, Nichols JD. Occupancy estimation and modeling for rare and elu-
sive populations. In Thompson W. L., editor. Sampling rare or elusive species: Concepts, designs, and
techniques for estimating population parameters. Island Press, 2004.

Mackenzie DI. Was it there? Dealing with imperfect detection for species presence/absence data. Aust.
N. Z. J. Stat. 2005; 47: 65-74.

Kery M, Schaub M. Bayesian Population Analysis using WinBUGS: A hierarchical perspective. Aca-
demic Press, 2011.

Hines JE, Nichols JD, Royle JA, Mackenzie DI, Gopalaswamy AM, Kumar NS, et al. Tigers on trails:
Occupancy modeling for cluster sampling. Ecol Appl. 2010; 20(5): 1456-1466. PMID: 20666261

Kery M. Introduction to Winbugs for Ecologist. A Bayesian Approach to Regression, ANOVA, Mixed
Models and Related Analyses. Academic Press, 2010.

Karanth KU, Gopalaswamy AM, Kumar NS, Vaidyanathan S, Nichols JD, MacKenzie DI. Monitoring
carnivore populations at the landscape scale: occupancy modelling of tigers from sign surveys. J Appl
Ecol. 2011; 48: 1048—-1056.

Burnham KP, Anderson DR. Model selection and multimodel inference: A practical information-theoritic
approach. 2nd ed. Springer-Verlag, 2002.

Stauffer HB, Ralph CJ, Miller SL. Incorporating detection uncertainty into presence-absence surveys
for marbled murrelet. In Scott J. M., Heglund P. J. and Morrison M. L., Haufler J. B., Raphael M. G.,
Wall W. A. and Samson F. B.. Predicting species occurrences: Issues of accuracy and scale. Island
Press, Washington DC, USA. 2002. pp. 357—368.

Reilly J, Spedding GH, Apriawan. Preliminary observations on the Sumatran rhino in Way Kambas
National Park, Indonesia. Oryx, 1997; 31(2): 143—-150.

PLOS ONE | DOI:10.1371/journal.pone.0136643 September 16,2015 15/16


http://www.unep.org/pdf/orangutan_report_scr.pdf
http://leuserecosystem.org/id/leuser/52-the-leuser-ecosystem.html
http://ditjenphka.dephut.go.id/index.php/daftar-taman-nasional/711-tn-bukit-barisan-selatan
http://ditjenphka.dephut.go.id/index.php/daftar-taman-nasional/711-tn-bukit-barisan-selatan
http://www.academia.edu/5443513/A_SURVEY_PROTOCOL_SUMATRAN_RHINO_MONITORING_PATCH_OCCUPANCY_APPROACH
http://www.academia.edu/5443513/A_SURVEY_PROTOCOL_SUMATRAN_RHINO_MONITORING_PATCH_OCCUPANCY_APPROACH
http://evansmurphy.wix.com/evansspatial
http://www.mbr-pwrc.usgs.gov/software/presence.shtml
http://www.ncbi.nlm.nih.gov/pubmed/20666261

@’PLOS ’ ONE

The Last Wild Population of Sumatran Rhinoceros

60.

61.

62.

63.

64.

65.

66.

67.

Talukdar, BK, Sectionov, Whetham LB. Proceedings of the Asian Rhino Specialist Group meeting held
at Kaziranga National Park, India. 10—12 February 2010. P. 30. Available: http://cmsdata.iucn.org/
downloads/asrsg_2010_meeting_report.pdf.

Pusparini W. Population and habitat feasibility study of the Sumatran rhino (Dicerorhinus sumatrensis,
Fischer 1814) at Bukit Barisan Selatan National Park. Bachelor Thesis. University of Indonesia. 2010.
Available: http://www.academia.edu/12640962/Studi_Populasi_dan_Analisis_Kelayakan_Habita_
Badak_Sumatera_Dicerorhinus_sumatrensis_Fischer_1814_di_Taman_Nasional_Bukit_Barisan_
Selatan.

WCS-IP. Accountable Conservation: Monitoring Sumatran Tiger and Prey Population Status in Bukit
Barisan Selatan and Bukit Balai Rejang. Bogor. April 2012. P. 31. Available: http://www.academia.edu/
6991716/ACCOUNTABLE_CONSERVATION_MONITORING_SUMATRAN_TIGER_AND_PREY _
POPULATION_STATUS_IN_BUKIT_BARISAN_SELATAN_AND_BUKIT_BALAI_REJANG.

Strategic Asia. Implementing Indonesia’s economic master plan (MP3E1): Challenges, limitations, and
corridor specific differences. 2012. Available: http://www.strategic-asia.com/pdf/Implementing%20the
%20MP3EI%20Paper.pdf.

Wibisono HT, Martyr D, Haidir IA. The status of Sumatran tiger population and habitat: lessons and
solutions from Sumatra. In Global Tiger Initiative Secretariat. Managing Tiger Conservation Land-
scapes and Habitat Connectivity: Threats and Possible Solutions. Experiences from Bangladesh,
India, Indonesia, Malaysia, Myanmar, Nepal, Thailand, and Vietnam. The World Bank, Washington, D.
C.2012. pp. 1427

ATBC (Association of Tropical Biology and Conservation). Resolution Opposing Road Construction
through Kerinci Seblat National Park, Indonesia. 2011. Available: http:/tropicalbio.org/tropicalbiology/
wp-content/uploads/2013/07/ATBC-resolution16-Kerinci-Seblat-Road.pdf.

Margono BA, Turubanova S, Zhuravleva |, Potapov P, Tyukavina A, Baccini A, et al. Mapping and mon-
itoring deforestation and forest degradation in Sumatra (Indonesia) using Landsat time series data sets
from 1990 to 2010. Environ. Res. Lett. 2013; 7(3): 034010.

Brook SM, Dudley N, Mahood SP, Polet G, Williams AC, Duckworth JW, et. al. Lessons learned from
the loss of a flagship: The extinction of the Javan rhinoceros Rhinoceros sondaicus annamiticus from
Vietnam. Biol Conserv. 2014; 174: 21-29.

PLOS ONE | DOI:10.1371/journal.pone.0136643 September 16,2015 16/16


http://cmsdata.iucn.org/downloads/asrsg_2010_meeting_report.pdf
http://cmsdata.iucn.org/downloads/asrsg_2010_meeting_report.pdf
http://www.academia.edu/12640962/Studi_Populasi_dan_Analisis_Kelayakan_Habita_Badak_Sumatera_Dicerorhinus_sumatrensis_Fischer_1814_di_Taman_Nasional_Bukit_Barisan_Selatan
http://www.academia.edu/12640962/Studi_Populasi_dan_Analisis_Kelayakan_Habita_Badak_Sumatera_Dicerorhinus_sumatrensis_Fischer_1814_di_Taman_Nasional_Bukit_Barisan_Selatan
http://www.academia.edu/12640962/Studi_Populasi_dan_Analisis_Kelayakan_Habita_Badak_Sumatera_Dicerorhinus_sumatrensis_Fischer_1814_di_Taman_Nasional_Bukit_Barisan_Selatan
http://www.academia.edu/6991716/ACCOUNTABLE_CONSERVATION_MONITORING_SUMATRAN_TIGER_AND_PREY_POPULATION_STATUS_IN_BUKIT_BARISAN_SELATAN_AND_BUKIT_BALAI_REJANG
http://www.academia.edu/6991716/ACCOUNTABLE_CONSERVATION_MONITORING_SUMATRAN_TIGER_AND_PREY_POPULATION_STATUS_IN_BUKIT_BARISAN_SELATAN_AND_BUKIT_BALAI_REJANG
http://www.academia.edu/6991716/ACCOUNTABLE_CONSERVATION_MONITORING_SUMATRAN_TIGER_AND_PREY_POPULATION_STATUS_IN_BUKIT_BARISAN_SELATAN_AND_BUKIT_BALAI_REJANG
http://www.strategic-asia.com/pdf/Implementing%20the%20MP3EI%20Paper.pdf
http://www.strategic-asia.com/pdf/Implementing%20the%20MP3EI%20Paper.pdf
http://tropicalbio.org/tropicalbiology/wp-content/uploads/2013/07/ATBC-resolution16-Kerinci-Seblat-Road.pdf
http://tropicalbio.org/tropicalbiology/wp-content/uploads/2013/07/ATBC-resolution16-Kerinci-Seblat-Road.pdf

