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Abstract

Understanding the effect of anthropogenic disturbance, and its interaction with carnivores

and their prey, is crucial to support the conservation of threatened carnivores, particularly in

rapidly changing landscapes. Based on systematic camera-trap sampling of four protected

areas in Riau Province of central Sumatra, we assessed the habitat occupancy and spatio-

temporal overlap between people, potential carnivore prey, and four threatened species of

medium-sized or large carnivores: Sumatran tigers (Panthera tigris sumatrae), Malayan sun

bears (Helarctos malayanus), dholes (Cuon alpinus), and Sunda clouded leopards (Neofelis

diardi). To assess spatial overlap of target species, we used single-species occupancy mod-

els and applied a Species Interaction Factor (SIF) to conditional two-species occupancy

models. We also used kernel density estimation (KDE) to assess temporal overlap among

these species. Our habitat use models showed that altitude (elevation) strongly influenced

the occupancy of all large carnivores and potential prey species. Except for Sunda clouded

leopards, the occurrence of large carnivore species was positively related to the spatial co-

occurrence of humans (SIF > 1). In addition, we found that sun bears and dholes both exhib-

ited high spatial overlap with tigers, and that sun bears alone exhibited high temporal over-

lap with people. Our findings contribute to an improved understanding of the contemporary

ecology of carnivores and their prey in rapidly changing, southeast Asian landscapes. Such

knowledge is important to the conservation and recovery of large carnivores in conservation

hotspots that are increasingly dominated by humans across Sumatra, as well as globally.

Introduction

Sumatra is globally significant for large carnivore conservation and now supports the only

extant populations of ’island’ tigers [1, 2]. Efforts to conserve carnivore habitats on Sumatra
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have been centered around a number of protected areas, including “conservation areas” (i.e.
wildlife sanctuaries, national parks) and “protected forests” (i.e., designated protected forest

areas) [3, 4]. However, human intrusion and habitat degradation continue to occur in and

around these protected areas, driven mainly by illegal subsistence and commercial agricultural

activities [4, 5]. This impact is further aggravated by the direct poaching of carnivores and

their prey, as well as retaliatory killings precipitated by human-carnivore conflict. Both of

these activities are substantial factors in the rate of decline of local carnivore populations in

Sumatra and globally, as well as the contraction of their geographic ranges [6, 7]. Strong

anthropogenic pressures tend to not only eliminate large carnivores, but also have cascading

effects on ecosystem function [8]. Overall, approximately 7,540,000 ha of primary forest was

lost in Sumatra between 1990–2010; moreover, between 1985 and 2007, the ‘conservation area’

and ‘protection forest’ classes of protected areas have lost 12% and 20% of forest cover, respec-

tively, anthropogenic impacts which are having serious repercussions for suitable carnivore

habitats on the island [9, 10].

Environmental conditions, including anthropogenic disturbances, and the presence of

other species, can influence species occurrences [11]. Understanding the effects of those envi-

ronmental conditions, and the presence of other species on sympatric carnivores, is critical to

improving conservation management strategies. Such studies are sparse however and require

current information regarding species habitat and population dynamics, including the effects

of anthropogenic disturbance intensity [8, 12, 13]. Furthermore, it is important that these stud-

ies investigate species co-occurrence patterns as a means to examine interspecific interactions

in the context of these disturbances [14]. Co-occurrence or co-occupancy analyses offer an

effective way to investigate the interaction between species [15]. Our study investigates the

relationships among carnivores, potential prey, and humans via spatiotemporal occupancy

data. We used systematic camera-trapping surveys to address the challenges related to collect-

ing ecological occurrence information on large forest carnivores, which often present a

research challenge due to their elusiveness, low population densities, and dense rainforest veg-

etation [1, 16, 17]. To account for potential “false absences” of our target species and robustly

examine potential competition and the importance of species and habitat covariates, we used

two-species occupancy models and incorporated a species interaction factor (SIF) [18]. In

addition, we used kernel density estimation (KDE) based on circular-transformed temporal

data to investigate the temporal overlap and interaction among people, large carnivores, and

potential prey species, [17].

Our study further contributes to contemporary ecological insights into the ecology of carni-

vores and their prey across a large, anthropogenically-impacted landscape that includes four

major protected areas in central Sumatra. Moreover, it fills critical gaps in our general knowl-

edge of these carnivores both overall and for the island. Several prior scientific studies in

Sumatra have described various aspects of the ecology of carnivores, including: interspecific

interactions among five sympatric cat species [2]; the ecology of meso-predators, including

Sunda clouded leopards (Neofelis diardi), marbled cats (Pardofelis marmorata), golden cats

(Catopuma temminckii) and leopard cats (Prionailurus bengalensis) [19]; the activity patterns

of five sympatric cat species [20]; and, temporal overlap between Sumatran tigers (Panthera
tigris sumatrae) and other native carnivores [21]. Few studies have examined the impact of

humans on carnivore ecology and occupancy in Sumatra beyond variation in population den-

sities for tigers [22–24], and Sunda clouded leopards [25] in a limited geographical region. No

scientific study has of yet explored the spatial and temporal overlap among people, sympatric

carnivores, and their potential prey species, in Sumatra. To this end, we aimed to assess the

occupancy and habitat relationships of large carnivorans, including the Sumatran tiger,

Malayan sun bear (Helarctos malayanus), dhole (Cuon alpinus), and Sunda clouded leopard,
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and their potential prey species, including ungulates such as the southern red muntjac (Mun-
tiacus muntjac), bearded pig (Sus barbatus), sambar deer (Rusa unicolor), Sumatran serow

(Capricornis sumatraensis), wild boar (Sus scrofa) and a smaller prey species group, mouse

deer (Trangulus spp). Our objective was to do this in the greater context of anthropogenic

impacts to understand the role of human presence and different human activities. We also

intended to investigate the spatiotemporal overlap exhibited among humans, large carnivores,

and their potential prey species, as well as examine the overlap and interactions among tigers

as the local apex predator, other ‘subordinate’ large carnivores, and potential prey species.

Materials and methods

We obtained all relevant permits from The Ministry of Environment and Forestry under its

technical agencies: Balai Besar Konservasi Sumber Daya Alam Riau (BBKSDA Riau/Natural

Resource Conservation Agency of Riau), and Tesso Nilo National Park (TNNP). In addition,

our field teams also received verbal permissions from all adjacent villages to work across our

study sites.

Study area

From 2012 to 2015, we conducted systematic camera-trapping surveys of six different study

sites within four different management regimes of protected areas in the southern part of Riau

Province, including: Bukit Rimbang Bukit Baling Wildlife Reserve (RBWR or Rimbang Baling

for short), Tesso Nilo National Park (TNNP), Bukit Bungkuk Nature Reserve (BBNR), and

Bukit Betabuh Protection Forest (BBPF). For each study area, we attempted to select sampling

sites that were generally and broadly representative. RBWR (1,410 km2) is the largest protected

area among all our study sites, and sampling was conducted in three parts of the reserve: the

northeast (surveyed in 2012), the northwest (surveyed in 2014), and the south (surveyed in

2015). TNNP (830 km2), a national park established in 2004, was sampled in 2013, whereas

BBNR, the smallest conservation area surveyed (200 km2), was sampled in 2012. BBPF, the

only “protected forest”, BBP sampled in 2013.

Data collection

We deployed paired camera-trap stations originally intended to facilitate the identification of

individual tigers (i.e., taking photos of each flank of an animal), record their prey, and identify

other sympatric species, including other carnivores. We superimposed a digital 2x2-km grid

over all study sites using ArcGIS [26], and selected every other cell to sample to minimize spa-

tial autocorrelation of data. The interval among camera-trap stations ranged between one and

four kilometers to assure that at least three pairs of cameras were present in each tiger’s home

range [22]. Cell size was originally chosen as a compromise between the logistics and cost of

field access and navigation, and a statistical need to ensure a ‘non-zero probability’ of photo-

graphing target species, especially tigers [2]. Camera-traps were left in the field for ~3 months

to meet the assumption of a demographically closed population, as the gestation period of

tigers is reported to range from 90 to 120 days [22, 25], and installed at a height of ~30 cm

above ground level. The sensitivity of camera sensors varied according to the physical context

of the station location (e.g., cameras were set to medium sensitivity under less dense/ more

open canopy). We did not install camera traps in tree canopies to record the arboreal activities

of species. Camera-traps paired at the same station were deployed at a slight angle away from

each other to avoid having to trigger each other. All camera-traps were visited monthly to

retrieve data from memory cards and ensure continued camera functionality. We did not use

any lures or baits to attract animals, and used several different passive infrared camera-trap
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models across study areas, including: Bushnell1Natureview and Trophycam models, and

Reconyx1HC600 and PC800 models. All data were managed via spreadsheets and compiled

into a singular standardized database [22, 27].

For our analyses, we focused on ten different wildlife species as well as humans. These spe-

cies included all large and medium-sized carnivores (body size: 20.50 to 185.50 kg), (i.e., tigers,

clouded leopards, dholes, sun bears) [2], but also included large- and medium-sized potential

prey species like southern red muntjac, bearded pigs, sambar deer, Sumatran serows, wild

pigs, and mouse deer [2, 28, 29]. We designated events as independent if either (1) consecutive

images were of different species, or (2) and interval of at least 30 minutes occurred between

consecutive images of the same species [30]. For each station and overall, we calculated average

camera-trapping rates (CTR) for each species by dividing the number of independent “cap-

ture” events by camera-trapping effort per 100 trap-nights (i.e., 100 nights that the camera-

trap was operational). To characterize the anthropogenic pressures across our study sites, we

allocated images of humans recorded in camera-trap photos into one of the following catego-

ries: (1) “bird catchers”, as indicated by people carrying bird cages and other apparent bird-

catching tools; (2) “encroachers”, which are typically individuals unaccompanied by special-

ized equipment; (3) “loggers”, who brought logging tools of various sort (e.g., saws and axes),

or were photographed carrying logs; (4) “poachers”, who typically carried weapons used in

hunting; (5) “fishermen,” who carried fish and/or visible fishing tools, such as fishing rods or

nets; and (6) “non-timber forest product (NTFP) collectors,” usually depicted carrying NTFP

products or harvesting tools, such as machetes and long bamboos, to collect forest fruits.

Modelling occupancy and spatial overlap

We used single-season occupancy modeling analyses [31] to explore those factors influencing

habitat use by carnivores and potential prey species. Among the important covariates we

examined were altitude (m asl; as recorded in the field at each station), distance to the nearest

forest edge (m), distance to the nearest road (m), and distance to the closest big river (m). We

obtained forest cover layer based on the interpretation of satellite imagery data from Eyes on

the Forest [32], and subsequent ground verification surveillance. Data on road and river net-

works were obtained from Badan Informasi Geospasial 2013 [33]. Details of all map layers

were projected onto the Universal Transverse Mercator (UTM) under the World Mercator.

All spatial representations and related analyses were conducted in ArcGIS 10.4 [26].

We hypothesized that shorter distances to roads, big rivers, and forest edges would lead to

decreased independent occurrence records of carnivores and prospective prey species. We also

assumed lower elevations would be related to higher human disturbance. A preliminary analy-

sis using Pearson’s correlation demonstrated that the distance to roads, and the distance to for-

est edges, were strongly correlated with each other (r = 0.79); we therefore did not include

these two covariates together in the same model (S2 Table). We also included survey effort

(e.g., no. of camera-trap nights per station) as a covariate in our detection probability models

[p(Effort)]. We used Akaike Information Criteria (AIC) as our multi-model inference and

selection framework, top models for which were indicated by relatively low AIC values [34].

We used the corrected version of AIC (AICc) for smaller sample sizes, and conducted model

averaging for our top models, i.e., AICc� 2 [35]. Those covariates associated with top models

for single-species occupancy models informed the development of two-species occupancy

models.

We used a single-season two-species occupancy model [18] to investigate the spatial occur-

rences and relationships between presumably dominant species (i.e., people and tigers), as well

as presumably “subordinate” species (i.e., as represented by the other carnivores and their prey
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species). We hypothesized that carnivores and their prey would likely avoid the presence of

humans, and larger competitors or predators. We did not use a multi-species occupancy

model, as such models assume symmetrical interactions [11, 36], and we do not believe this to

be realistic. We treated potential prey species as “dominant” species, as they likely influenced

the occupancy of tigers and other carnivores. We also assessed Species Interaction Factors

(SIF) estimated from the conditional two-species occupancy model, where SIF = ψA × ψBA /

(ψA × (ψA × ψBA + (1 − ψA) × ψBa)) [18], ψA = the probability of occupancy for species A, ψBA

is the probability of occupancy of species B given species A is present, and ψBa is the probability

of occupancy for species B given species A is absent. Paired species occurrences were consid-

ered independent when SIF = 1, overlapped when SIF > 1, and were non-overlapping when

SIF < 1. We generated SIFs and 95% CI using package ‘mvtnorm’ version 1.1–1 in R version
3.6.3 [37].

Detection history was based on distinct survey occasions, each of which consisted of a

14-day interval; positive detections for each survey occasion were indicated by a ‘1’, whereas a

lack of detections, or failure to detect, was represented by a ‘0’ (i.e., non–detections). A ‘-’ indi-

cated a camera-trap station that was not active during the specified time interval [19]. We per-

formed all occupancy modelling in the package ‘wiqid’ version 0.3.0 in R version 3.6.3 [38].

Temporal patterns and overlap

Carnivores and their prey species tend to adapt their daily temporal activity, presumably to

avoid competitors and predators, respectively [19]. We used package ‘overlap’ version 0.3.2 in

R version 3.6.3 to calculate Kernel Density Estimators (KDE) and quantify the degree of over-

lap in activity patterns between people and large carnivore species. Specifically we focused on

three Δ estimators, which ranged from 0 (no overlap) to 1 (complete overlap) [17, 39, 40]. The

D̂4 represents the best estimator when the smallest sample included at least 50 observations;

for smaller sample sizes, we used D̂1 [39]. After performing smoothed bootstraps of 10,000

iterations [39], we classified activity overlap of Δ�50th percentile as “low”, activity overlap in

the 50th< Δ<75th percentile as “moderate”, and activity overlap of the Δ> 75th percentile as

“high” [40]. To test for differences in activity patterns among study sites, we used the nonpara-

metric circular Mardia–Watson–Wheeler statistical test [41, 42].

Results

We recorded a total of 14,013 camera-trap nights across 147 active camera-trap stations and

an effective sampling area of 935 km2. Our largest survey efforts were in Southern Rimbang

Baling, where we accumulated 3,269 trap nights from 32 camera-trap stations across 208 km2.

This was the most isolated of our study sites and had the longest mean distances to forest edges

(7,731 m; range 3,156–12,399 m), roads (10,667 m; range 3,655–16,234 m), and to large rivers

(7,731 m; range 3,156–12,399 m). Conversely, Tesso Nilo was the most accessible site and had

the lowest mean elevation (81 m asl; range 41–110 m asl), shortest mean distance to roads

(307 m asl; range 2–1,675 m), and the shortest mean distance to forest edges (1,577 m; range

0–4,380 m) (Table 1). Across all sites, we obtained a total of 1,818 (37.59%) independent pho-

tographs of people appearing to be engaged in illegal activities, representing 37.6% of all cam-

era-trap images from our study. Malayan sun bears were by far the most frequently detected

medium-sized or large carnivore across all camera-trap stations (n = 565), followed by Sunda

clouded leopards (n = 190). The most frequently detected potential prey species across all cam-

era-trap stations was the southern red muntjac (n = 658); in contrast, the fewest number of

detections were for sambar (n = 15) (S4 Table). Among all study sites, Tesso Nilo experienced

the most intense anthropogenic pressures as indicated by our records of logging-related
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activities (515 independent events or 61%; CTR = 21.56/ 100 trap nights; S5 Table), and people

with motorbikes (689 independent photographs or 79%; CTR = 28.79/ 100 trap nights; S5

Table). Based on our data across all sites, Rimbang Baling and Bukit Bungkuk were subject to

relatively lower anthropogenic pressures (i.e., based on our total CTR of people).

Occupancy and habitat use models

We documented large variations in our naive occupancy estimates for large carnivores, poten-

tial prey species, and people across all study sites. Among all sites, the highest naive occupancy

estimates for sun bears occurred in Southern RB (0.91 ± SD 0.30), for Sunda clouded leopards

in Northwestern RB (0.77 ± SD 0.43), and for tigers in Southern RB (0.50 ± SD 0.51), relative

to other study areas (S6 Table). However, our naive occupancy estimate for dholes (0.09 ± SD

0.30) was low across all study areas. Among all potential prey for all study sites, the highest

naive occupancy was for the southern red muntjac (0.84 ± SD 0.37), whereas the lowest was

for the Sumatran serow (0.07 ± SD 0.25), a species that we only recorded in Rimbang Baling.

Across all study sites, mean naive occupancy for people was relatively high (0.60 ± SD 0.49)

(S6 Table). Mean detection probability for people across all study sites (0.35; 95% CI: 0.30–

0.41) was also higher than for each large carnivore, with the highest mean detection probability

for humans originating from Northeastern Rimbang Baling (Fig 1). Whereas sun bears had the

highest detection probability among all large carnivores (0.33; 95% CI: 0.29–0.38), dholes had

the lowest (0.06; 95% CI: 0.03–0.12) (Fig 1).

The average modeled occupancy estimates for people across all sites combined was ψ = 0.62

(95% CI: 0.46–0.76), with estimates for Tesso Nilo higher relative to all other sites (0.78, 95%

Table 1. Survey efforts and characteristics of all study sites within four major protected areas.

Survey Characteristics Northeastern

Rimbang Baling

Northwestern

Rimbang Baling

Southern

Rimbang Baling

Bukit Bungkuk Bukit Betabuh Tesso Nilo Entire study

area

Survey effort

Area status Wildlife reserve Wildlife reserve Wildlife reserve Nature reserve Protected forest National park

Survey period (dd/mm/yyyy) 16/11/2011–25/02/

2012

12/02/2014–10/06/

2014

28/08/2015–19/

12/2015

09/06/2012–

17/09/2012

11/01/2013–25/

04/2013

18/07/2013–

02/11/2013

Effective trap nights 1,688 3,169 3,268 1,762 1,791 2,335 14,013

Trap polygon size (km2)a 95 195 208 99 161 177 935

Camera stations 20 31b 32 20 20 25 148

Camera loss 0 4 0 0 0 1c 5

Habitat variables (mean (min–max))

Mean altitude with min–max

(m asl)d
289 (102–830) 746 (378–1,247) 559 (291–886) 328 (158–572) 333 (64–580) 81 (41–110) 421 (35–

1,274)

Mean distance to roads with

min–max (m)e
4,489 (1,303–9,026) 6,324 (2,083–1,0487) 10,667 (3,655–

16,234)

4,988 (921–

7,768)

3,504 (200–

7,649)

307 (2–1,675) 5,429 (2–

16,234)

Mean distance to big rivers

with min–max (m)e
9,762 (4,709–13,895) 2,162 (199–5,422) 10,702 (4,229–

14,960)

6,239 (1,119–

10,600)

4,320 (821–

8,053)

4,257 (746–

9,386)

6,258 (199–

14,960)

Mean distance to edge of

forests with min–max (m)f
2,359 (238–4,986) 4,993 (752–9,208) 7,731 (3,156–

12,399)

2,591 (285–

6,076)

1,627 (0–4,138) 1,577 (0–4,380) 3,881 (0–

12,399)

abased on Minimum Convex Polygon (MCP) of camera stations.
bthere were only 30 active stations due to camera theft.
cburned due to forest fires.
dmanually derived from GPS waypoints at camera-trap stations.
eusing Badan Informasi Geospasial (BIG) data [33].
fusing land cover map 2012 [32].

https://doi.org/10.1371/journal.pone.0265440.t001
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CI: 0.63–0.88) (Fig 2). Perhaps unsurprisingly, Tesso Nilo also had the lowest ψ for sun bears,

clouded leopards, and tigers. Among all carnivores and across all study sites overall, sun bears

had the highest mean ψ (0.76; 95% CI: 0.39–0.75), whereas tigers had the lowest (ψ = 0.43, 95%

CI 0.04–0.35) (Fig 2). Among all potential prey species and across all study sites, southern red

muntjac had the highest mean occupancy (ψ = 0.86; 95% CI: 0.72–0.94), followed by wild boar

(ψ = 0.55; 95% CI: 0.40–0.70). Sambar deer, the ungulate with the largest body size, had a very

low probability of occupancy overall (ψ = 0.14; 95% CI: 0.04–0.54) (Fig 2c).

Fig 1. Detection probability with 95% CI based on model averages for top models with ΔAICc� 2: People, large carnivores, and potential prey

species for 147 camera stations across all study sites. RBNE, Northeastern Bukit Rimbang Bukit Baling; RBNW, Northwestern Bukit Rimbang Bukit

Baling; RBST, Southern Bukit Rimbang Bukit Baling; CABB, Bukit Bungkuk; HLBB, Bukit Betabuh; TNTN, Tesso Nilo; All, “All study sites”.

https://doi.org/10.1371/journal.pone.0265440.g001
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We used β estimates from the model with the lowest AICc value to identify the most

important factors influencing habitat use of large carnivores, potential prey species and

humans; significance was indicated by β estimates not overlapping with zero. For example,

elevation had a strong negative or inverse relationship to human presence (βAlt = -0.51; 95%

CI: -0.44 –-0.66), but was positively correlated for Malayan sun bear ψ (βAlt = 0.69; 95% CI:

0.20–1.18) and more strongly for Sumatran serows (βAlt 2.46; 95% CI: 0.56–4.35) (S8 Table).

The occurrence of southern red muntjac and mouse deer was strongly associated with

Fig 2. Probability of occupancy (ψ) with 95% CI based on model averages for top models with ΔAICc� 2: People, large carnivores, and potential

prey species for 147 camera stations across all study sites. RBNE, Northeastern Bukit Rimbang Bukit Baling; RBNW, Northwestern Bukit Rimbang

Bukit Baling; RBST, Southern Bukit Rimbang Bukit Baling; CABB, Bukit Bungkuk; HLBB, Bukit Betabuh; TNTN, Tesso Nilo; All, “All study sites”.

https://doi.org/10.1371/journal.pone.0265440.g002
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distances farther from roads (βDistRoad = 0.92; 95% CI 0.08–1.77, and βDistRoad = 1.23; 95%

CI: 0.40–2.07, respectively).

Across all study sites, human occupancy (ψ) decreased from approximately 0.8 in lower

elevation areas, to 0.3 for the highest elevation areas. Malayan sun bear ψ was higher in lower

altitude areas (Fig 3), whereas ψ of clouded leopards was higher at farther distances from big

rivers (Fig 3). For prospective prey species like southern red muntjac, mouse deer, and bearded

pigs, altitude had a strong negative influence on ψ. In contrast, Sumatran serows tended to

Fig 3. Relationships of habitat covariates to the probability of occupancy for all study sites as selected from

models with the smallest AICc. Correlations are based on a robust β as indicated by the ±95% CI not overlapping

zero.

https://doi.org/10.1371/journal.pone.0265440.g003
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have higher occupancy rates at higher altitudes. Both southern red muntjac and mouse deer

had higher occupancy estimates farther from roads (Fig 3).

Spatial overlap

We generated naive spatial overlap estimates of two-species pairs by examining occasions

when and where they occurred together at given camera-trap stations. In a few cases, we

detected high naive spatial overlap (> 0.50) between people and large carnivores, including: 1)

between people and Malayan sun bears at three study sites (Rimbang Baling Northeastern,

Rimbang Baling Northwestern, and Tesso Nilo); 2) and, between people and Sunda clouded

leopards in Rimbang Baling Northeastern. We also recorded high naive spatial overlap

(> 0.50) between people and southern red muntjac in RB Northeastern and RB Northwestern,

and between people and bearded pigs in RB Northeastern (S6 Table).

We also investigated the ψ of large carnivores and potential prey species in the context of

human and tiger presence and absence. The ψ of both dholes and tigers was lower when people

were absent, whereas the occupancy of Sunda clouded leopards was higher in the absence of

people (S10 Table). When tigers were present on the landscape, the ψ of the three other large

carnivores overall tended to be higher (S11 Table). For prey species, two-species occupancy

models only performed well for southern red muntjac and wild boar; this was largely because

there were sufficient samples and occasions for both species to estimate spatial overlap with

both people and tigers. The ψ of these two prospective prey species was similar in all study sites

when people were present (S12 Table).

We considered spatial overlap to be “strong” or significant (SIF > 1), non-existent or “avoi-

dant” (SIF < 1) if 95% CIs did not include “1”. Our top models indicated support for strong

spatial co-occurrence between people and sun bears, between people and dholes, and between

people and tigers (Fig 4). This was true even though some CIs included “1” (i.e., a weak or

non-significant SIF). Sun bears and dholes also exhibited significant spatial overlap with tigers

(SIF > 1) (Fig 5), whereas Sunda clouded leopards significantly avoided (SIF < 1) both people

and tigers (Figs 4 and 5). Southern red muntjac and bearded pigs exhibited only weak spatial

overlap with people and tigers, i.e., a 95% CI for the SIF including “1” (Figs 6 and 7). Southern

red muntjac also appeared to be neutral to people (SIF was approximately “1”), whereas wild

boar exhibited weak avoidance of people (SIF < 1) (Fig 6).

Temporal patterns and overlap

The Kernel Density Estimation (KDE) revealed that sun bears and dholes exhibited moderate

temporal overlap with people across all study sites (Δ = 0.74; 95% CI: 0.67–0.77, and Δ = 0.65;

95% CI: 0.46–0.83, respectively) (Fig 8); however, both species exhibited strong temporal over-

lap with people in Northeastern Rimbang Baling (Δ = 0.79 and 0.80, respectively; Table 2). In

contrast, tigers and clouded leopards exhibited low temporal overlap with people (Fig 8), but

relatively high temporal overlap with each other (Δ = 0.74; 95% CI: 0.60–0.87) (Fig 9). South-

ern red muntjac activity appeared to strongly overlap with people across all study sites (Fig 9).

In addition, people and wild boar exhibited high temporal overlap with each other (Δ = 0.80,

95% CI: 0.76–0.84), and southern red muntjac exhibited high temporal overlap with tigers (Δ
= 0.78, 95% CI: 0.64–0.90) across all study sites (Fig 9). Overall, the slight to large majority of

records of people, dholes, sun bears, and tigers occurred during the day (i.e., between 07h00 to

17h00: 85.86%, 86.49%, 55.75% and 51.47% of observations, respectively; S14 Table). We also

found that the activity patterns of people, sun bears, and mouse deer, were significantly differ-

ent for all sites (Mardia–Watson–Wheeler test: p< 0.05) (S14 Table).

PLOS ONE Carnivores, their prey and humans in Sumatra

PLOS ONE | https://doi.org/10.1371/journal.pone.0265440 March 18, 2022 10 / 25

https://doi.org/10.1371/journal.pone.0265440


Fig 4. Spatial overlap between people (dominant, species A) and large carnivores (subordinate, species B) based

on model-averaged ΔAICc� 2 for 147 camera-trap stations across all study sites. A strong SIF is indicated by the

95% CI not overlapping with “1”; RBNE, Northeastern Bukit Rimbang Bukit Baling; RBNW, Northwestern Bukit

Rimbang Bukit Baling; RBST, Southern Bukit Rimbang Bukit Baling; CABB, Bukit Bungkuk; HLBB, Bukit Betabuh;

TNTN, Tesso Nilo; All, “All study sites”.

https://doi.org/10.1371/journal.pone.0265440.g004

Fig 5. Spatial overlap between Sumatran tigers (dominant, species A) and other large carnivores (subordinate,

species B) based on model-averaged ΔAICc� 2 for 147 camera-trap stations across all study sites. A strong SIF is

indicated by the 95% CI not overlapping with “1”; RBNE, Northeastern Bukit Rimbang Bukit Baling; RBNW,

Northwestern Bukit Rimbang Bukit Baling; RBST, Southern Bukit Rimbang Bukit Baling; CABB, Bukit Bungkuk;

HLBB, Bukit Betabuh; TNTN, Tesso Nilo; All, “All study sites”.

https://doi.org/10.1371/journal.pone.0265440.g005
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Discussion

Our study investigated the relationship between people, large carnivores, and potential prey

species by assessing their spatiotemporal overlap and habitat use across human-disturbed hab-

itats in key protected areas of central Sumatra. Our results serve as important reminders as to

the influence of humans on the ecology of Sumatra’s terrestrial medium-large mammals, an

issue of increasingly pressing concern across our study sites given the increased encroachment

of people we recorded. Our use of camera traps, which are typically more efficient than tradi-

tional sampling methods (e.g., direct observation, radio telemetry) in collecting continuous

data simultaneously for many mammal species [43, 44], resulted in novel findings about the

impact of human presence on Sumatran carnivores and their prey. Our study also comple-

ments and corroborates the findings of prior regional studies on these species [45, 46].

Because funding, logistics, and manpower for our study were limited, our sampling effort

could not fully account for the seasonal or annual dynamics of animal movements and distri-

butions, and the impact of human disturbance. We therefore suggest that our study results

must be interpreted with caution, particularly with respect to conclusions outside the parame-

ters of our study. For example, Tesso Nilo NP, which was the most disturbed area among all

Fig 6. Spatial overlap between people (dominant, species A) and potential prey (subordinate, species B) based on

model-averaged ΔAICc� 2 for 147 camera-trap stations across all study sites. A strong SIF is indicated by the 95%

CI not overlapping with “1”; RBNE, Northeastern Bukit Rimbang Bukit Baling; RBNW, Northwestern Bukit Rimbang

Bukit Baling; RBST, Southern Bukit Rimbang Bukit Baling; CABB, Bukit Bungkuk; HLBB, Bukit Betabuh; TNTN,

Tesso Nilo; All, “All study sites”.

https://doi.org/10.1371/journal.pone.0265440.g006

Fig 7. Spatial overlap between potential prey species (dominant, species A) and Sumatran tigers (subordinate,

species B) based on model-averaged ΔAICc� 2 for 147 camera-trap stations across all study sites. A strong SIF

is indicated by 95% CI not overlapping with “1”; RBNE, Northeastern Bukit Rimbang Bukit Baling; RBNW,

Northwestern Bukit Rimbang Bukit Baling; RBST, Southern Bukit Rimbang Bukit Baling; CABB, Bukit Bungkuk;

HLBB, Bukit Betabuh; TNTN, Tesso Nilo; All, “All study sites”.

https://doi.org/10.1371/journal.pone.0265440.g007
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sampling locations in 2013, incurred greater human disturbance in ensuing years. This likely

influenced large carnivore and prey occupancy further, but unfortunately, we were not able to

evaluate this.

Occupancy and habitat use models

We found that human occupancy, as indicated by both naive and modelled occupancy esti-

mates, and human detection probability, was very high across our study areas. This suggests

the recurring occurrence of large-scale, unlawful human intrusions into protected areas, espe-

cially at lower elevation sites like Tesso Nilo National Park. We also note that human occur-

rence in our study was also relatively higher than was recorded for other similar studies in

Sumatra, such as in Bukit Barisan Selatan National Park (naive occupancy = 0.33) [24] and

Kerinci National Park, where the highest occupancy probability of any sampled site was ψ =

0.43 [25]. However, we also believe people tended to deliberately avoid camera traps, which

may have caused a negative bias in the probability of detection. We therefore suggest our

Fig 8. Estimates of the daily activity patterns of people, team and four large carnivores in all study sites. The

overlap coefficient is indicated by the shaded orange area in each plot with the estimate of overlap (Δ) and 95% CI.

https://doi.org/10.1371/journal.pone.0265440.g008
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parameter estimates for people are conservative. In addition, we photographed people cover-

ing their faces in front of cameras across our study sites. We also endured vandalism and theft

of camera-traps, including the loss of units from Northwestern Rimbang Baling (four units

stolen) and Tesso Nilo (e.g., one unit burned during man-made forest fires). Human activity

also varied overall among study sites. Lower elevation areas, such as Tesso Nilo NP, were sub-

ject to the greatest levels of anthropogenic disturbance. Tesso Nilo is known to be “highly

threatened” by people, as> 70% of natural forests in that area have been illegally converted to,

or impacted by, agricultural plantations [47].

We also confirmed the presence of the four large and medium-sized carnivores at each of

the study sites. Malayan sun bears had the highest estimated probability of occupancy among

all large carnivores and across all study sites. Interestingly, a prior study from Kerinci NP con-

cluded that the highest sun bear occupancy actually occurred in degraded forest [48]. Unlike

tigers, dholes, and clouded leopards, all of which are obligate carnivores and frequently evalu-

ated with respect to potential prey species [49–51], sun bears are opportunistic and omnivo-

rous “carnivores”. They can access diverse foods, including termites, ants, beetle larvae,

Table 2. Estimates of temporal overlap (Δ) with 95% bootstrap confidence interval of people, team, large carnivores, and potential prey species for all study sites.

Pairing species Δ (95% CI)

Northeastern Rimbang

Baling

Northwestern Rimbang

Baling

Southern Rimbang

Baling

Bukit

Bungkuk

Bukit Betabuh Tesso Nilo

People

and

Sunda clouded

leopards

0.36 (0.23–0.50) 0.32 (0.20–0.45) – – 0.16 (0.00–

0.36)

0.49 (0.36–

0.63)

Dholes 0.79 (0.48–1.00) 0.51 (0.20–0.80) 0.27 (0.00–0.63) – – 0.27 (0.20–

0.44)

Malayan sun bears 0.80 (0.68–0.90) 0.69 (0.59–0.79) 0.53 (0.38–0.69) – – 0.54 (0.43–

0.66)

Sumatran tigers 0.33 (0.11–0.57) 0.50 (0.25–0.74) 0.58 (0.33–0.81) – 0.22 (0.05–

0.39)

–

Team and Sunda clouded

leopards

0.19 (0.09–0.29) 0.21 (0.13–0.31) 0.21 (0.03–0.44) 0.32 (0.11–

0.55)

0.16 (0.01–

0.35)

0.16 (0.04–

0.29)

Dholes 0.54 (0.24–0.81) 0.66 (0.38–0.88) 0.08 (-0.02–0.26) 0.81 (0.55–

0.99)

– 0.81 (0.70–

0.99)

Malayan sun bears 0.51 (0.41–0.64) 0.53 (0.46–0.61) 0.40 (0.31–0.50) 0.41 (0.27–

0.55)

– 0.35 (0.26–

0.47)

Sumatran tigers 0.18 (0.00–0.38) 0.42 (0.22–0.61) 0.42 (0.19–0.65) – 0.10 (-0.03–

0.26)

0.10 (0.09–

0.18)

Tigers

and

Sunda clouded

leopards

0.69 (0.46–0.88) 0.50 (0.32–0.68) – – – –

Dholes 0.28 (0.00–0.60) – – – – –

Malayan sun bears 0.38 (0.15–0.62) 0.70 (0.53–0.86) 0.37 (0.20–0.54) – – 0.37 (-0.10–

0.74)

People

and

Southern red

muntjac

0.64 (0.52–0.76) 0.63 (0.50–0.75) 0.54 (0.40–0.68) 0.54 (0.24–

0.80)

0.75 (0.64–

0.85)

0.73 (0.65–

0.81)

Mouse deer 0.49 (0.63–0.86) – 0.24 (0.08–0.41) – 0.28 (0.19–

0.37)

0.54 (0.43–

0.65)

Wild pigs 0.79 (0.71–0.87) 0.83 (0.57–1.02) 0.66 (0.41–0.87) – 0.81 (0.71–

0.88)

0.77 (0.67–

0.85)

Tigers

and

Southern red

muntjac

0.67 (0.39–0.90) 0.62 (0.38–0.83) 0.60 (0.42–0.75) – 0.38 (0.13–

0.65)

0.44 (0.19–

0.70)

Mouse deer 0.26 (-0.01–0.53) – – – – 0.11 (-0.15–

0.38)

Wild pigs 0.50 (0.27–0.70) 0.41 (0.06–0.82) – – 0.36 (0.14–

0.61)

0.07 (-0.15–

0.32)

https://doi.org/10.1371/journal.pone.0265440.t002
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stingless bee larvae, honey, and many species of fruit [52]. However, the distribution and habi-

tat use of sun bears is still likely determined by food availability, including the density of fruit-

ing trees [53]. Although tigers faced greater local threats from poaching and retaliatory killing,

previous studies have suggested there was no or little trapping and poaching of sun bears on

Sumatra [7, 53].

Our study also underscores the dynamic nature of large carnivore habitats in Sumatra [46],

particularly the differential importance of large-scale habitat features to carnivores and their

prey. Elevation, and proximity to forests, roads, and big rivers, all had varying impacts on our

target species; these effects all have management implications for the maintenance of ecosys-

tem diversity [6]. Sunda clouded leopards for example preferred areas farther from big rivers,

possibly because such rivers might have experienced greater human disturbance. These find-

ings are also consistent with clouded leopards “avoiding” human presence in our study areas

(SIF < 1). Other studies have concluded that water bodies were not barriers to the movements

of Sunda clouded leopards occupying peat-swamp forests, and that similarly, clouded leopard

occupancy was greater at farther distances from rivers [54, 55]. Although other studies in

Sumatra have recorded Sunda clouded leopards using human-impacted habitats, overall they

appear to avoid humans disturbances, occurring more at farther distances from forest edges,

and at slightly higher elevations [25, 56]. Big rivers, areas closer to forest edges, and lowlands,

are subject to greater human disturbances, and may facilitate access and travel routes for the

people at our study sites. A study in Kerinci Seblat corroborated that Sunda clouded leopards

Fig 9. Estimates of the daily activity patterns of people, Sumatran tigers, three other large carnivores, and three main potential

prey species. The overlap coefficient is indicated by the shaded orange area in each plot with the estimate of overlap (Δ) and 95% CI.

https://doi.org/10.1371/journal.pone.0265440.g009
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preferred areas with dense tree cover, where human activities were also lower than among

non-forested areas [55].

Despite that our habitat use models did not suggest the presence of strong covariates associ-

ated with tiger occurrence, other studies concluded that tiger occurrence was inversely corre-

lated with distance-to-public roads (i.e., tigers occurred closer to roads). However, tiger

occurrence was also dependent on large contiguous forest blocks in Kerinci and Riau Province

[46, 57]. Likewise, another prior study found that, based on lower CTR, tigers strongly used

areas farther from big water bodies in the peatlands of Kerumutan, with zero tiger records

from the peatlands of Kampar Peninsula [22].

Dholes were detected in more forested areas than otherwise, which was consistent with

some preliminary findings for the same region [58]. However, we found that proximity to the

forest edge received only weak inverse support (i.e., negative β) because the 95% CI overlapped

with zero; this suggested that dhole occurrence was not significantly associated with forest

cores more than forest edges. Similarly, forest cover also did not appear to impact the occur-

rence of other large carnivores, although this may reflect in part the degradation these habitats

have endured in recent years. That dholes were detected so rarely overall in our study should

be of great concern to their viability in this region.

Sambar deer have been recognized as a principal prey species for tigers, especially across

Southeast Asia [2, 59, 60]. Our occupancy estimates for sambar were very low overall, with a

naive estimate of 0.07 (± SD 0.25), and a ψ = 0.14 (95% CI 0.04–0.41). We note that this was

much lower than for all other potential prey species. Sambar deer are threatened directly by

poaching, as it is one of the most prized “wild meat” or bushmeat in Sumatra, mostly because

of its large size [29, 61]. The low occupancy estimate of sambar deer in our study therefore is

worrisome, and suggests both tiger and dhole populations might be severely constrained by

low principal prey abundance well into the future unless populations are somehow buoyed.

Southern red muntjac and bearded pigs probably served as alternative main prey for tigers

given the near absence of sambar, and both species were recorded widely across all study sites.

At some sites, the measured spatial overlap between southern red muntjac and tigers sup-

ported a potential for interaction (i.e., SIF > 1). In Bukit Barisan Selatan NP, another study

verified that southern red muntjac had a similarly widespread distribution, occupying 98% of

the national park [24]. Southern red muntjac thus appear more resilient to hunting. Their rela-

tive abundance may still be relatively high in logged and other degraded forests, including in

areas where the almost complete conversion of forests has occurred [62]. This is also despite

that locals across central Sumatra, who are primarily Muslim, generally do not eat wild pigs as

bushmeat [29], which likely places greater pressure on muntjac. Conversely, another study

reported on substantial local demand for pigs by non-Muslim indigenous tribes, from which

such meat is often exported to the other regions [28]. In addition, wild pigs in some areas may

face heavier hunting pressures than southern red muntjac due to their propensity for crop-

raiding and inflicting other conflict-related damage [28]. In contrast to wild boar, which were

widespread across our study area, bearded pigs appeared to be distributed rather sparsely.

Our habitat models also suggested that the variation in occupancy and habitat use of prey

species across our study sites were partly due to differences in elevation. For example, we only

recorded the very rare Sumatran serow in Rimbang Baling, an area that is more varied topo-

graphically and thus may encompass more suitable habitat for this wild goat species. Serows

are known to be more dependent on higher elevation forests and rough, hilly terrains that are

difficult to access; not surprisingly, they are therefore less studied [63]. Bearded pig occupancy

was also higher at higher elevation, which suggests that future regionwide and/or island wide

studies may find more in these habitats. Conversely, the occupancy of muntjac, mouse deer

and wild boar were all negatively correlated with elevation.
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Spatiotemporal overlap

We employed single season two-species occupancy models in order to generate conditional

two-species occupancy models incorporating habitat covariates and SIF’s. A prior study inves-

tigating the spatiotemporal overlap between Sumatran tigers and prey species ranked potential

prey species based on composite index scores of encounter or detection rates (i.e., CTR) [21].

This a less robust approach and also did not consider habitat covariates [21]. Our more

approach using models integrating SIF’s showed strong evidence of spatial overlap between

the following species pairings: people and sun bears, people and tigers, tigers and sun bears,

tigers, and dholes (i.e., SIF > 1). We note that frequent human intrusion in large carnivore

habitat could also habituate certain species to human presence, possibly explaining the rela-

tionship between people, sun bears, and tigers we found in our study. We point out this could

be of future concern if threats like commercial poaching for the wildlife trade, and retaliatory

killings resulting from conflict, were to suddenly emerge or increase.

Consistent with our occupancy-based findings, we found that Sunda clouded leopards

appeared avoid humans (SIF < 1) as well as tigers. Further investigation into how Sunda

clouded leopards successfully avoid tigers and people, including their ability to move in trees

as a way to reduce spatial overlap, is recommended; these findings could have implications for

their probability of detection in these contexts. They might also help explain further how or

why Sunda clouded leopards are able to persist in areas of relatively high human disturbance

[25, 49, 64, 65]. Like Sunda clouded leopards, Malayan sun bears are dependent on forests

with high tree canopies; they did not appear to avoid tigers in our study, despite that tigers

elsewhere are reported to prey on sun bears [2, 66, 67]. However, it is possible that the appar-

ent overlap between tigers and sun bears, or any species pairing for that matter, is facilitated by

elevational segregation, differential use of vertical strata, variation or heterogeneity in micro-

habitats, different activity patterns, and use of different prey or prey of different size [2].

Finally, whilst southern red muntjac tended to have neutral spatial overlap with people, SIF

values for wild boar suggested slight avoidance of people. As discussed for our occupancy find-

ings, this may be due to retaliation resulting from conflict in agricultural plantations, and/or

hunting by non-Muslim locals and their dogs.

We must caveat that some limitations imposed on our conclusions about spatial overlap are

due to our 14-day occasional survey period, which is a relatively coarse temporal interval. We

proposed the use of a 14-day occasion periods to enhance binary sample sizes or occasions

overall and offset the low detection rates for large carnivores across our study areas. This is not

without precedent, as 14-day survey periods or occasions have also been used by other studies

of wild carnivores in Sumatra, including Sunda clouded leopards [19, 56]. Moreover, because

more frequent interactions between two or more carnivore species can lead to the exclusion of

the smaller predator(s) [68], use of longer study occasions could help address the potentially

negative impact of these interactions on sampling.

Investigations of long-term circadian activity patterns among carnivores and their prey can

yield further information on coexistence and competition mechanisms among sympatric spe-

cies [17, 69]. Dholes, sun bears, and tigers were all generally active during the day (diurnal) in

this study (>50% of occurrences). Only Sunda clouded leopards and tigers tended not to over-

lap temporally with people, including our own team working in the field, suggesting a tempo-

ral avoidance of humans at all sites. The activity of sun bears and dholes exhibited temporal

overlap with people and tigers, and clouded leopards had very high temporal overlap with

tigers (Δ = 0.74) overall due principally to overlap at two study sites: Northeastern Rimbang

Baling (Δ = 0.69) and Northwestern Rimbang Baling (Δ = 0.50). Closer to human-dominated

habitats, these carnivores were more likely to increase nocturnal or crepuscular activity and
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were active less during the day, likely an attempt to avoid people. This suggests that spatial seg-

regation may be more important for these species to avoid each other [2, 70].

Of course, greater spatiotemporal overlap among humans and large carnivore species

may increase the potential or likelihood of conflict scenarios. In such contexts, human-car-

nivore conflict could be more common in intermediately disturbed areas, such as around

multiple-use forests [71]. Human-bear conflicts, where sun bears attacked and mauled peo-

ple causing injuries, were recently recorded in the communities around northeastern Rim-

bang Baling and Bukit Bungkuk. We also learned that during the course of our study, low

intensity human-tiger conflict occurred across our study area; however, these incidents were

often reported by communities as tigers passed through their plantations, and so may have

been based more on fear than substance. Regardless, human-tiger conflict is more likely to

occur closer to human villages or settlements in and around forest areas where wild prey

occupancy is relatively low, livestock density is relatively high, and recent deforestation or

habitat conversion has occurred [72]. Knowledge as to how overlap between people and

large carnivores effects species behavior is fundamental to the development of effective wild-

life conservation and management strategies, especially those aiming to achieve multi-spe-

cies coexistence at a finer scale.

Our study also highlighted temporal overlap between people and several potential prey spe-

cies, as well as tigers and these prey species. For example, wild boar had high temporal overlap

with humans across all study sites. We inferred that it occurred because both people and wild

boar were more likely to interact at the same time (i.e., hunters pursing wild boar), and because

boar were widespread across the study area with higher occupancy rates relative to other

potential prey species. High temporal overlap between muntjac and tigers (Δ = 0.78) in all

study sites suggested the contribution of the former to the survival of the local tiger population,

an important finding particularly given the low occupancy rates of sambar deer.

Recommendations for conservation

The conservation of large carnivore populations across rapidly changing landscapes requires

current and detailed information at multiple scales; yet, financial and personnel resources to

gather this fundamental information are often very limited [45, 73]. Among the carnivores in

our study, tigers have generally attracted the strongest global research attention; consequently,

this has meant more data has been available for them [74, 75]. Alternatively, the other three

“large” carnivores, i.e., dholes, Sunda clouded leopards, and Malayan sun bears, have received

much less attention. Despite their ‘Vulnerable’ IUCN Redlist status [52, 76], the status and

ecology of Sunda clouded leopards and Malayan sun bears are imperfectly understood. Key

metrics, such as abundance and occupancy, have been challenging to obtain for Sunda clouded

leopards [25]. Similarly, dholes, a canid as globally ‘Endangered’ as tigers, suffer from a similar

lack of research and conservation focus in Sumatra [58]. Investigations into the population

dynamics, movements, and seasonal ecology of these species and their prey are therefore

incredibly important, and strongly recommended.

In addition to human presence across our study sites, our camera-traps also recorded

motorbikes and vehicles in Bukit Betabuh and Tesso Nilo, which unfortunately confirms these

two areas are increasingly accessible. In fact, a high density of roads now occurs around Tesso

Nilo NP, a conservation area that is supposed to be managed as a key priority area for local

wildlife [47]. Controlling the expansion of road construction, which can potentially have

severe impacts on wildlife populations, must be a key compromise to ensure their protection

and integrity [77]. With a growing human population, infrastructure on Sumatra, particularly

roads, can be expected to continue expanding rapidly. Preserving remaining forests, as well as
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restoring habitat connectivity, is one of the major recommendations of Tesso Nilo NP conser-

vation planning efforts [51], and this could be remedied effectively at the policy level.

For Rimbang Baling, one priority must be to ensure the connectivity of wildlife populations

through a potential habitat corridor of mixed secondary forest and plantations to Bukit Tiga-

puluh NP [78]. Plantation concessions, including mixed palm oil and Acacia, may be enable

wildlife movement and dispersal [46, 79]. In addition, surveys of non-core landscapes, includ-

ing secondary forests, buffer zones, and wildlife corridors, are critically necessary to determine

their effectiveness in achieving carnivore conservation milestones, and capacity of these popu-

lations to persist over time despite development and habitat alteration [80]. For core habitat

like protected areas, we also recommend measuring the impacts of intervention and manage-

ment effectiveness against important conservation standards and metrics, as such needs still

represent important gaps for tigers [73], and other carnivore species as well.

Finally, large carnivore population declines are of a global concern, as they are typically pre-

cipitated by human-caused threats, including poaching, habitat loss, and depletion of prey [6],

all of which can have cascading effects across ecosystems. In Lambir National Park (Malaysian

Borneo), excessive hunting led to severe defaunation, which in turn instigated dramatic

changes to tree recruitment dynamics [81]. Across all of Southeast Asia including Sumatra, a

snaring crisis has led to extreme defaunation across the entire biogeographical region [82].

Another rapidly-growing and more recent concern for the region is the rapid emergence and

expansion of disease, such as African Swine Flu, which is capable of killing large numbers of

native pig species and other wildlife [83].

Lastly, our camera-traps recorded seriously injured and three legged-animals, including

sun bears and bearded pigs. This is evidence that illegal hunting by people across our study

sites, including the use of wire snares targeting tigers and nylon snares targeting potential prey

species to address local human protein needs, across our study sites. All of this is likely causing

additional non-lethal and lethal ‘by-catch’ of non-target species. To combat defaunation

caused by local snaring and other forms of poaching, we recommend the expansion of, and

redoubling of investment in, strategies that involve the use of local informants and an increase

in the spatial coverage of patrols, both of which are currently being implemented [24, 84]. We

also call for greater, more sustained levels of engagement with local rural communities about

human-wildlife conflict and sustainable livelihood opportunities. We support the recommen-

dations of other studies [84], and call for more formal or scientific evaluations of integrated

protection strategies to assess their comparative efficacy and performance in protecting Suma-

tra’s carnivores from the various threats we have discussed throughout this study.
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9. Laumonier Y, Uryu Y, Stüwe M, Budiman A, Setiabudi B, Hadian O. Eco-floristic sectors and deforesta-

tion threats in Sumatra: identifying new conservation area network priorities for ecosystem-based land

use planning. Biodivers Conserv. 2010; 19: 1153–1174. https://doi.org/10.1007/s10531-010-9784-2

10. Margono BA, Turubanova S, Zhuravleva I, Potapov P, Tyukavina A, Baccini A, et al. Mapping and moni-

toring deforestation and forest degradation in Sumatra (Indonesia) using Landsat time series data sets

from 1990 to 2010. Environ Res Lett. 2012; 7: 034010. https://doi.org/10.1088/1748-9326/7/3/034010

11. Rota CT, Ferreira MAR, Kays RW, Forrester TD, Kalies EL, McShea WJ, et al. A multispecies occu-

pancy model for two or more interacting species. Warton D, editor. Methods Ecol Evol. 2016; 7: 1164–

1173. https://doi.org/10.1111/2041-210X.12587

12. Farris ZJ, Golden CD, Karpanty S, Murphy A, Stauffer D, Ratelolahy F, et al. Hunting, exotic carnivores,

and habitat loss: anthropogenic effects on a native carnivore community, Madagascar. Allen BL, editor.

PLOS ONE. 2015; 10: e0136456. https://doi.org/10.1371/journal.pone.0136456 PMID: 26375991

13. McShane TO, Hirsch PD, Trung TC, Songorwa AN, Kinzig A, Monteferri B, et al. Hard choices: Making

trade-offs between biodiversity conservation and human well-being. Biol Conserv. 2011; 144: 966–972.

https://doi.org/10.1016/j.biocon.2010.04.038

14. Barros AL, Curveira-Santos G, Marques TA, Santos-Reis M. Accounting for detection unveils the intri-

cacy of wild boar and rabbit co-occurrence patterns in a Mediterranean landscape. Sci Rep. 2020; 10:

6651. https://doi.org/10.1038/s41598-020-63492-9 PMID: 32313036

15. Blanchet FG, Cazelles K, Gravel D. Co-occurrence is not evidence of ecological interactions. Jeffers E,

editor. Ecol Lett. 2020; 23: 1050–1063. https://doi.org/10.1111/ele.13525 PMID: 32429003

16. Haidir IA, Macdonald DW, Wong W-M, Lubis MI, Linkie M. Population dynamics of threatened felids in

response to forest cover change in Sumatra. Viña A, editor. PLOS ONE. 2020; 15: e0236144. https://

doi.org/10.1371/journal.pone.0236144 PMID: 32785217

17. Linkie M, Ridout MS. Assessing tiger-prey interactions in Sumatran rainforests: tiger-prey temporal

interactions. J Zool. 2011; 284: 224–229. https://doi.org/10.1111/j.1469-7998.2011.00801.x

18. Richmond OMW, Hines JE, Beissinger SR. Two-species occupancy models: a new parameterization

applied to co-occurrence of secretive rails. Ecol Appl. 2010; 20: 2036–2046. https://doi.org/10.1890/09-

0470.1 PMID: 21049888

19. Haidir IA, Macdonald DW, Linkie M. Assessing the spatiotemporal interactions of mesopredators in

Sumatra’s tropical rainforest. Lepczyk CA, editor. PLOS ONE. 2018; 13: e0202876. https://doi.org/10.

1371/journal.pone.0202876 PMID: 30231043

20. Pusparini W, Wibisono HT, Reddy GV, Tarmizi T, Bharat P. Small and medium sized cats in Gunung

Leuser National Park, Sumatra, Indonesia. CATnews Spec Issue 8 Spring 2014. 2014.

PLOS ONE Carnivores, their prey and humans in Sumatra

PLOS ONE | https://doi.org/10.1371/journal.pone.0265440 March 18, 2022 22 / 25

https://doi.org/10.1111/j.1749-4877.2010.00219.x
http://www.ncbi.nlm.nih.gov/pubmed/21392349
https://doi.org/10.1111/jzo.12218
https://doi.org/10.1111/j.1365-2699.2009.02147.x
https://doi.org/10.1111/j.1365-2699.2009.02147.x
https://doi.org/10.1038/s41598-021-83586-2
http://www.ncbi.nlm.nih.gov/pubmed/33627682
http://awsassets.wwf.or.id/downloads/wwf_indonesia__2010__sumatran_forests_wildlife_climate_report_for_dkn___bappenas.pdf
http://awsassets.wwf.or.id/downloads/wwf_indonesia__2010__sumatran_forests_wildlife_climate_report_for_dkn___bappenas.pdf
https://doi.org/10.1126/science.1241484
https://doi.org/10.1126/science.1241484
http://www.ncbi.nlm.nih.gov/pubmed/24408439
https://doi.org/10.1038/s41467-018-05983-y
http://www.ncbi.nlm.nih.gov/pubmed/30150649
https://doi.org/10.1016/j.biocon.2012.08.008
https://doi.org/10.1007/s10531-010-9784-2
https://doi.org/10.1088/1748-9326/7/3/034010
https://doi.org/10.1111/2041-210X.12587
https://doi.org/10.1371/journal.pone.0136456
http://www.ncbi.nlm.nih.gov/pubmed/26375991
https://doi.org/10.1016/j.biocon.2010.04.038
https://doi.org/10.1038/s41598-020-63492-9
http://www.ncbi.nlm.nih.gov/pubmed/32313036
https://doi.org/10.1111/ele.13525
http://www.ncbi.nlm.nih.gov/pubmed/32429003
https://doi.org/10.1371/journal.pone.0236144
https://doi.org/10.1371/journal.pone.0236144
http://www.ncbi.nlm.nih.gov/pubmed/32785217
https://doi.org/10.1111/j.1469-7998.2011.00801.x
https://doi.org/10.1890/09-0470.1
https://doi.org/10.1890/09-0470.1
http://www.ncbi.nlm.nih.gov/pubmed/21049888
https://doi.org/10.1371/journal.pone.0202876
https://doi.org/10.1371/journal.pone.0202876
http://www.ncbi.nlm.nih.gov/pubmed/30231043
https://doi.org/10.1371/journal.pone.0265440


21. Allen ML, Sibarani MC, Krofel M. Predicting preferred prey of Sumatran tigers Panthera tigris sumatrae

via spatio-temporal overlap. Oryx. 2020; 55: 197–203. https://doi.org/10.1017/S0030605319000577

22. Sunarto, Kelly MJ, Klenzendorf S, Vaughan MR, Zulfahmi, Hutajulu MB, et al. Threatened predator on

the equator: multi-point abundance estimates of the tiger Panthera tigris in central Sumatra. Oryx.

2013; 47: 211–220. https://doi.org/10.1017/S0030605311001530

23. Luskin MS, Albert WR, Tobler MW. Sumatran tiger survival threatened by deforestation despite increas-

ing densities in parks. Nat Commun. 2017; 8: 1783. https://doi.org/10.1038/s41467-017-01656-4 PMID:

29208916

24. Pusparini W, Batubara T, Surahmat F, Ardiantiono, Sugiharti T, Muslich M, et al. A pathway to recovery:

the Critically Endangered Sumatran tiger Panthera tigris sumatrae in an ‘in danger’ UNESCO World

Heritage Site. Oryx. 2017; 52: 25–34. https://doi.org/10.1017/S0030605317001144

25. Haidir I, Macdonald DW, Linkie M. Sunda clouded leopard Neofelis diardi densities and human activities

in the humid evergreen rainforests of Sumatra. Oryx. 2020; 55: 189–196. https://doi.org/10.1017/

S0030605319001005

26. ESRI. ArcGIS desktop release 10.4. Redlands, CA: Environmental Systems Research Institute; 2016.

27. Widodo FA, Hanny S, Utomo EHS, Zulfahmi Z, Kusdianto K, Septayuda E, et al. Tigers and their prey in

Bukit Rimbang Bukit Baling: abundance baseline for effective wildlife reserve management. J Ilmu

Kehutan. 2017; 11: 118. https://doi.org/10.22146/jik.28275

28. Luskin MS, Christina ED, Kelley LC, Potts MD. Modern hunting practices and wild meat trade in the oil

palm plantation-dominated landscapes of Sumatra, Indonesia. Hum Ecol. 2013; 42: 35–45. https://doi.

org/10.1007/s10745-013-9606-8

29. Risdianto D, Martyr DJ, Nugraha RT, Harihar A, Wibisono HT, Haidir IA, et al. Examining the shifting

patterns of poaching from a long-term law enforcement intervention in Sumatra. Biol Conserv. 2016;

204: 306–312. https://doi.org/10.1016/j.biocon.2016.10.029

30. O’Brien TG, Kinnaird MF, Wibisono HT. Crouching tigers, hidden prey: Sumatran tiger and prey popula-

tions in a tropical forest landscape. Anim Conserv. 2003; 6: 131–139. https://doi.org/10.1017/

S1367943003003172

31. Mackenzie DI, Nichols JD, Lachman GB, Droege S, Royle JA, Langtimm CA. Estimating site occupancy

rates when detection probabilities are less than one. 2002; 83: 8.

32. Setiabudi S. Land use map 2012 of Sumatra. WWF-Indonesia, Jakarta, Indonesia; 2012.

33. BIG. Badan Informasi Geospasial (Geospatial Information Agency). Bogor, Indonesia; 2013.

34. Akaike H. Information theory and an extension of the maximum likelihood principle. In Second Interna-

tional Symposium on Information Theory (eds B.N. Petrov & B.F. Csaki). Akad Kiado Bp Hung. 1973;

267–81.

35. Burnham KP, Anderson DR. Model selection and multimodel inference: A practical information-theoretic

approach 2nd edition. New York: Springer-Verlag; 2002.

36. Murphy A, Kelly MJ, Karpanty SM, Andrianjakarivelo V, Farris ZJ. Using camera traps to investigate

spatial co-occurrence between exotic predators and native prey species: a case study from northeast-

ern Madagascar. J Zool. 2018; 307: 264–273. https://doi.org/10.1111/jzo.12645

37. Genz A, Bretz F, Miwa T, Mi X, Leisch F, Scheipl F, et al. Package ‘mvtnorm’ version 1.1–1: multivariate

normal and t distributions. 2020. http://mvtnorm.R-forge.R-project.org

38. Meredith M, Bryer J, Kruschke J, Neelon B, Schaub M, R Core Team. Package “wiqid”: quick and dirty

estimates for wildlife populations. 2020. https://cran.r-project.org/web/packages/wiqid/index.html

39. Meredith M, Ridout M. Package’overlap’: Estimates of coefficient of overlapping for animal activity ver-

sion 0.3.3. 2020. https://cran.r-project.org/web/packages/overlap/index.html

40. Monterroso P, Alves PC, Ferreras P. Plasticity in circadian activity patterns of mesocarnivores in South-

western Europe: implications for species coexistence. Behav Ecol Sociobiol. 2014; 68: 1403–1417.

https://doi.org/10.1007/s00265-014-1748-1

41. Batschelet E. Circular statistics in biology. Academic Press, New York; 1981.

42. Lund U, Agostinelli C, Arai H, Gagliardi A, Potugues EG, Giunchi D, et al. Package ‘circular’: circular sta-

tistics. 2017. https://cran.r-project.org/web/packages/circular/index.html

43. O’Brien TG, Kinnaird MF. Density estimation of sympatric carnivores using spatially explicit capture–

recapture methods and standard trapping grid. Ecol Appl. 2011; 21: 2908–2916. https://doi.org/10.

1890/10-2284.1

44. Shannon G, Lewis JS, Gerber BD. Recommended survey designs for occupancy modelling using

motion-activated cameras: insights from empirical wildlife data. PeerJ. 2014; 2: e532. https://doi.org/10.

7717/peerj.532 PMID: 25210658

PLOS ONE Carnivores, their prey and humans in Sumatra

PLOS ONE | https://doi.org/10.1371/journal.pone.0265440 March 18, 2022 23 / 25

https://doi.org/10.1017/S0030605319000577
https://doi.org/10.1017/S0030605311001530
https://doi.org/10.1038/s41467-017-01656-4
http://www.ncbi.nlm.nih.gov/pubmed/29208916
https://doi.org/10.1017/S0030605317001144
https://doi.org/10.1017/S0030605319001005
https://doi.org/10.1017/S0030605319001005
https://doi.org/10.22146/jik.28275
https://doi.org/10.1007/s10745-013-9606-8
https://doi.org/10.1007/s10745-013-9606-8
https://doi.org/10.1016/j.biocon.2016.10.029
https://doi.org/10.1017/S1367943003003172
https://doi.org/10.1017/S1367943003003172
https://doi.org/10.1111/jzo.12645
http://mvtnorm.R-forge.R-project.org
https://cran.r-project.org/web/packages/wiqid/index.html
https://cran.r-project.org/web/packages/overlap/index.html
https://doi.org/10.1007/s00265-014-1748-1
https://cran.r-project.org/web/packages/circular/index.html
https://doi.org/10.1890/10-2284.1
https://doi.org/10.1890/10-2284.1
https://doi.org/10.7717/peerj.532
https://doi.org/10.7717/peerj.532
http://www.ncbi.nlm.nih.gov/pubmed/25210658
https://doi.org/10.1371/journal.pone.0265440


45. 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. Gratwicke B, editor.

PLoS ONE. 2011; 6: e25931. https://doi.org/10.1371/journal.pone.0025931 PMID: 22087218

46. Sunarto S, Kelly MJ, Parakkasi K, Klenzendorf S, Septayuda E, Kurniawan H. Tigers need cover: multi-

scale occupancy study of the big cat in Sumatran forest and plantation landscapes. PLoS ONE. 2012;

7: e30859. https://doi.org/10.1371/journal.pone.0030859 PMID: 22292063

47. Poor EE, Shao Y, Kelly MJ. Mapping and predicting forest loss in a Sumatran tiger landscape from

2002 to 2050. J Environ Manage. 2019; 231: 397–404. https://doi.org/10.1016/j.jenvman.2018.10.065

PMID: 30368149

48. Linkie M, Dinata Y, Nugroho A, Haidir IA. Estimating occupancy of a data deficient mammalian species

living in tropical rainforests: Sun bears in the Kerinci Seblat region, Sumatra. Biol Conserv. 2007; 137:

20–27. https://doi.org/10.1016/j.biocon.2007.01.016

49. Mohamed A, Sollmann R, Wong ST, Niedballa J, Abrams JF, Kissing J, et al. Counting Sunda clouded

leopards with confidence: incorporating individual heterogeneity in density estimates. Oryx. 2019; 55:

56–65. https://doi.org/10.1017/S0030605318001503

50. Hayward MW, Lyngdoh S, Habib B. Diet and prey preferences of dholes (Cuon alpinus): dietary

competition within Asia’s apex predator guild. J Zool. 2014; 294: 255–266. https://doi.org/10.1111/jzo.

12171

51. Imron MA, Herzog S, Berger U. The influence of agroforestry and other land-use types on the persis-

tence of a Sumatran tiger (Panthera tigris sumatrae) population: an individual-based model approach.

Environ Manage. 2010; 48: 276–288. https://doi.org/10.1007/s00267-010-9577-0 PMID: 20967444

52. Scotson L, Fredriksson G, Augeri D, Cheah C, Ngoprasert D, Wai-Ming W. Helarctos malayanus (errata

version published in 2018). The IUCN Red List of Threatened Species 2017: e.T9760A123798233.

2017.

53. Wong W-M, Leader-Williams N, Linkie M. Quantifying changes in sun bear distribution and their forest

habitat in Sumatra: Sun bear population trends and deforestation in Sumatra. Anim Conserv. 2012; 16:

216–223. https://doi.org/10.1111/j.1469-1795.2012.00587.x

54. Cheyne S, Stark D, Limin S, Macdonald D. First estimates of population ecology and threats to Sunda

clouded leopards Neofelis diardi in a peat-swamp forest, Indonesia. Endanger Species Res. 2013; 22:

1–9. https://doi.org/10.3354/esr00525

55. Haidir IA, Kaszta Ż, Sousa LL, Lubis MI, Macdonald DW, Linkie M. Felids, forest and farmland: identify-

ing high priority conservation areas in Sumatra. Landsc Ecol. 2020; 36: 475–495. https://doi.org/10.

1007/s10980-020-01146-x

56. Haidir IA, Dinata Y, Linkie M, Macdonald DW. Asiatic golden cat and Sunda clouded leopard occupancy

in the Kerinci Seblat landscape, West-Central Sumatra. CATnews 59 Autumn 2013. 2013.

57. Linkie M, Chapron G, Martyr DJ, Holden J, Leader-Williams N. Assessing the viability of tiger subpopu-

lations in a fragmented landscape. J Appl Ecol. 2006; 43: 576–586. https://doi.org/10.1111/j.1365-

2664.2006.01153.x

58. Widodo FA, Hartoyo D, Fadhli N, Sukmantoro W, Septayuda E, Adzan G. Preliminary assessment of

abundance and distribution of dholes Cuon alpinus in Rimbang Baling and Tesso Nilo landscapes,

Sumatra. Raffles Bulletion Zool. 2020; 9. https://doi.org/10.26107/RBZ-2020-0055

59. Andheria AP, Karanth KU, Kumar NS. Diet and prey profiles of three sympatric large carnivores in Ban-

dipur Tiger Reserve, India. J Zool. 2007; 273: 169–175. https://doi.org/10.1111/j.1469-7998.2007.

00310.x

60. Simcharoen A, Savini T, Gale GA, Roche E, Chimchome V, Smith D. Ecological factors that influence

sambar (Rusa unicolor) distribution and abundance in western Thailand: implications for tiger conserva-

tion. Raffles Bulletion Zool. 2014; 7.

61. Timmins R, Kawanishi K, Giman B, Lynam A, Chan B, Steinmetz R, et al. Rusa unicolor (errata version

published in 2015). The IUCN Red List of Threatened Species 2015:eT41790A85628124. 2015. Avail-

able: https://dx.doi.org/10.2305/IUCN.UK.2015-2.RLTS.T41790A22156247.en

62. Timmins R, Duckworth J, Hedges S. Muntiacus muntjak. The IUCN Red List of Threatened Species

2016: eT42190A56005589. 2016. Available: https://dx.doi.org/10.2305/IUCN.UK.2016-1.RLTS.

T42190A56005589.en

63. Phan T, Nijhawan S, Li S, Xiao L. Capricornis sumatraensis. The IUCN Red List of Threatened Species

2020: e.T162916735A162916910. 2020. Available: https://dx.doi.org/10.2305/IUCN.UK.2020-2.RLTS.

T162916735A162916910.en

64. Brodie JF, Giordano AJ, Dickson B, Hebblewhite M, Bernard H, Mohd-Azlan J, et al. Evaluating multi-

species landscape connectivity in a threatened tropical mammal community: multispecies habitat corri-

dors. Conserv Biol. 2014; 29: 122–132. https://doi.org/10.1111/cobi.12337 PMID: 25065425

PLOS ONE Carnivores, their prey and humans in Sumatra

PLOS ONE | https://doi.org/10.1371/journal.pone.0265440 March 18, 2022 24 / 25

https://doi.org/10.1371/journal.pone.0025931
http://www.ncbi.nlm.nih.gov/pubmed/22087218
https://doi.org/10.1371/journal.pone.0030859
http://www.ncbi.nlm.nih.gov/pubmed/22292063
https://doi.org/10.1016/j.jenvman.2018.10.065
http://www.ncbi.nlm.nih.gov/pubmed/30368149
https://doi.org/10.1016/j.biocon.2007.01.016
https://doi.org/10.1017/S0030605318001503
https://doi.org/10.1111/jzo.12171
https://doi.org/10.1111/jzo.12171
https://doi.org/10.1007/s00267-010-9577-0
http://www.ncbi.nlm.nih.gov/pubmed/20967444
https://doi.org/10.1111/j.1469-1795.2012.00587.x
https://doi.org/10.3354/esr00525
https://doi.org/10.1007/s10980-020-01146-x
https://doi.org/10.1007/s10980-020-01146-x
https://doi.org/10.1111/j.1365-2664.2006.01153.x
https://doi.org/10.1111/j.1365-2664.2006.01153.x
https://doi.org/10.26107/RBZ-2020-0055
https://doi.org/10.1111/j.1469-7998.2007.00310.x
https://doi.org/10.1111/j.1469-7998.2007.00310.x
https://dx.doi.org/10.2305/IUCN.UK.2015-2.RLTS.T41790A22156247.en
https://dx.doi.org/10.2305/IUCN.UK.2016-1.RLTS.T42190A56005589.en
https://dx.doi.org/10.2305/IUCN.UK.2016-1.RLTS.T42190A56005589.en
https://dx.doi.org/10.2305/IUCN.UK.2020-2.RLTS.T162916735A162916910.en
https://dx.doi.org/10.2305/IUCN.UK.2020-2.RLTS.T162916735A162916910.en
https://doi.org/10.1111/cobi.12337
http://www.ncbi.nlm.nih.gov/pubmed/25065425
https://doi.org/10.1371/journal.pone.0265440


65. Brodie JF, Giordano AJ, Ambu L. Differential responses of large mammals to logging and edge effects.

Mamm Biol. 2015; 80: 7–13. https://doi.org/10.1016/j.mambio.2014.06.001

66. Naing H, Htun S, Kamler JF, Burnham D, Macdonald DW. Large carnivores as potential predators of

sun bears. Ursus. 2020; 2019: 51. https://doi.org/10.2192/URSU-D-18-0022.2

67. Scotson L. Exploring potential range connectivity of sun bear (Carnivora: Ursidae: Ursinae). Raffles Bul-

letion Zool. 2019; 10. https://doi.org/10.26107/RBZ-2019-0006

68. Ramesh T, Kalle R, Downs CT. Staying safe from top predators: patterns of co-occurrence and inter-

predator interactions. Behav Ecol Sociobiol. 2017; 71: 41. https://doi.org/10.1007/s00265-017-2271-y

69. Gerber BD, Karpanty SM, Randrianantenaina J. Activity patterns of carnivores in the rain forests of

Madagascar: implications for species coexistence. J Mammal. 2012; 93: 667–676. https://doi.org/10.

1644/11-MAMM-A-265.1

70. Allen ML, Sibarani MC, Utoyo L, Krofel M. Terrestrial mammal community richness and temporal over-

lap between tigers and other carnivores in Bukit Barisan Selatan National Park, Sumatra. Anim Biodi-

vers Conserv. 2020; 97–107. https://doi.org/10.32800/abc.2020.43.0097

71. Nyhus PJ, Tilson R. Characterizing human-tiger conflict in Sumatra, Indonesia: implications for conser-

vation. Oryx. 2004; 38. https://doi.org/10.1017/S0030605304000110

72. Lubis MI, Pusparini W, Prabowo SA, Marthy W, Tarmizi, Andayani N, et al. Unraveling the complexity of

human–tiger conflicts in the Leuser Ecosystem, Sumatra. Anim Conserv. 2020; 23: 741–749. https://

doi.org/10.1111/acv.12591

73. Dudley N, Stolton S, Pasha MKS, Baltzer M, Yap WL, Sharma M, et al. How effective are Tiger conser-

vation areas at managing their sites against the Conservation Assured | Tiger Standards (CA|TS)?

PARKS. 2020; 115–128. https://doi.org/10.2305/IUCN.CH.2020.PARKS-26-2ND.en

74. Harihar A, Chanchani P, Borah J, Crouthers RJ, Darman Y, Gray TNE, et al. Recovery planning towards

doubling wild tiger Panthera tigris numbers: Detailing 18 recovery sites from across the range. Bump

JK, editor. PLOS ONE. 2018; 13: e0207114. https://doi.org/10.1371/journal.pone.0207114 PMID:

30408090

75. Dinerstein E, Loucks C, Heydlauff A, Wikramanayake E, Bryja G, Forrest J, et al. Setting priorities for

the conservation and recovery of wild tigers 2005–2015. a user’s guide. WWF, WCS, Smithsonian, and

NFWF-STF, Washington, D.C.—New York; 2006.

76. Hearn A, Ross J, Brodie J, Cheyne S, Haidir I, Loken B, et al. Neofelis diardi (errata version published in

2016). The IUCN Red List of Threatened Species 2015: e.T136603A97212874. 2015.

77. Carter N, Killion A, Easter T, Brandt J, Ford A. Road development in Asia: Assessing the range-wide

risks to tigers. Sci Adv. 2020; 6: eaaz9619. https://doi.org/10.1126/sciadv.aaz9619 PMID: 32494684

78. Sulistyawan BS, Eichelberger BA, Verweij P, Boot RGA, Hardian O, Adzan G, et al. Connecting the

fragmented habitat of endangered mammals in the landscape of Riau–Jambi–Sumatera Barat

(RIMBA), central Sumatra, Indonesia (connecting the fragmented habitat due to road development).

Glob Ecol Conserv. 2017; 9: 116–130. https://doi.org/10.1016/j.gecco.2016.12.003

79. Gregory A, Spence E, Beier P, Garding E. Toward best management practices for ecological corridors.

Land. 2021; 10: 140. https://doi.org/10.3390/land10020140

80. Ratnayeke S, van Manen FT, Clements GR, Kulaimi NAM, Sharp SP. Carnivore hotspots in Peninsular

Malaysia and their landscape attributes. Webb E, editor. PLOS ONE. 2018; 13: e0194217. https://doi.

org/10.1371/journal.pone.0194217 PMID: 29617402

81. Harrison RD, Tan S, Plotkin JB, Slik F, Detto M, Brenes T, et al. Consequences of defaunation for a

tropical tree community. Novotny V, editor. Ecol Lett. 2013; 16: 687–694. https://doi.org/10.1111/ele.

12102 PMID: 23489437

82. Gray TNE, Hughes AC, Laurance WF, Long B, Lynam AJ, O’Kelly H, et al. The wildlife snaring crisis: an

insidious and pervasive threat to biodiversity in Southeast Asia. Biodivers Conserv. 2018; 27: 1031–

1037. https://doi.org/10.1007/s10531-017-1450-5

83. Luskin MS, Meijaard E, Surya S, Sheherazade, Walzer C, Linkie M. African Swine Fever threatens

Southeast Asia’s 11 endemic wild pig species. Conserv Lett. 2020; 14. https://doi.org/10.1111/conl.

12784

84. Linkie M, Martyr DJ, Harihar A, Risdianto D, Nugraha RT, Maryati, et al. Safeguarding Sumatran tigers:

evaluating effectiveness of law enforcement patrols and local informant networks. Hayward M, editor. J

Appl Ecol. 2015; 52: 851–860. https://doi.org/10.1111/1365-2664.12461

PLOS ONE Carnivores, their prey and humans in Sumatra

PLOS ONE | https://doi.org/10.1371/journal.pone.0265440 March 18, 2022 25 / 25

https://doi.org/10.1016/j.mambio.2014.06.001
https://doi.org/10.2192/URSU-D-18-0022.2
https://doi.org/10.26107/RBZ-2019-0006
https://doi.org/10.1007/s00265-017-2271-y
https://doi.org/10.1644/11-MAMM-A-265.1
https://doi.org/10.1644/11-MAMM-A-265.1
https://doi.org/10.32800/abc.2020.43.0097
https://doi.org/10.1017/S0030605304000110
https://doi.org/10.1111/acv.12591
https://doi.org/10.1111/acv.12591
https://doi.org/10.2305/IUCN.CH.2020.PARKS-26-2ND.en
https://doi.org/10.1371/journal.pone.0207114
http://www.ncbi.nlm.nih.gov/pubmed/30408090
https://doi.org/10.1126/sciadv.aaz9619
http://www.ncbi.nlm.nih.gov/pubmed/32494684
https://doi.org/10.1016/j.gecco.2016.12.003
https://doi.org/10.3390/land10020140
https://doi.org/10.1371/journal.pone.0194217
https://doi.org/10.1371/journal.pone.0194217
http://www.ncbi.nlm.nih.gov/pubmed/29617402
https://doi.org/10.1111/ele.12102
https://doi.org/10.1111/ele.12102
http://www.ncbi.nlm.nih.gov/pubmed/23489437
https://doi.org/10.1007/s10531-017-1450-5
https://doi.org/10.1111/conl.12784
https://doi.org/10.1111/conl.12784
https://doi.org/10.1111/1365-2664.12461
https://doi.org/10.1371/journal.pone.0265440

