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ARTICLE INFO ABSTRACT

Keywords: Managing protected areas (PAs) requires measurable indicators to assess effectiveness. The status of populations
Camera Trapping and guilds of multiple species are potential indicators that should be useful in biodiversity-rich tropical countries.
ICa;mVO_re We quantified such indicators using data from an intensive camera trap survey of seven sites at the forest-
naonesia

farmland interface of Kerinci Seblat National Park, Sumatra, Indonesia. Surveys between 2014 and 2016
covered 671 camera locations set along habitat gradients comprising primary to degraded forest and lowland to
sub-montane forest. We ran Bayesian multi-species occupancy models that incorporated landscape covariates
and patrol intensity to generate four population parameters: relative abundance, probability of habitat use,
species richness and detection probability. Model-derived beta coefficients summarized at the guild-level were
extrapolated using detailed spatially-explicit data on landscape covariates to produce multi-guild occurrence
maps to explore the role of habitats in supporting multiple overlapping functional groups. From 55,856 trap
nights, we recorded 33 species from six guilds: carnivores; frugivores; granivores; herbivores; insectivores; and
omnivores. All guilds were negatively correlated with elevation and positively correlated with primary forest.
Five areas with high multi-guild overlap were identified and recommended for increased protection and other
conservation measures, such as increasing the frequency of SMART patrols. Our data-driven guild-level approach
for improving conservation practice has high relevance to other biodiversity-rich countries. Further utility of this
guild approach, with potential future refinement and improvement, should greatly assist PA managers with
improving area-based conservation effectiveness, such as higher patrol frequencies and or prioritizing wildlife,
and habitat and ecosystem inventory, under-pinned by enhanced research, and cost-efficient budget allocation.

Land-use planning
Multi species occupancy
Protected area management

management themes identified as being most in need of support (e.g.
shifting population monitoring efforts to enforcement); providing

1. Introduction

The United Nations Convention on Biological Diversity (CBD) Target
3 calls for 30 % of the world's terrestrial, inland water, and coastal/
marine areas to be effectively conserved and managed by 2030. To
assess management performance in these areas, the IUCN-WCPA has
applicable guidelines and tools for assessing protected area (PA) man-
agement effectiveness, notably the Management Effectiveness Tracking
Tool (METT) (Coad et al., 2015; UNEP-WCMC and IUCN, 2016). These
guidelines were developed to support site and system processes by
improving PA management through: better information sharing; pro-
moting adaptive management; effective resource allocation for

accountability and reporting at local, national, and international levels;
and, increasing awareness of PA management amongst local commu-
nities (Coad et al., 2015).

In prioritizing conservation effort and funds, PA managers need to
decide how best to allocate resources for research, patrols, community
engagement and other aspects of PA management (Dancer et al., 2022;
Chades et al., 2008). Protected Areas rarely exist in isolation and coor-
dinated species conservation at local (single PA) and landscape (multi-
ple land uses and PAs) scales is, therefore, important to ensure that they
are mutually reinforcing (Boyd et al., 2008).
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In biodiversity-rich developing countries, where the funds allocated
to PA management are often limited, prioritizing themes and areas for
further protection is urgently needed to support one of their measures of
success: wildlife population viability (UNEP-WCMC and TUCN, 2016).
Currently, several indicators of successful conservation area manage-
ment include maintaining populations of priority species encompassing
various taxa at individual and community levels, ensuring habitat
intactness, and implementing effective conservation zoning (Hull et al.,
2011; Kiffner et al., 2020). However, these indicators need to be regu-
larly updated, especially for relatively small PAs that harbour important
umbrella species but are constrained in their ability to allocate resources
for population monitoring and maintaining conservation states (Dunn
et al., 2016; Roberge and Angelstam, 2004).

In PAs throughout many tropical countries, wildlife monitoring
teams have tended to focus on felids (Barlow et al., 2018; Ducarme et al.,
2013), given their threat status and high profile as umbrella species
(Albert et al., 2018). Felids are important indicator species of hunting
pressure because the forest trails they traverse are commonly targeted
by poachers, who set snares that may incidentally trap other mammal
species. In many of the PAs of Sumatra, rangers gather information on
biodiversity indicators, such as presence of priority mammal species and
associated threats, and digitally record this in logbooks for further an-
alyses that are useful for management purposes (Risdianto et al., 2016;
Linkie et al., 2015). However, funding allocation for such conservation
interventions, both in terrestrial and marine PAs, is insufficient in
developing countries (Balmford and Whitten, 2003; Bladon et al., 2014;
Waldron et al., 2013). In Indonesia, for example, population monitoring
received 3.7 % of the Directorate General of Natural Resources and
Ecosystem Conservation (KSDAE) of Indonesian MoEF national budget
allocation, whilst emphasis is placed on the importance of other man-
agement components, such as habitat protection, community develop-
ment, and conflict resolution (KKH, 2020).

Recent and more advanced camera trapping studies in Asia and
elsewhere have successfully studied the behaviour, ecology, and con-
servation status of rare and elusive felids (Laurance et al., 2014; Linkie
et al., 2013). Other camera-trap studies have advanced our under-
standing of species abundance along land-use gradients and how this is
influenced by various landscape factors (Wearn et al., 2017). From a PA
management perspective, the detection of vast arrays of species
(Macdonald et al., 2020; Chiaverini et al., 2022) within study areas of-
fers greater opportunities for a science-based, and therefore more
effective, decision-making process, whether at the species or community
level (Bhagabati et al., 2014). Incorporating multi-species indicators,
such as species richness and evenness, in this process has been shown to
assist PA managers in making more accurate assessments of different
management interventions (Sauer et al., 2013).

Here, we focus on a large biodiversity-rich tropical forest mosaic
comprising a relatively intact PA (Kerinci Seblat National Park, KSNP)
and degraded buffer zone, offering variations in landscape characteris-
tics (elevation, slope, distance to river, and vegetation index), human
impacts (distance to forest core and settlements) and a key conservation
intervention (ranger patrols). We used these factors to explore how
continuous landscape covariates across KSNP's forest gradients and pa-
trol intensity affected four key biodiversity indicators summarized at the
community, guild and species levels: relative abundance, probability of
habitat use (akin to occupancy when camera sites are not all strictly
independent; Mackenzie and Royle, 2005), species richness, and detec-
tion probability.

We aimed to investigate landscape prioritization at the species,
guild, and community levels. To do this we first determined whether
relative abundance and detection probability for individual species
varied in a predictable and ecologically informative way along habitat
gradients in the landscapes (for example, it emerged that for some
species these measures were higher in the areas that have lower eleva-
tion, mild slope and were closer to rivers). We then explored these
species-gradient relationships in aggregate by combining the
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information into guilds and communities, and mapping probability of
use at these levels across the study region. The resulting maps were used
to identify areas of high species diversity and thereby to infer conser-
vation priorities for multi-species management. Throughout, we aimed
to better understand the efficacy of multi-species monitoring in sup-
porting conservation area management effectiveness in the tropics,
particularly in Indonesia, and its applicability to PAs in other tropical
countries.

2. Materials and method
2.1. Study area

Research was undertaken across seven study areas, purposively
sampled 344.8 km? over ~16,000 km? of the KS landscape in west-
central Sumatra, comprising forest in KSNP, adjacent production for-
ests, and a mosaic of various smallholder and large concession planta-
tions (Table S1). The landscape elevation ranges from 0 to 3805 m asl,
resulting in the stratification of forest types (lowland, hill, sub-montane,
mid-montane and upper montane/sub-alpine) and topography ranging
from flat to extremely steep with a varying proportion of terrain
ruggedness. The land cover types for the landscape, generated from
BAPLAN (Indonesia Ministry of Environment and Forestry's Planning
and Mapping Centre), include natural forest (50.5 %), agriculture (30.1
%) (mixed agriculture, paddy fields), monoculture production (9.2 %)
(forest plantations and plantations), degraded habitats (swamps, bushes,
bare lands, settlements; 9.0 %) and other (1.2 %).

Biodiversity surveys targeted seven study areas (Fig. 1): Kambang in
the Pesisir Selatan district, West Sumatra province, which represents
lowland forest; four study areas (Bungo, Muara Hemat, Sipurak, and
Renah Kayu Embun - RKE) located in three districts (Bungo, Merangin,
and Kerinci) in Jambi province, which all represent hill-montane forest;
Ipuh in Bengkulu Province, which is dominated by lowland forest and
directly borders production forest and palm oil plantations; and the
Karang Panggung district of Musi Rawas, South Sumatra, which is
dominated by lowland forest and surrounded by smallholder rubber
plantations (Fig. S1). The areas have varying levels of land use protec-
tion and patrol frequencies.

The KS landscape is designated as a National Strategic Area, under Act
No 26/2008 regarding National Spatial Planning, in recognition of its
high environmental and biodiversity value (MoPWH, 2017). Kerinci
Seblat is one of the most biodiverse landscapes in Sumatra, and provides
a crucial refuge for the Sumatran tiger (Panthera tigris sumatrae; Wibi-
sono et al., 2011) Moreover, this landscape provides crucial ecosystem
services to the surrounding area, such as water provision to ~2 million
households, which also supports over 50,000 km? of agriculture
(MoPWH, 2017).

2.2. Sampling design

Field surveys in Bungo, Sipurak, RKE, and Ipuh covered the same
areas surveyed by Haidir et al. (2018) and significantly overlapped with
previous surveys between 2004 and 2006 by Linkie et al. (2008) and
Wong et al. (2013). The minimum convex polygon surrounding the
outer array of camera traps for these study areas was 60-70 km? from
292 sites, with an inter-trap spacing of 0.8-1.4 km. In the northern
(Kambang), central (Muara Hemat) and southern (Karang Panggung)
regions of the park, elongated camera trap arrays were implemented,
covering 27-32 km?, 15-18 km in length and 3-5 km in width. These
arrays included 143, 130, and 106 camera trap sites (379 in total),
respectively, with an inter-trap spacing of 0.4-0.7 km (Supplementary
materials, Table S1 and Fig. S1) (Haidir et al., 2020a). Field surveys
were designed to cover the interface between forested and non-forested
areas. For all surveys, cameras were placed on a pole/tree 2-2.5 m next
to low resistance travel routes, such as forest trails, and placed 40-60 cm
above the ground. No baits or lures were applied. Cameras were
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Fig. 1. A) Location of study areas (yellow points) within the Kerinci Seblat Landscape (black polygon, inset) relative to forest cover. Camera trap deployments were
strategically positioned to capture a gradient of forest interior habitat (B: Ipuh study area) and transitional zones between forest and non-forest areas (C: Muara
Hemat study area). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deployed for a maximum period of 105 consecutive camera trap nights,
though realized survey effort across sites was variable owing to camera
malfunctions (EC047, Cuddeback Ambush camera unit), theft and ani-
mal damage (~9 % of the total number of camera units, camera sites at
survey start was 731 and at at end was 671, with some camera units
yielded data from as short as 20 trap nights).

2.3. Covariates

We tested seven landscape covariates that we considered likely to
influence the spatial behaviour of medium-large terrestrial mammals in
Sumatra (Haidir et al., 2018; McCarthy, 2013), with a particular
emphasis on small-medium sized felids (clouded leopard Neofelis diardi,
golden cat Catopuma temminckii, marbled cat Pardofelis marmorata, and
leopard cat Prionailurus bengalensis) and their putative prey (muntjac:
Muntiacus muntjak and M. montanus; mouse deer: Tragulus sp.; pig-tailed
macaque: Macaca nemestrina; porcupine: Hystrix brachyura). Data on
elevation (elev) and slope (slope) were obtained from the Shuttle Radar
Topographic Mission (SRTM; 30 m resolution) (Rabus et al., 2003); tree
cover (treecov) was derived from high resolution satellite imagery (30 m
resolution) made commercially available by Global Forest Watch
(Hansen et al. (2013); proximity to forest edge (fordist), rivers (rivdist)
and villages (vildist) were calculated as Euclidean distances based on
official forest cover data from BAPLAN and spatial layers from BAKO-
SURTANAL (Indonesia Land Survey and Mapping Agency). Distance to
water bodies was approximated from third order Gravelius' streams,
defined as non-seasonal water bodies (Giilgen, 2017). All layers were
converted to UTM 47 M Southern Hemisphere Projection and resampled
to a 250 m resolution. All covariates were screened for intercorrelation
prior to statistical assessment using Pearson's correlation coefficient (r)
and variance inflation factors (VIF). To avoid collinearity, we removed
covariates that had an |r| > 0.7 and VIF > 5 (Dormann et al., 2013).

To quantify hunting pressure, we incorporated a measure of patrol
intensity, reflecting the frequency of ranger patrols within a 3 km radius
of each camera trap site. We assumed that areas routinely visited by
patrols were subject to lower hunting pressure due to increased moni-
toring and enforcement against illegal activities. The KS Tiger Protection
and Conservation Units (KS-TPCUs) operate in KSNP and adjacent

forest, with the overarching aim of protecting tigers and their habitat
from direct and indirect threats (Linkie et al., 2018; Risdianto et al.,
2016; Haidir et al., 2020a). We focused on KS-TPCU foot patrols con-
ducted between 2012 and 2016 to detect forest encroachment and
dismantle wildlife snares targeting tigers and their typical ungulate
prey, songbirds, and other exotic birds like hornbills. Between 2012 and
2016, six units, each led by a national park ranger and three to four well-
trained community rangers, operated in two main regions in Bengkulu
and Jambi provinces and conducted ~120 patrols each year. Patrol data
were archived using Spatial Monitoring and Reporting Tool (SMART)
and analysed within an adaptive framework to identify hotspots of
illegal activity in the KS landscape and target management to these high
risk areas. Monthly patrol efforts were overlaid with camera stations and
to calculate the cumulative number of patrols that intersected within a 3
km radius of each deployment site. Further details of camera trap
placement relative to covariate attributes are presented in Supplemen-
tary Materials (Table S1).

2.4. Multi-species occupancy model

Prior to analysis, we created a multi-species detection matrix
whereby sampling periods were collapsed into five-day temporal repli-
cates, resulting in a maximum of 25 sampling occasions for each of the
671 camera trap sites. Within each temporal replicate, we denoted a “1”
if the species was detected during the five-day interval, and a “0” if it
was not. We excluded species with fewer than five detections from the
modelling process as it is difficult to disentangle changes in abundance
and detection, when observation data are sparse.

We implemented a Bayesian hierarchical multi-species occupancy
model (Kéry and Royle, 2015) to elucidate the environmental and
anthropogenic determinants of mammal persistence across the KS
landscape. Occupancy models are a powerful analytical tool to monitor
wildlife populations due to their capacity to explicitly account for bias
arising from imperfect detection (Guillera-Arroita, 2017). Multi-species
applications of occupancy frameworks are particularly advantageous for
monitoring rare or elusive species, as they specify species-specific pa-
rameters as random effects drawn from a common, community-level
distribution, which improves estimation precision for species
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infrequently detected during sampling (Devarajan et al., 2020; Pacifici
et al., 2014). Accordingly, multi-species occupancy models permit in-
ferences at multiple taxonomic scales, such as individual species, entire
mammal communities, or any particular grouping of interest (i.e. guilds:
Deere et al., 2020; Wearn et al., 2017). In this study, we estimated
species-level responses to all variables, but restricted our inferences at a
higher taxonomic scale to three groupings: small-medium sized felids,
potential prey for felids (defined according to Haidir et al., 2018), and
trophic guild (carnivores, frugivores, herbivores, insectivores, omni-
vores: (Table S2)).

We implemented the Royle-Nichols multi-species occupancy model
(Royle and Nichols, 2003), which outperforms the standard occupancy
approach when variation in local abundance imparts variation in
detection probability (Tobler et al., 2015). Specifically, the Royle-
Nichols approach allows species detection probability to increase at
sites where the species is more abundant, as we would expect from first
principles. For group-living species, the specific parametric form of the
Royle-Nichols detection process was further modified (following Royle
and Dorazio, 2009 and Wearn et al., 2017) by including an additional
overdispersion parameter, which allowed the model to have a relaxed
assumption of independent detection amongst individuals.

For the purposes of mapping our results, we converted abundance to
probability of habitat use (see below). The zero-inflation component was
included to allow for instances where a species did not occur at all in a
part of the landscape. The Poisson process alone is only able to model
low abundances, but not zero abundance. More specifically, the zero-
inflation parameter was a function of the broad land-use type (old
growth forest, secondary forest, agroforestry) that a particular camera
was placed in. This approach has been used previously with the Royle-
Nichols model (Tobler et al., 2015; Wearn et al., 2017) and zero-
inflation is a widespread approach in ecological modelling (e.g. Zuur,
2012).

We calculated probability of habitat use by a species (y) as a
deterministic function of local abundance, which expresses the proba-
bility that abundance is greater than zero: (w = 1— exp(—4). This
function is equivalent to one minus the Poisson probability of getting a
zero abundance (N = 0) given the local abundance parameter (Royle and
Nichols, 2003). To map probability of habitat use at the guild level, we
generated 3000 spatial predictions drawn from the posterior distribu-
tion based on model-derived associations with landscape and anthro-
pogenic covariates. For each guild, we express probability of habitat use
and uncertainty as the median and standard deviation, respectively,
across all spatial predictions estimated from the posterior. Probability of
habitat use predictions for each guild were reclassified based on a con-
servative 75th percentile threshold. Cells were converted into binary
values, depending on whether they were above (‘1’) or below (‘0’) the
threshold. To define areas with the highest number of overlapping
guilds, binary predictions of guild occurrence were summed to accu-
mulate the number of guilds that overlap in a given area (Dunn et al.,
2016).

2.5. Species richness

We derived a bias-corrected measure of species richness from our
model, to estimate species diversity at each camera trap site while ac-
counting for imperfect detection (Berry et al., 2010). We calculated
metacommunity richness incorporating detection probability by sum-
ming the abundance-derived latent occurrence state across species for
each site (Kéry and Royle, 2016). We used continuous spatial covariates
and patrol intensity at each camera site to understand their relationships
with species richness. To make this information more accessible to PA
management, we also present species richness in several pertinent cat-
egories: forest types (lowland/0-300 m asl, hill/300-800 m asl and sub
montane/ >800 m asl; the maximum elevation of a camera trap site was
~1900 m asl), distance to forest (outer >2000 m outside forest edge,
periphery = 0-2000 m outside forest edge, interior = 0-2000 m towards
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forest core, and core >2000 m towards forest core), three classes for
distance to village (close <5000 m, medium = 5000-8000 m, and far
>8000 m), distance to river (close <1000 m, medium = 1000-2000 m,
and far >3000 m), three classes of vegetation cover (secondary
degraded <0.38, primary degraded = 0.38-0.42, and primary >0.42),
and patrol intensity (low = 0-1, medium = 2-3, and high >4).

2.6. Model specification and performance

To obtain samples of the joint posterior distribution, models were
specified within a Bayesian framework using JAGS routed through R
using ‘jagsUI’ (RStudio, 2015). Throughout, we consider statistical as-
sociations to be substantial if 95 % Bayesian Credible Intervals (2.5th
and 97.5th percentile of the posterior distribution) did not overlap zero
and moderate if the 75 % BCI (12.5th and 87.5th percentile of the
posterior distribution) did not overlap zero. Unless stated otherwise,
outputs are presented as posterior means with uncertainty expressed as
95 % BCIs. We provide further details of model specification, conver-
gence diagnostics and posterior predictive checks in the Supplementary
Materials (Tables S3, S4, and Fig. S2).

3. Results

From a combined sampling effort of 55,856 camera trap nights, 33
mammal species were detected from our 671 trap sites. From this species
list, we excluded eight species with limited detections (<5), resulting in
a mammal community consisting of 25 species. Inspection of detection
histories revealed that group-living species were more prevalent than
solitary taxa (Table S2).

3.1. Relative abundance, detection probabilities and guild occupancies

The relative abundance of the mammal community and respective
species clusters increased towards the forest interior and, to a lesser
extent, in areas of denser vegetation and further from rivers.
Community-level trends obscured considerable variation in the response
to covariates at the species level. For example, while patrol intensity had
limited impact on community abundance, several threatened taxa,
including the sun bear and sambar, showed clear increases in relative
abundance (95 % BCI did not overlap zero) in areas afforded security
from poaching by more frequent ranger patrols. Graphical summaries of
covariate effects at the species level are presented in Supplementary
Materials S Data2. The five species with the highest relative abundance
across the study areas were wild boar, muntjac, porcupine, pig-tailed
macaque and Sumatran tiger. Accordingly, the five species with the
highest detection probability were bearded pig, muntjac, sambar, Hoo-
gerwerf's Sumatran rat and the Malayan sun bear (see Fig. 2 for a pos-
terior estimate of relative abundance and detection probability for all
species).

Associations between environmental and anthropogenic covariates
imply that felids had higher relative abundances in forest interior lo-
cations further from rivers, whilst prey tended towards lowland habitats
characterized by dense vegetation. Patrol intensity had a neutral rela-
tionship with the relative abundance of small-medium felids and a
moderate positive affect on the relative abundance of prey species (a
visual relationship of hypothesis testing for these relationships is shown
in Fig. 3). Habitat associations across other species groups were found to
be highly variable (Fig. 4). IUCN threatened taxa, carnivores, and to a
lesser extent, omnivores and frugivores all demonstrated a preference
for core forest habitat, while guilds characterized by a wide dietary
spectrum also preferred low elevation areas. Gentler slopes and higher
patrol intensity facilitated moderately higher herbivore and insectivore
abundance respectively, whereas the other guilds had a relatively
neutral relationship with these covariates. Herbivores also demon-
strated a moderate preference for dense vegetation, likely reflecting
lower disturbance in these areas.
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Fig. 2. Posterior estimates of relative abundance and detection probability of species detected by camera traps in the Kerinci Seblat landscape at mean levels of all
covariates. Points represent the median of the posterior distribution and horizontal lines denote 75 and 95 % Bayesian Credible Intervals (thick and thin lines

respectively).

At the land-use scale, mammals were sensitive to disturbance, as
indicated by proportional changes in occurrence when disturbance
classes were compared (See Fig. 5 for community/guild level changes
and Fig. S3 for species-wise changes). Across the entire mammal com-
munity, declines in abundance from old growth forest were comparable
between secondary forest (posterior mean: —6.7 %; 95 % BCL: —10.4 %
to —3.0 %) and agroforest (—7.3 %, —11.0 % to —4.0 %) but demon-
strated no statistical difference between secondary forest and agroforest.
Declines in abundance were most pronounced for IUCN threatened
species (old growth to secondary forest: —12.3 %, —16.8 % to —8.0 %;
old growth to agroforest: —10.6 %, —15.3 % to —6.5 %), indicating that
vulnerable species are most heavily impacted by land-use change.
Trends of decline relative to old growth forest were consistent across
most species groups, with transitions between the disturbed forest
classes being more variable. While some guilds moderately increased in
abundance between secondary forest and agroforest (threatened taxa,
carnivores, omnivores, small felids: 2.4-4.9 % average increases across
guilds), groups demonstrating a degree of dependence on forest re-
sources were more heavily impacted (up to 4.9 % declines in herbivores,
insectivores and prey species). At the species level, Asiatic wild dog, sun
bear, Asian tapir and Sunda clouded leopard demonstrated the most
severe declines relative to land-use change, declining between 20.3 %
and 30.37 % on average across species. Several species appeared to
benefit from the ecological opportunities presented in disturbed habitat,
most notably wild boar, which increased in abundance by up to 50.34 %
(16.4-89.9 %) in the more disturbed habitat classes when compared to
old growth forest.

Spatial predictions of probability of habitat use across functional

guilds indicated that carnivore occurrence peaked at 0.38 at a 250 m cell
resolution. The highest extrapolated probability of habitat use recorded
for frugivores, granivores, herbivores, insectivores, and omnivores was
0.05, 0.15, 0.22, 0.14, and 0.29, respectively. Overlaid binary maps of
guild representation identified that Ipuh accommodated the highest
number of co-occurring guilds (median: 6; 95 % CI: 3-6), followed by
Sipurak (4; 0-5), RKE (3; 0-6) and Karang Panggung (2; 0-2). The
remaining study areas were found to be of lesser ecological value, sup-
porting no overlapping guilds on average. Amongst the areas containing
the highest number of guilds, Ipuh demonstrated the most precise pre-
dictions with the lowest error (mean prediction error: 0.069; 95 % BCL:
0.054-0.098), providing a greater degree of confidence that this is a
regionally important area for mammal conservation. Across the KS
landscape, guild retention was found to be high in hill forests and we
identified six areas where guilds were highly overlapped: five within
KSNP and one in Batang Hari Protection Forest (Fig. 6).

3.2. Species richness

To draw baseline information on species diversity, we created me-
dian species richness predictions for all seven study areas (Fig. 7). Ipuh
had the highest predicted mammal species at 11 (6-16), followed by
Sipurak at eight (3—13), Karang Panggung at seven (3—11), Bungo at six
(2—12), RKE at six (2—13), Muara Hemat at six (2—11), and Kambang at
five (BCI 2-9). Species richness was most pronounced between 300 and
900 m a.s.l. (equating to lowland and hill forest), in areas with gentle
and moderate slopes, and towards the forest interior (montane forest
>2000 m inside KSNP). This indicates that primary lowland-hill forest
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Malayan porcupine, and pig-tailed macaque) hyper-parameter estimates and probability of relationships between species group abundance and site covariates in the

Kerinci Seblat landscape.

further from the forest edge with relatively relaxed slopes have a greater
number of mammal species than secondary forest. Presumably, there are
variations between species composition in all richness clusters. How-
ever, the overall richness estimate was higher in areas >8 km away from
the nearest village, with no significant difference between areas close to
village (<5 km) and at a medium distance (5-8 km) away. Most of our
camera trap sites were placed in locations with low patrol intensity,
where the model predicted a mean richness of seven species (4.9-10.2).
While mean species richness was nine (6.4-11.81) in areas with medium
and high patrol intensity. Lastly, our model predicted that areas within
an 8 km radius from the rivers had a mean species richness of eight
(5.7-11.2), which is slightly higher than areas further (>8 km) from the
rivers, which had a mean of seven species (5.4-10.5).

4. Discussion

Studying wildlife through multi-species approaches is an effective
means of providing useful information for science, such as how predator
species richness impacts ecosystem function (Finke and Snyder, 2010)
and conservation and policy interventions (Rayan and Linkie, 2016). It
also provides important management insights into how tropical forest
degradation and loss impact wildlife communities, and more generally
ecosystem health and resilience. Using data from a mammal community

assessment, with specific reference on small-medium felids (Haidir
et al., 2020b), our study generated multi-species population indicators —
relative abundance, probability of habitat use, species richness and
detection probability - along continuous habitat gradients in Sumatra.
This provides a multidimensional measure of ecosystem health that can
be used to improve PA management effectiveness through monitoring
non ‘flagship species’ or a non-tiger-centric approach (Ardiantiono et al.,
2024). Our methodology also provides a template for performing multi-
species population monitoring from intensive camera trapping efforts,
which has wide applicability to other tropical landscape settings
(Macdonald et al., 2018).

For all functional guilds in our study, a clear pattern emerged along
the habitat gradient, whereby higher habitat use was found in areas
deeper inside the forest, with higher vegetation cover and at lower
elevation. This emphasizes the importance of intact forest within the
national park in safeguarding these multi-species groups, because all
guilds exhibited significant declines from old growth forest to secondary
forest and agroforest, which was most pronounced for the IUCN
threatened species. It also highlights that rehabilitating degraded lands
through restoration efforts, as well as preventing further degradation,
could yield substantial biodiversity benefits, as has been demonstrated
elsewhere in the tropics (Williams et al., 2017; Atkinson et al., 2022;
Bhatia et al., 2023). Encouragingly, our model revealed high relative
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Fig. 4. Guild hyper-parameter estimate and probability of relationships between species' guild abundance and site covariates in the Kerinci Seblat landscape.

abundances for the Critically Endangered Sumatran tiger and its prin-
cipal prey (wild boar) and several other important prey species (muntjac
and pig-tailed macaque), further underlining the status of KSNP and
surrounding forest as a global priority tiger conservation landscape
(Sanderson et al., 2023).

We emphasize that both sun bear and sambar deer demonstrated
higher abundances in areas routinely patrolled, remembering that both
of these species could be considered targets owing to bear bile trade and
bushmeat, respectively. Further, there is abundant evidence that wildlife
may shift habitat use to avoid areas accessible by people and thus subject
to increased hunting pressure (Benitez-Lopez et al., 2017; Brodie et al.,
2023; Deith and Brodie, 2020). We found that felids, and other carni-
vores, tended to be more abundant in interior forest habitat, while prey
species favoured densely vegetated areas. These nuanced habitat pref-
erences confound interpretation of the efficacy of ranger patrols insofar
as these favoured habitats are less accessible to both poachers and
rangers.

Identifying areas with higher species richness along habitat gradients
can direct PA managers to shift the focus of their conservation in-
terventions. Our model indicates that lowland areas that had intact
forest and were further from villages had a higher species richness and
greater variety of trophic guilds (i.e. Ipuh), highlighting the importance
of such areas for retaining biodiversity in the landscape. More broadly,

extrapolations beyond the study landscapes highlight the importance of
five areas within KSNP (highest guild overlapped areas) and an area in
the adjacent Batang Hari Protection Forest for supporting guild richness.
Both these new guild analyses and a previous examination of felids and
prey (Haidir et al., 2020a) emphasize the crucial role of lowland and hill
forest areas inside KSNP (annotated #1 to #5 in Fig. 6), and Batang Hari
Protection Forest (#6) as biodiversity strongholds (IUCN, 2004). Our
study also found that peripheral and less intact forests, such as Muara
Hemat, could support a relatively high number of mammal species (~10
at each camera trap location), if receiving sufficient protection.

Our study did not find that higher patrol intensities were associated
with higher species abundance overall at the community level. Certain
species groups did, however, apparently benefit from patrolling, with
the abundance of prey species, herbivores and insectivores all positively
associated with patrol intensity. We did not find an effect of patrolling
overall, likely due to the fact that there is a latent process — the behav-
iour of hunters and the resulting spatial variation in hunting pressure —
that remained unmodelled. This latent process has the potential to un-
dermine any straightforward comparison of patrol intensity and wildlife
abundance. For example, we suspect that in our landscape there are
areas which are subject to very low hunting levels and that have rela-
tively high wildlife abundance. Patrol teams may decide not to visit
these areas and, because background hunting levels are not controlled
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Fig. 5. Percent change in community- and guild-level mammal abundance relative to transitions in land-use. Population change was calculated by comparing the
abundance of species clusters in habitat classes reflective of disturbance history, encompassing pristine (old growth forest), moderately perturbed (secondary forest)
and heavily disturbed (agroforestry) land-use classes. Bars represent posterior means and uncertainty is denoted using both 75 % and 95 % Bayesian credible in-

tervals (thick and thin horizontal lines respectively).

for, the model therefore perversely associates low patrol effort with high
wildlife abundance. A dynamic approach to modelling, ideally incor-
porating a latent layer of poaching pressure, is likely better suited to
uncovering the impact of patrolling (e.g. Moore et al., 2018) rather than
the static approach we took.

Measuring population parameters at species, guild, and community
levels provides more information to increase PA management effec-
tiveness than other approaches based on species presence information, i.
e. species distribution modelling. Raymond et al. (2020) used species
distribution modelling and value of information analyses for both single
and multiple species scenarios to identify optimal spatial resource al-
locations for guiding conservation interventions. Although our study
was different to that of Raymond et al. (2020) in terms of species,
method, area, and resources, we consider our approach for defining
high-guild overlap and priority areas to be the best available for PA and
wildlife managers in Sumatra, where resources and long-term robust
data are scarce, as in other developing tropical countries (Natusch et al.,
2019). This would be useful in designating areas of High Conservation
Value, which are often hindered by gaps in knowledge on species rich-
ness (Senior et al., 2015).

Optimistically, multi-species and multi-taxa conservation in-
terventions should be implemented in most Indonesian PAs, with more

cost-efficient ways sought to enable this where available funding for
wildlife population monitoring is limited (KKH, 2020). When efforts to
improve PA management effectiveness are strategically permitted, this
could create opportunities to obtain various technical and financial
support from international networks. Geldmann et al. (2015) provided
global analyses of changes in PA management effectiveness, where
questions were set for global measures. Additionally, the Management
Effectiveness Tracking Tool (METT) is being repeatedly applied at scale
across Indonesia's PA network and through our approach we propose
multi-species population monitoring to be included in one PA-specific
question that should supplement the METT questions on resource in-
ventory (Q9), research (Q10), and resource management (Q11).

Our study represents the first multi-guild analysis in Indonesia. Our
methods and results can be used by both PA managers in the field and
policy makers in the Indonesian MoEF to assess priority areas for further
conservation interventions, as well as spatial planners to incorporate
environmental concerns into infrastructure development outside of PAs
(Setyawati et al., 2020). From a strategic conservation perspective, we
appeal for PA managers in the tropics to maximize existing wildlife
population monitoring efforts (and available datasets) through multi-
species (guilds) analyses. We believe this is critical in guiding conser-
vation efforts and applying spatial prioritization within landscapes to
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Fig. 7. Species richness across our seven study areas in the Kerinci Seblat landscape.

improve the effectiveness of PA management, research, resource in-
ventory, and, more importantly, budget allocations.
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