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Abstract

The islands of Borneo and Sumatra are strongholds for biodiversity and home for many
endemic species. They also have experienced among the highest deforestation rates globally. Both
islands are undergoing massive, rapid infrastructure development, leading to further deforestation
and habitat fragmentation. Here, we identify priority areas for continued functional forest
connectivity across Borneo and Sumatra, using spatial models of clouded leopard (Neofelis diardi, a
forest indicator species) movement, and impacts thereto from existing and future infrastructure
development. We specifically measure and map the anticipated impacts on forest functional
connectivity of three major infrastructure development projects (Pan Borneo Highway, Trans-
Sumatran Toll Road, and the new Indonesian capital city of Nusantara). We found that core clouded
leopard habitats are already highly fragmented in Sumatra, constituting only ~13% of the island,
with potential dispersal corridors still linking some habitat fragments. In Borneo, clouded leopard
core habitats cover 34% of the island, with one large central core area and several much smaller
satellite cores, which are largely unprotected (15% protected, compared to 42% in Sumatra). The
largest negative effect on habitat connectivity was predicted for Nusantara (66 % of the total
connectivity loss predicted for all three infrastructure projects), reverberating across the entirety of
Borneo with the strongest effects in East Kalimantan. The Pan Borneo Highway accounted for 28%
of the total connectivity loss, affecting every province in Borneo and Brunei, with 6% of this
decrease located within protected areas. The Trans-Sumatran Toll Road had the smallest negative
effect on connectivity (6%) but only when excluding the already built segments, which, when

included, produce a total negative impact similar to that of the Pan Borneo Highway.
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1. Introduction

The islands of Borneo and Sumatra have experienced amongst the highest deforestation rates
globally over recent decades (Miettinen et al. 2011; Gaveau et al. 2014, 2016; Sloan et al. 2014),
while also hosting some of the most extensive and most biodiverse forest habitats remaining in
Southeast Asia (Alamgir et al. 2019). Sumatra, for example, is the only remaining place on Earth
where elephants, orangutans, rhinos, and tigers cooccur. The combination of rapid deforestation
and rich, unique biodiversity merits urgent attention to ensure persistent biodiversity.
Furthermore, it is important to resolve how the globally important biodiversity of both islands,
each under different governance, can be protected alongside the sustainable development
necessary to support the needs of their human populations. If development strategies are planned
in a forward-looking and sustainable manner, guided by scientific analyses and data-based
assessments, there is potential for the management of Sumatra and Borneo to be a paradigm for

building balanced human-wildlife coexistence.

Annual deforestation rates in Borneo and Sumatra reached as high as ~2.5% (Langner & Siegert
2009; Miettinen et al. 2011; Margono et al. 2012; Basyuni et al. 2018) over the last two decades.
Historically, the main drivers of deforestation were agricultural expansion (particularly for oil palm)
(Wijedasa et al. 2018; Sloan et al. 2019a), logging (legal and illegal) (Wijedasa et al. 2018; Sloan et
al. 2019a), forest fires (natural and human-induced) (Langner & Siegert 2009; Sloan et al. 2017) ,
and mining (mainly for coal and gold) (Alamgir et al. 2019). Such drivers were, however, widely
facilitated by infrastructure expansion (Sloan et al. 2019a; Alamgir et al. 2019) — largely highway,
road, and dam development. Recently, infrastructure development has accelerated to such a
degree as to constitute a major driver of deforestation by itself, as well as accelerating additional

landscape change and habitat fragmentation (Sloan et al. 2018a, 2019a; Alamgir et al. 2019).
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Infrastructure development is difficult to predict and accommodate within conservation
designs. In response, conservation scientists are increasingly modelling potential spatio-ecological
impacts of planned infrastructure development to promote robust, pre-emptive conservation
design (or hedge against conservation failure) (Runting et al. 2015; Kaszta et al. 2019b, 2020b;

Sloan et al. 2019a; Ng et al. 2020) .

Three major infrastructure projects are presently under development in Borneo and Sumatra,

and are considered here with regard to their implications for landscape connectivity, namely:

THE PAN BORNEO HIGHWAY (PBH hereafter, also known as the Trans-Borneo Highway): The PHB will
increase connectivity between Malaysian Borneo (Sabah and Sarawak), Brunei, and
Indonesian Borneo (Kalimantan). The project will traverse and encircle Borneo via new roads
and road upgrades to facilitate the expansion of primary industries (e.g., coal mining, palm oil
and logging (Coordinating Ministry for Economic Affairs 2011; Sloan et al. 2019c; Alamgir et
al. 2019; Spencer et al. 2023). The Indonesian portion of PBH, known as the Trans-Kalimantan
Highway, is part of the Indonesian Master Plan for the Acceleration and Expansion of
Economic Development (2011-2025), which envisions the creation of six major Indonesian
economic corridors (Coordinating Ministry for Economic Affairs 2011). Many sections of the
PBH intersect or are very near protected areas (Alamgir et al. 2019), or otherwise fragment

large areas of intact forest (Sloan et al. 2019c).

TRANS-SUMATRAN ToOLL ROAD (TTR hereafter, also known as Trans-Sumatra Highway): This 2,700 km
long economic-development corridor is intended to boost primary commodity exports (Sloan
et al. 2019b). In contrast to the PBH, much of the TTR intersects cleared lands and existing
roads. However, some segments are planned to traverse the last major Sumatran primary

forest remnants critical to the conservation of endangered fauna (Sloan et al. 2018b, 2019b).
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CAPITAL CITY TRANSLOCATION: The most ambitious and expensive (USS32 billion) project in the
region (Spencer et al. 2023) is the translocation of the Indonesian capital city from Jakarta to
Nusantara, Borneo, between the current cities of Balikpapan and Samarinda in East
Kalimantan province. Nusantara is promoted as a “smart, green, beautiful and sustainable
city”, with a projected population of 1.5 million (Teo et al. 2020). However, a large human-
economic footprint is still anticipated, as due to resource provision and waste disposal.
Conceivably, this could accelerate deforestation, resource extraction, and thus strongly affect

wildlife across the whole of Borneo (Teo et al. 2020; Spencer et al. 2023).

To anticipate the impacts of these development projects, it is necessary to, first, understand
current habitat potential, and, second, anticipate the likely impacts of infrastructure development
on core habitats, habitat connectivity, and thus ultimately on wildlife populations. To this end we
apply a spatial model of species movement to identify and prioritize habitat areas crucial for
functional forest connectivity across Borneo and Sumatra. We further measure and map likely
impacts on this connectivity due to the PBH, TTH, and Nusantara infrastructure projects. To model
functional forest connectivity and designate core habitats and dispersal corridors, we chose the
Sunda clouded leopard (Neofelis diardi) as a focal species due to its high charisma (Macdonald et al.
2015), vulnerability (Hearn et al. 2015) and forest-dependance (Hearn et al. 2017; Macdonald et al.
2018b; Haidir et al. 2021). Furthermore, studies of (Penjor et al. 2021; Chiaverini et al. 2022)
showed that clouded leopard is a good indicator of predicting habitats for wider mammalian

biodiversity.

2. Methods
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Our methodology identified crucial habitats for maintaining functional forest connectivity and
modeled the potential impacts of major developments on these habitats. Specifically, we firstly
modelled clouded leopard habitat connectivity across Sumatra and Borneo, identifying core areas
(CAs) of high-density leopard movement and narrower corridors allowing long-distance dispersal
between core areas (following the methods of Cushman et al. (2018), Kaszta et al. (2020)). Secondly,
we ranked core areas and corridors per island in terms of their importance in supporting clouded
leopard population connectivity. Thirdly, we modelled the impact of planned and ongoing major
development projects (PHB, TTH, Nusantara) on clouded leopard landscape connectivity,
accounting for the effects of the existing road networks. Fourthly, we conducted a ‘gap analysis’ to
guantify the degree to which CAs and corridors are encompassed by the existing protected area

network in the context of infrastructure developments’ impact.

2.1. Modelling current forest-habitat connectivity

Rigorous spatial models of species landscape connectivity combine information on the number
and spatial distribution of individuals in the landscape (source locations from which species may
move/disperse) with spatial data quantifying the facility or resistance by which the species moves
though the landscape (Cushman et al. 2013, 2014). The best performing connectivity models are
usually based on known species distributions and movements or similarly on species’ particular
habitat use (Cushman et al. 2013a; Cushman et al. 2018; Mateo-Sanchez et al. 2015b; Zeller et al.

2018).

To model clouded leopard habitat connectivity across Borneo and Sumatra, we generated
clouded leopard source locations using existing and published information on their density and
habitat suitability in the islands (Hearn et al. 2017; Haidir et al. 2021). Similarly, since telemetry data

on clouded leopard movement are very sparse — the sole example (Hearn et al. 2018) was based on
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only four individuals — we developed a resistance surface using the same published habitat suitability

models (Macdonald et al. 2018a).

Given these source locations and resistance surfaces, we applied two complementary
approaches modelling current leopard habitat connectivity: cumulative resistant kernels to identify
core habitat areas (Compton et al. 2007; Cushman et al. 2016), and factorial least-cost paths

(Cushman et al. 2009; Kaszta et al. 2020b) to identify dispersal corridors.

2.1.1. Source locations

To define number and distribution of Sunda clouded leopard source locations in the landscape, we
calculated the relationship between the known number of clouded leopard individuals (Hearn et al.
2017., Haidir et al. 2021)and habitat suitability (described in Appendix 1.1.). For both islands, we used
a Sunda clouded leopard habitat-suitability layer developed by Macdonald et al. (2018a) which is
based on an extensive dataset of ~1.5k camera-trap stations distributed across 22 camera grids (7 in
Sumatra, 15 in Borneo). In Borneo the cameras were distributed in the south and southeast of
Indonesian provinces of Kalimantan and in the south and east of the Malaysian state of Sabah. In
Sumatra the sampling effort was focused in the west and central part of the island (Macdonald et al.,
2018a). The Sunda clouded leopard source locations represented a pool of potential occurrence
points probabilistically distributed across the suitability surface (e.g., Cushman et al. 2017; see

Appendix 1.1 for details).

2.1.2. Resistance surface

To generate a resistance surface for habitat-connectivity modelling, we used a negative
exponential transformation of the leopard habitat suitability layers of Macdonald et al. (2018a) for

Borneo and Sumatra (Egn 1).
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Habitat suitability))
0.2

(1)

Resistance surface = 100(e (—

Exponential transformation of habitat suitability has been shown to explain the relationship
between a species’ facility of movement across a landscape, that is, resistance to movement across
a landscape, and habitat suitability within the landscape (Mateo-Sanchez et al. 2015a; Keeley et al.
2016). We then rescaled these resistance surfaces between 1 and 200, with value 1 denoting pixels

of least resistance. The resistance surface has a pixel resolution of 250m.

It is important to note that the Sunda clouded leopard habitat suitability model developed by
Macdonald et al. (2018a) encompassed several variables linked to forest cover (extensiveness of
lowland forest, percent of lower montane forest and percent of forest loss), which stresses the
importance of forest habitat for Sunda clouded leopard and negative impact of deforestation on the
species occurrence. It also included two topographical variables, compound topographical index (CTI)
and slope position, which indicated that clouded leopards occur preferentially in rugged, upland

ridges.

2.1.2. Connectivity model

To define core habitat areas and dispersal corridors we adopted two different approaches. (1)
To calculate synoptic connectivity for each pixel in the landscape, a base for defining core areas, we
applied the cumulative resistant kernel method (Compton et al. 2007) in UNICOR software (Landguth
et al. 2012). The resistant kernels algorithm calculates least-cost distance from each Sunda clouded
leopard source location to every location in the landscape within a dispersal-distance threshold.

Here, cost was defined with respect to the cumulative resistance of Sunda clouded leopard
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movement over space, and a dispersal-distance thresholds was set at 250,000 cost units, after
(Macdonald et al. 2018b; Kaszta et al. 2020a), which is effectively 250km dispersal ability through
minimally-resistant conditions (resistance=1). Next, the kernel surfaces were summed across every
source location, defined above, to generate a surface of a total expected movement density. Core
habitat areas are areas of high predicted density of Sunda clouded leopard movement (high
cumulative resistant kernels values). Therefore, we define these areas as areas with cumulative

resistance values greater than the 80" percentile (e.g., Macdonald et al. 2018b).

(2) To identify and map dispersal corridors between core areas, we adopted a factorial least-cost
path approach (FLCPs; Cushman et al. 2009), also using UNICOR. This approach is similar to the
traditional least-cost paths (LCPs) method, but is extended to calculate least-cost paths across all
combinations of source locations, resulting in a synoptic surface of least cost-path density. One of
the benefits of the FLCPs approach is that it accounts for a species’ dispersal ability. Since we wanted
to model potentially long-distance dispersal and multi-generational movement, we set the dispersal
threshold for FLCP to five-times that used for the cumulative resistant-kernel analysis (sensu
(Macdonald et al. 2018c and Kaszta et al. 2020a). The raw FLCPs layer identified narrow pixel-wide
linkages between Sunda clouded leopards’ source locations. To widen these narrow linkages, making
them more biologically realistic, we used a smoothing moving window of a 5km radius and calculated
focal mean over the FLCPs (e.g., Cushman et al. 2009, Kaszta et al. 2020a). To define dispersal
corridors, we first ran a smoothing function on the raw output layers of the FLCPs analyses. We then
applied a 30t percentile threshold to the smoothed paths. For further analyses we considered only

paths outside of the core areas.

2.2. Ranking the importance of core areas and corridors
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To rank core areas in their importance for the Sunda clouded leopard population, we first
calculated the sum of resistant kernel values for each CA. We then ranked the CAs according to this
sum, which represents the total expected amount of Sunda clouded leopard movement within the

CA (sum of the kernel values) (Cushman et al. 2018; Kaszta et al. 2020a).

In the dispersal corridors ranking we only considered corridors (or network of corridors) linking
core areas. We ranked corridors based on their strength (sum of the LCP values) and the strength of
the core areas they connected (sum of the cumulative resistant kernels). More information on how

this ranking was performed is included in Appendix (Section A1.3).

2.3. Defining infrastructure-development scenarios

We quantified the impacts of future infrastructure development (PBH, TTR, Nusantara) as well
as existing road networks on functional habitat connectivity. To accomplish this, we first modelled
landscape accessibility of all locations across both islands for humans, given planned and existing
infrastructure. Next, we modulated our Sunda clouded leopard connectivity surfaces, given these

human accessibility surfaces, as detailed below.

2.3.1. Accessibility from existing roads network

The Sunda clouded leopard habitat suitability data (Macdonald et al. 2018a)on which our
connectivity models are based, did not account for the effects of existing infrastructure. To estimate
recent losses to connectivity due to road infrastructure development to date, we had to update our
understanding of current connectivity accordingly by incorporating effects of existing road network.
We, therefore, modeled human accessibility to all areas across each island as a function of
infrastructure using the same framework as for Sunda clouded leopard habitat connectivity. Source
locations were first defined, now with respect to potential human occupancy, i.e., human traffic;

then resistance surfaces were defined, now with respect to human dispersal, namely vehicular traffic

10
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along roads and human ‘foot traffic’ from roads over the adjacent landscape. We defined existing
roads in Sumatra and Borneo as all motorways, trunk roads, primary roads, and secondary roads as
defined by the current version of the OpenStreetMap dataset (OSM) (OpenStreetMap contributors,
2022). Source locations were specified at differing densities for each of three road classes, with
higher (lower) densities ascribed to roads with higher (lower) capacity for human traffic, i.e., more
(less) lanes and higher (lower) speeds. This reflects the greater traffic and disturbance conduit
function of larger roads as compared to smaller less travelled roads. Specifically, we ascribed one
source location for every 2 km segment, 4km segment, and 8 km segment for motorways and trunk
roads, for primary roads, and for secondary roads, respectively (more information on the density of
source location is available in Appendix 1.3). All source locations were subsequently combined to run
a cumulative resistant kernels analysis in UNICOR, predicting human accessibility along and from the
road network, similar to the connectivity analysis run for Sunda clouded leopard habitat (Section
2.1.2)., but specifying dispersal distance threshold of 1,000,000 resistance units to reflect the high

mobility of humans assisted by motor vehicles.

Our resistance surface for modelling human accessibility incorporated two factors: road class,
being a proxy for traffic flow; and topographical slope, given that building additional roads or
accessing areas on foot is progressively limited by increasingly steeper terrain. We first defined a
slope surface at 90-m resolution, based on SRTM data (Jarvis et al. 2008) and rescaled to resistance
values of 100-1000. We then assigned nominal resistance values of 1, 20, and 40 to our three road
classes of motorways and trunk roads, primary roads, and secondary roads, respectively (the logic
behind choosing these resistance values is explained in Appendix 1.3). Finally, we combined the roads
layer with assigned resistance values with the slope resistance layer, and used this final resistance
surface for our modelling. Notably, in our final resistance layer, roads have lower resistance values

than surrounding flat areas, due to the rescaling of the input slope layer.

11
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2.3.2. Accessibility from the Trans-Sumatran Toll Road
We digitized the planned segments of the Trans-Sumatran Toll Road (TTR) based on several
published maps (Sloan et al. 2019b), OpenStreetMap (OSM), and Google Earth. As with existing roads
(Section 2.4.1), we ascribed the TTR one source locations per 2km segment and a resistance values
of 1. These TTR source locations were then combined with the source locations defined for existing
roads, and the resistance of the TTR was similarly integrated into the final resistance surface of
existing roads (Section 2.3.1). Finally, using these updated data incorporating the TTR, we re-ran the

human accessibility analyses described for existing roads previously (Section 2.3.1).

2.3.3. Accessibility from the Pan Borneo Highway
There are several ongoing and planned road development projects of the Pan Borneo Highway
(PBH) network, namely the southern Trans-Kalimantan segments, the central part through Central
and West Kalimantan provinces, and the northern (Sarawak) segment and the Sabah highway
network (Sloan et al. 2019¢c; Alamgir et al. 2019). We defined these PBH segments here according to
spatial data provided by Alamgir et al (2019) for Kalimantan, and by Abram et al., 2022 for Sarawak
and Sabah. Human accessibility from these segments of the PBH was modelled otherwise as

described for the TTR above (Section 2.3.2).

2.3.4. Accessibility and the Nusantara capital city
To model the potential extent of the new capital city of Nusantara, as a base scenario we
generated a 50km circular buffer around its approximate proposed location. The size of the buffer
was determined based on a study of Pravitasari et al. (2015) analyzing urban expansion of Great
Jakarta. However, because we are uncertain about the size of future capital and its future rate of
urban expansion we also performed sensitivity analyses by applying three other scenarios of

potential urban expansion (buffer sizes: 30km, 40km and 60km). As with the major roadways above,

12
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we ascribed this buffer area a resistance value of 1, and then integrated the corresponding resistance
layer with that defined for existing roadways previously (Section 2.3.1). The source locations for
vehicle and human traffic, were placed in the nominal location of the city plus random locations
within the surrounding buffer area. We then re-ran the modelled increased human accessibility due
to the city’s planned development, as with the TTR and PBH developments above. Since the impact
of new capital city will presumably extend far beyond those of roads per se, as due to increased
regional economic activity, population size and resource extraction (Teo et al. 2020), we specified a

dispersal threshold four-times larger than for the TTR and PHN, i.e., 4,000,000 resistance units.

2.3.5. Impact of development on Sunda clouded leopard connectivity

To analyze how infrastructure may curtail Sunda clouded leopard habitat connectivity, we
defined a spatial index of connectivity loss (Eqn 2) on the basis of the spatial intersections between
our Sunda clouded leopard connectivity layer with the human accessibility layers for existing
roadways, the TTR, the PHB, and Nusantara city separately. In Equation 2, Sunda clouded leopard
connectivity was rescaled to between 0 (lowest connectivity) and 1 (highest connectivity), and
human accessibility was similarly rescaled and inverted to between 0 (most accessible) and 1 (least
accessible). Hence, index values approaching a minimum of -1 indicate losses of relatively connected
Sunda clouded leopard habitats due to relatively high human accessibility, while index values
approaching a maximum of 0 indicate smaller losses in connectivity due to either limited human
accessibility, initially low Sunda clouded leopard connectivity or high connectivity in areas with low

projected impact.

Index of Connectivity Loss = (Leopard Connectivity * Human Accessibility) —

Leopard Connectivity (2)

13
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2.4 Identifying gaps in the protection of priority habitats

We analyzed how thoroughly the existing protected area network encompasses our modelled
CAs for population connectivity of the Sunda clouded leopard, taking into consideration the likely
effects of future infrastructure. Protected areas (PAs hereafter) were defined as current official PAs
of Management classes I-IV (Dudley 2008), delineated by IUCN (IUCN and UNEP-WCMC, 2021) as of
April 2021. For each island, we then calculated several measures describing how, and how well, PAs

encompass Sunda clouded leopard core habitats or dispersal corridors (Table 1).

Table 1. Measures of protected areas coverage of Sunda clouded leopard habitat connectivity.

Measure Description of Measure

Summed resistant kernel values (unthresholded) within
Total protected connectivity protected areas as a proportion of the total sum of resistant

kernel values

Summed resistant kernel values (thresholded, representing
Strength of the protected CAs only core areas) within PAs as a proportion of the total sum of

resistant kernel values within CAs

Percentage of core area
Percentage of the total size of CAs being protected
protected

Summed smoothed FLCPs values (thresholded and without
Strength of the protected
CAs, representing dispersal corridors) within PAs as a proportion
dispersal corridors
of the total sum of FLCPs values within the corridors

Percentage of corridors
Percentage of the total area of corridors within PAs
protected

14
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To analyze the impact of the existing and future infrastructure on the current protected areas
network, we calculated the percent of connectivity lost within the PAs network as compared to the
total connectivity lost for each development scenario. This was done by summing up the Index of
Connectivity Loss for each scenario within PAs and across the landscape and then calculating the
percentage of that loss within the PAs network. Additionally, the percent loss in connectivity within
PAs for each development scenario was calculated in relation to loss of connectivity caused by the

existing road network.

3. Results

3.1. Core areas and corridors

We identified 28 CAs in Borneo and nine in Sumatra, ranked in Figure 1 and Figure 2,
respectively, according to their importance to Sunda clouded leopard population connectivity. These
CAs had highly disparate size distributions between the two islands. Borneo is characterized by one
large central CA in its highland region, with all other ‘satellite’ core areas being <1/25 the size. This
large central CA in Borneo is ~10 times larger than the largest CA in Sumatra (256,550 km? vs. 28,281
km?), while 65% of CAs in Borneo are smaller than the smallest Sumatran CA (Table Al and Table A2).
Sumatra has a comparatively even distribution of CAs by area, with two relatively large CAs (above
18,000 km?) and seven CAs below 3,000 km?, the smallest of which being 340 km?. Sunda clouded

leopard CAs cover ~34.2% of Borneo and ~12.9% of Sumatra.

We further identified 37 dispersal corridors between CAs in Borneo (Table A3), and 22 and
Sumatra (Table A4), ranked in Figure 1 and Figure 2, respectively, by corridor strength. In general,
corridors in Sumatra linked relatively disjointed CAs. In Borneo, corridors typically linked the largest

central CA with proximate and much smaller satellite CAs. Borneo also has several isolated CAs, i.e.,

15



324

325

326

CAs not linked by any corridor, whereas in Sumatra all CAs are linked at the dispersal threshold

specified in this study.
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Figure 2. Sunda clouded leopard core areas and corridors strength and ranking in Sumatra. Red numbers - core areas ranking;

Black numbers — corridors ranking.

3.2 Impact of infrastructure development on Sunda clouded leopard connectivity

3.2.1 Existing roadways in Borneo and Sumatra
As reported below, road development has affected all of the major CAs on both islands.
In Borneo, the greatest losses to connectivity occurred where roadways isolated large forest

fragments from the second most important CA (Figure 3a) or from the most important, central CA
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339  (Figure 3b, 3c). In all cases, such isolation occurred where forest habitat was a narrow stretch or
340 ‘bottleneck’ bridging expansive areas of forest habitat. Our results highlight the immediate

341  potential for similar major CA fragmentation at bottlenecks in the northeastern portion of the most
342  important, central CA, in Sabah, and at the southern extent of the third most important CA, in
343  South Kalimantan Province (Figure 1). Indeed, the latter is directly threatened by the PBH, as
344  discussed below.

345 In Sumatra, the greatest loss to Sunda clouded leopard connectivity occurred in the Leuser
346  Ecosystem Figure 4a) (cf. Sloan et al. 2018a) with sum of the Index of Connectivity loss reaching
347  around 15,000 (North Sumatra Province, Figure 8). At the same time Leuser Ecosystem was also
348 ranked as the most important CA on the island (Figure 1). A newly built road has recently divided
349  the Leuser Ecosystem in half (Figure 4A) and potentially portends the isolation of Sunda clouded
350 leopards in the eastern and western halves of this CA. Similar, but lesser, losses occurred in the
351 second most important CA (cf. Sloan et al.2019A) (Figure 4C) as well as amongst the fourth, fifth,
352  sixth and seventh most important CAs (Figure 2, Figure 4B). The third most important CA in

353  Sumatra was relatively less subject to connectivity losses due to its relative geographic isolation

354  from other CAs and its corresponding lesser potential for Sunda clouded leopard dispersal.

355
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Figure 3. Recent historical losses to Sunda clouded leopard connectivity due to existing roadways in Borneo. A,B and C are areas

of the highest impact.
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Figure 4. Recent historical losses to Sunda clouded leopard connectivity due to existing roadways in Sumatra. A,B and C are

areas of the highest impact.

3.2.3 Pan Borneo Highway

The anticipated impact of the Pan Borneo Highway on Sunda clouded leopard connectivity
accounted for 28% of the total modelled decrease in Sunda clouded leopard connectivity,
measured by the Index of Connectivity Loss, of the three future infrastructure projects (excluding
existing roads). Developing the PBH will likely result in 1.2% of total Sunda clouded leopard
connectivity loss across the entirety Borneo (Appendix Table A7). Several segments of the PBH will
traverse the largest, and modelled as most important, central CA (Figure 5A, 5B). The greatest
impact on Sunda clouded leopard connectivity is predicted in the northern segment of the Trans-

Kalimantan highway traversing the center of this CA (Figure 5B) with losses estimated by the sum of

20



371

372

373

374

375

376

377

378

379

380

the Index of connectivity loss of about 9,000 only in the North Kalimantan province (Figure 8). The

entire northern reach of the PBH, in North Kalimantan Province and Sabah, will result in large

losses to connectivity in the central CA and the potential disconnection of Sabah populations from

the rest of Borneo (Figure 5A) (cf. Sloan et al. 2019A). A PBH segment traversing southern

Kalimantan latitudinally will also fully isolate a major southwestern portion of the central CA

(Figure 5C) and, further east, largely eradicate the eighth most important CA (Figure 5, Figure 1).
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Figure 5. Impact of Pan Borneo Highway on Sunda clouded leopard connectivity. A, B and C are areas of the highest impact.

3.2.2 Nusantara Capital City
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The new Indonesian capital of Nusantara in Eastern Kalimantan province poses the most
significant and extensive impact on Sunda clouded leopard connectivity amongst all future
infrastructure projects considered by far, accounting for 66% of the total modelled connectivity loss
across all three development projects. Depending on the rate of urban expansion and the size of
the megacity of Nusantara the loss in Sunda clouded leopard population connectivity in Borneo is
predicted to vary between 2.49% (30km buffer) and 3.16% (60km buffer) and is two to three times
greater that the connectivity loss potentially caused by PBH alone (Appendix Table A7). The impact
of the new capital is projected to cause the disintegration of many CAs across Borneo, particularly
in its southeast, including the third most important CA (Figure 6B, Figure 1). At best, this CA would
become disconnected from the central, most important CA and may struggle to maintain viable
Sunda clouded leopard populations, given its increasing isolation, elongated shape and bottlenecks,
which likely will reduce genetic exchange with the central CA, and growing human pressure from
the nearby new capital. Our analyses also project significant losses to connectivity along the entire
eastern flank of the central, most important CA (Figure 6), including major losses due to the

isolation of high-connectivity, large forest areas in Eastern Kalimantan (Figure 6A).
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Figure 6. Impact of new Indonesian capital Nusantara on Sunda clouded leopard connectivity. A,B and C are areas of the

highest impact.

3.2.4 Trans-Sumatran Toll Road

Since many segments of the TTR have been developed recently, the impact of this
infrastructure-development project on Sunda clouded leopard connectivity has largely been
accounted for by existing road infrastrucuture (4.6% of connectvity loss in Sumatra with existing
roads, 0.56% without existing roads; Appendix Table A7). When excluding the effects of existing
roads, the TTR was modelled to account for 5% of the total Index of Connectivity Loss across the

three infrastructure projects.
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407 Amongst pending TTR segments, the most significant impacts are anticipated in central

408 Sumatra (Figure 7A), where the TTR will further and fully isolate several CAs, breaking up some of
409 the most importan Sunda clouded leopard dispersal corridors (Figure 7A). Similar, but lesser,

410 impacts are also anticipted in the connectivity network of corridors connecting the CA host to

411  Kerinci Seblat National Park with smaller forest areas in southern Sumatra (Figure 7B).
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412
413 Figure 7. Impact of Trans-Sumatran Toll Road on Sunda clouded leopard connectivity. A,B and C are areas of the highest
414  impact.
415
416 3.2.5. Comparison of impacts across projects and provinces
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Upon comparing the impact of infrastructure developments across both islands and their
provinces/states, total losses to connectivity (excluding the impact of existing infrastructure) were
consistently greatest for the new capital Nusantara of and accordingly for Borneo overall (absolute
connectivity loss calculated by the Index of connectivity loss of 55,806; and Figure 8 and Appendix
Table A7). The anticipated impact on connectivity due to the new capital was many times greater
than for the PBH in three provinces of Kalimantan (Figure 8). It is worth noting that the negative
impact of the PBH in Borneo on Sunda clouded leopard connectivity, excluding the effects of the
existing road network, was much higher than the impact of the TTR in Sumatra (absolute

connectivity loss of 23,851 for PBH versus 4,866 for TTR; Figure 8 and Appendix Table A7).
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Figure 8. Index of connectivity loss across provinces in Borneo and Sumatra (A- the sum of the index of connectivity loss in each

province; B- the sum of the index of connectivity loss standardized by province area).

3.3 Clouded leopard habitat connectivity protection amidst infrastructure development
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Core areas in Borneo constitute 34.2 % of the island. In comparison, protected areas cover only

9.4% of Borneo. In Sumatra CAs cover 12.8% of the island while PAs constitute 11.2% of the island.

Within Borneo 15% of CAs extent and 17.7% of their strength (sum of kernel values) are currently
protected (Table A5, Figure A1A). In the case of dispersal corridors in Borneo, 3.3% their strength

(sum of LCP values) and 3.5% of their areas lies within PAs (Table A4, Figure A1A).

In Sumatra, the strength of the protected CAs (44.9%) and the extent of all CAs within the PAs
network (41.7%) is much higher as compared to Borneo. In the case of dispersal corridors in Sumatra,
17.9% of their strength and 12.9% of their total area is under protection (Table A5, Figure A1B). In
Sumatra, almost all CAs with the highest modelled density of movement are within protected areas.
This is not the case in Borneo, where only very small proportion of the high movement density CAs

is protected (Figure A1A).

Overall, across the three modeled development projects, the impact on Sunda clouded leopard
connectivity in PAs was the strongest for the PBH, where ~5% of the total connectivity loss was
modelled to occur directly within the existing PAs network (Table A6). As a comparison, this
constitutes 15% of the total connectivity loss caused by the existing road network in Borneo. In
Sumatra, ~4% of the total connectivity loss due to the TTR development was predicted to occur

within PAs (Table A6).

4. Discussion

In this paper, we used the Sunda clouded leopard as a charismatic forest indicator species
(Macdonald et al. 2017)to investigate the existing functional forest connectivity across both islands.
We ranked the most important core habitats and dispersal corridors, and we quantified the impact
of existing, planned and ongoing roads development projects, as well as potential effects of

relocation of the new Indonesian capital — Nusantara.
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We found that core Sunda clouded leopard habitats are already largely fragmented in Sumatra,
with some existing dispersal corridors still linking this highly fragmented landscape. The effects of
forest fragmentation and habitat loss was found to be different in Borneo, with one large central
core area, a few much smaller and still connected satellite core areas, and many very small and

already fully isolated fragments.

Our results stress the strong negative effects of all the considered already vulnerable existing
forest functional connectivity. The PBH cuts through the identified by our analyses most important
Bornean core area in several crucial places supporting high density of Sunda clouded leopard
movement. Furthermore, the projected impact of the new Indonesian capital was modelled to
significantly decrease forest connectivity not only in the near proximity of the capital but almost
across the entire island. Finally, the negative effects of TTR (the second most impactful
infrastructure project after Nusantara) are already visible and accounted for by the existing road

network since the project is largely completed.

4.1. Clouded leopard habitat connectivity and prioritization

Our connectivity model identified a much higher number of CAs in Borneo compared to
Sumatra. However, nearly half of these CAs are very small (< 200km?; as comparison all CAs in
Sumatra are > 300km?) and fully isolated. Most of them are probably not providing conditions for

viable Sunda clouded leopard populations.

Our results reveal the extensive fragmentation of Sunda clouded leopard core habitats in
Sumatra. Although nearly 42% of these areas are currently under protection, except for the
relatively large CAs in Gunung Leuser NP and Kerinchi Seblat NP, remaining Sunda clouded leopard
core population areas in Sumatra are relatively small. Not only is the small size of CAs in Sumatra

worrying, our results indicate the urgency of protecting the linkages between these CAs to allow
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demographic exchange and gene flow between them. Small habitats without the possibility of
movement between them expose the species to elevated risk of local extinctions. Although all
Sunda clouded leopard CAs in Sumatra are still connected by dispersal corridors, only 13% of these
corridors are protected. The northeast side of the CA within the Kerinci Seblat NP is already highly
vulnerable, with a relatively narrow connection to the rest of that second most important core
area. The existing roads traversing this narrow connecting zone not only increase the risk of
wildlife-vehicle collisions (Alamgir et al. 2019; Silva et al. 2020) but in the long term may lead to
fragmentation of this part of the second most important CA.

We found the habitat connectivity of the Sunda clouded leopard population in Borneo has a
dramatically different pattern to that in Sumatra. Although Sunda clouded leopard CAs cover about
34% of Borneo, only 15% of those areas and 3.4% of dispersal corridors are currently protected.
Furthermore, according to our results, the parts of the main CA supporting a high density of Sunda
clouded leopard movement are currently not protected. Furthermore, there are several vulnerable
areas within the central CA. Without formal protection, and even with current slowing rates of
deforestation (Gaveau et al. 2022), these areas will likely become detached from the central CA

(e.g. the most southwestern and northeastern parts of that CA).

4.2. Infrastructure developments and connectivity

Out of all the development scenarios we investigated, the new Indonesian capital Nusantara
poses by far the highest threat to Sunda clouded leopard connectivity. The modelled negative
impact of the capital reverberated across the entirety of Borneo, except Brunei, with especially
high negative effects in South and East Kalimantan. Spencer et al. (2023) predicted that, within an
estimated 200km impact zone of the new capital, 16% of critical habitats for biodiversity and more

than 40% of the critical orangutan habitat will be affected. According to our results, the capital will
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especially affect the 3™ and 8" most important Sunda clouded leopard CAs, causing their
degradation and disconnection from the central core area (Figure 1). This is worrying considering
that Sunda clouded leopards are a barometer of likely change of wider biodiversity (Chiaverini et al.

2022).

The Pan Borneo Highway is another potential development that is predicted to drive major
declines in Sunda clouded leopard connectivity across all Bornean provinces. Many segments of the
PBH intersect the most important Sunda clouded leopard CA located in the heart of the island. The
Trans-Kalimantan part of the PBH, traversing the central part of this CA, including areas supporting
the highest modelled Sunda clouded leopard density of movement, showed the greatest negative
impact on connectivity. Spencer et al. (2023) found that the Trans-Kalimantan highway is planned
to cross important hotspots of biodiversity, potentially causing large negative impacts on wildlife.
For example, Spencer et al. (2023) reported that 12.3 % of the area within 5km of the new roads in
Kalimantan and 15.0 % of the area within 50km from the new roads contains critical habitat for
threatened mammals. Similarly, Alamgir et al. (2019) reported that planned and ongoing
infrastructure-expansion networks in Kalimantan, including the PBH, would decrease structural
forest connectivity in this region from 89% to 55%. Our results show very strong negative impacts
of the PBH especially in East, North and West Kalimantan provinces, as well as in Sarawak.
Although, in our analyses Sabah was not predicted to be the most affected province by the PBH
development, Kaszta et al. (2019) have previously predicted that effects of all potentially planned
infrastructure developments in this state could result in a 23% loss of Sunda clouded leopard
connectivity, 40-63% decrease in Sunda clouded leopard population size and significant reduction
in its genetic diversity. Moreover, the negative impact of the PBH development will also affect
protected areas. Our results shows that the PBH had the highest modelled negative effect on Sunda

clouded leopard habitat connectivity within protected areas amongst all the considered
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infrastructure developments. According to Alamgir et al. (2019) the PBH is planned to intersect 25
PAs in Kalimantan alone, including Kayan Mentarang NPk, which is one of the largest relatively
intact NP in Indonesian Borneo.

In Sumatra, the Trans-Sumatran Toll Road was also modelled to have a negative effect on
Sunda clouded leopard habitat connectivity, especially in the province of West Sumatra. The total
negative effects of the TTR are probably much higher, however, because many segments of this
highway have already been constructed, with the consequence that their existing impact (e.g. in
Aceh and North Sumatra provinces) was incorporated in our analysis of existing (rather than future)
road impacts. Sloan et al (2019) discussed these potential negative effects of the TTR on remnant-
forests of the Leuser Ecosystem, Kerinci-Seblat NP and Batang Toru. The authors envisaged that,
without legal protection, the highway would promote human incursions into the fringes of these
protected areas.

Although in this paper we were not investigating and predicting indirect effects of road
developments, it is well documented that roads significantly increase detrimental human access to
forest. This in turn increases logging (Laurance et al. 2009; Teo et al. 2020), hunting pressure
(Deere et al. 2020), edge effects (Pfeifer et al. 2017) as well as fire risk and further degradation of
primary forest (Nikonovas et al. 2020). Based on the Tesso Nilo NP (Riau Province of Sumatra)
example, Poor et al. (2019) reported a proliferation of small roads sprawling from the larger
highways which greatly increased forest loss and fragmentation. The authors found that previously
unmapped smaller roads created an edge effect covering 82-99% of the forest within the Tesso Nilo

NP.

4.3. Scope and limitations
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In this work we used data from camera traps across Borneo and Sumatra to understand Sunda
clouded leopard movement-habitat relationships and to model the species habitat connectivity.
Habitat-based estimates of landscape resistance are often inferior to those produced from
telemetry or genetic methods (e.g., Mateo-Sanchez et al. 2015; Wasserman et al. 2012; Sartor et al.
2022). Furthermore, our assumptions on road resistance are untested due to lack of empirical data
on clouded leopard movement across a wide range of landscape conditions. As the availability of
Sunda clouded leopard telemetry or genetic data increases, we recommend that the connectivity

models be updated and validated based on this information.

It is important to acknowledge that both the density calculations and the habitat suitability
model are based on models, which inherently carry a degree of uncertainty, often of considerable
magnitude. Therefore, future research should validate and improve understanding of the key
parameters used in this study including density, movement ability, resistance, and habitat
suitability. This study used the most complete information currently available and given the
urgency represented by rapid habitat loss and fragmentation in the system it is important to
present the most complete knowledge we have currently. Future work can improve estimation of
these parameters through empirical research on movement behavior of GPS monitored individuals,
landscape genetics, and continued camera trap studies to document changes in distribution and

estimate density through capture-recapture methods.

We used the Sunda clouded leopard as a focal species, given it is highly mobile, wide-ranging
and it is closely associated with forest ecosystems. Thus, it can potentially serve as an umbrella
species for other forest dependent species (e.g., Dickman et al. 2015; Macdonald et al. 2017;

Chiaverini et al. 2022). However, to fully investigate effects of current and future infrastructure
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projects on wildlife, habitats, landscape integrity and population connectivity in Borneo and

Sumatra more species with different levels of sensitivity to fragmentation, should be investigated.

Furthermore, in this work we did not model any indirect and longer-term effects of road
expansion and development of the new capital, as those can be highly unpredictable. Therefore,
we believe that probably the effects of the investigated infrastructure developments will be far
more detrimental to Sunda clouded leopards, and other wildlife, than our conservative modelled

predictions.

4.4. Conservation implications

This work identified, mapped and ranked the most important core habitats and dispersal
corridors for Sunda clouded leopard, and potentially other forest-dependent species, across
Borneo and Sumatra to inform conservation priorities. The top priority is protecting the existing
core areas and, secondly, protecting also the highly ranked dispersal corridors between them.
Based on the predicted maps of Sunda clouded leopard habitat connectivity, we recommend
expansion of the existing protected areas to cover larger parts of the two most important core
areas and also protection of the smaller core area between them which might act as
steppingstones linking the two large expanses of core habitat.

Our results suggest that both Borneo and Sumatra need dramatic conservation action to
safeguard clouded leopard connectivity. In Borneo only a very small proportion of Sunda clouded
leopard core habitats are protected and with a probable increase in development driven by
expanding infrastructure and the relocation of the Indonesian capital. Without legal protection the
large central core area in the heart of Borneo might soon become dismembered and its fragments
isolated. We advocate prioritizing protection of the central part of the main core area, which we

predict supports a high density of Sunda clouded leopard movement. In Sumatra, in contrast,
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extensive past habitat loss has highly reduced and fragmented clouded leopard core habitats.
These remaining core habitats are relatively well protected by existing PAs; in Sumatra, therefore,
the conservation focus must be on safeguarding these last core populations and ensuring their

functional connectivity by protecting the priority corridors identified in this analysis.

According to our predictions, in Borneo the added effects of the new capital and all segments
of the PBH, if not properly mitigated, will likely greatly decrease connectivity of Sunda clouded
leopard populations and forest integrity in general. We recommend rerouting the North
Kalimantan segment of the TTR (sensu Kaszta et al. 2019), which was modelled as the segment
likely to be most detrimental to Sunda clouded leopard connectivity, and is currently planned to
run through the primary forest in the heart of Borneo. In case of the approval of the TTR project,
we strongly advocate to integrate multiple strategically located and well-designed wildlife under-
or over-passes into the TTR development plans, allowing at least minimal mitigation (Bennett
2017). This construction should be placed especially in the areas modelled here as important core
habitats/corridors supporting high-density movement Although there are speculations over the
effectiveness of under- or over-passes, several studies have shown that even if the structures are
not frequently used they still may be sufficient to facilitate population connectivity and allow gene
flow (Clevenger 2013; Zimmermann Teixeira et al. 2013). Furthermore, additional fencing along
roadsides can be effective in preventing wildlife from crossing a road or directing them towards the

crossing structures (Bennett 2017).

The relocation of the Indonesian capital to Nusantara, which is already underway, was
revealed by our models to be the most impactful development of all those we analyzed. The
predicted impacts affected almost the entirety of Borneo, making it difficult to mitigate. However,

since the new capital is designed and built from a blank slate it is crucial to incorporate an effective
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and strategically placed green infrastructure to create biodiversity sensitive urban design (Garrard
et al. 2018). One of the best examples of such design could be a Fishermans Bend (Melbourne) -
the largest urban renewal project in Australia explicitly including biodiversity targets (Kirk et al.

2021).

Overall, our core areas and corridors prioritization and assessment of potential effects of three
major development projects provide an important foundation to develop conservation actions and
land use planning to minimalize the impact of future developments planning on habitats of forest
dependent species across Borneo and Sumatra. This paper did not explore alternative development
scenarios or evaluate modifications of development and conservation plans (as was done in
Cushman et al. 2016 and Kaszta et al 2019, 2021 for example). However, analyzing the current state
of connectivity for Sunda clouded leopard and projected impacts of three major development
projects provides a critical baseline to assess ongoing habitat loss and fragmentation, a benchmark
for comparing future changes, and a foundation on which future collaborative research should co-

develop optimized conservation and development scenarios.
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