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Protected areas are an important tool for wildlife conservation; however, research is increasingly

revealing both biases and inadequacies in the global protected area network. One common criticismiis
that protected areas are frequently located in remote, high-elevation regions, which may face fewer
threats compared to more accessible locations. To explore the conservation implications of this issue,
we consider a thought experiment with seven different counterfactual scenarios for the Sunda clouded
leopard’s conservation on Borneo. This allows us to examine two contrasting paradigms for
conservation: “proactive conservation” which prioritises areas with high biodiversity and high risk of
development, and “expedient conservation” which focusses on areas with the lowest development
risk. We select clouded leopards as our focal species not only because of their emerging conservation
importance, but also because, as top predators, they represent both keystone species and
ambassadors for wider forest biodiversity. Furthermore, a published analysis of the likely impacts of
forest loss in their habitat provides a benchmark for evaluating the modelled outcomes of alternative
hypothetical conservation scenarios. We find that, across all metrics, expedient reserve design offered
few benefits over the business-as-usual scenario, in contrast to the much greater conservation
effectiveness of proactive protected area design. This paper sheds light on the challenging trade-offs
between conservation goals and the competing land uses essential for the economic development

and well-being of local communities.

Protected areas play a crucial role in wildlife conservation around the world.
Recognising this does not diminish the value of habitats beyond protected
area boundaries or the effectiveness of land-sharing approaches aimed at
promoting harmonious human-wildlife coexistence?; nevertheless, the
identification and protection of special areas for conservation remain a
cornerstone of conservation policy’. Despite these efforts, many protected
areas may not fully fulfil their intended goals: for instance, Lindsey et al. *.
estimated that most lion populations remaining in protected areas existed at
scarcely half their carrying capacity. Additionally, an extensive and growing
literature discusses so-called “paper parks” that provide little to no actual
protection’, along with increasing human pressures within protected areas’.
Understanding the factors that influence protected area effectiveness is thus
widely seen as a conservation priority”.

One important question is how to maximise conservation benefits via
the optimal location and design of protected areas. Early work on this

question focused on concepts from the Theory of Island Biogeography.
Through the 1990s and early 2000s, an intense debate occurred about
whether it was better to protect a few large areas or many small areas (e.g.
Diamond Vs Simberloff & Abele ” summarised in Tjorve®). This debate was
never resolved, largely because it was rarely addressed with rigorous ana-
lytical, modelling or empirical data. The recent “consensus” on the topic is
well encapsulated by Lawton’s maxim “more, bigger, better and joined”™.
However, this maxim might be recited more in hope than expectation, given
the real and severe socio-political, economic and geographical constraints to
designating vast networks of large and well-connected protected areas.
Spatial conservation prioritisation'’ is a valuable tool for designing
reserves to explore and balance the trade-offs. In the context of a rapidly
increasing human footprint and economic growth, policy-makers should
consider detailed, specific, and quantitative evaluations of alternative con-
servation design strategies. These strategies should optimize the location of
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new protected areas for maximum biodiversity benefit'', while also deli-
vering wider goals such as the preservation of ecosystem processes and
functions'>", providing ecosystem services such as the preservation of forest
carbon stocks'" and alleviating poverty'”. These approaches have been used
in a variety of contexts in Borneo, including attempts to evaluate the
effectiveness of Sarawak’s protected area network', develop reserve designs
that balance economic development with biodiversity conservation'’, and
understand the vulnerability of the Bornean protected area network to
climate change'".

Historically, the placement of protected areas has usually been driven
more by expediency than by their contribution to conservation goals™. This
has often resulted in a protected area infrastructure that is biased towards
locations that are often inaccessible, of limited economic value, and func-
tionally poor, often referred to as “high and far” or “rocks and ice””. As a
result, these areas are often unlikely to face development pressures,
regardless of their formal protection status™*. Joppa and Pfaff*' summarize
the challenge: if protected areas are to change land-use outcomes, they need
to be in places most at risk from land conversion, the very opposite of high
and far! This is especially true considering that many of the most biodiverse
regions of the planet are experiencing some of the highest human pressures™
and are under the greatest threat™. Planning protected areas involves many
factors, including biology, economics, politics, development, law, interna-
tional relations, and ethics. It is important to acknowledge all these aspects as
we look at two logical extremes in the enduring debate about reserve design:
expediency and proactivity.

We define proactive conservation as placing new protected areas in
regions with high immediate risk of forest loss, while expedient conservation
focuses on areas with low immediate risk. We hypothesise that although
proactive approaches may encounter greater economic and political chal-
lenges, they are likely to produce more significant conservation benefits
amidst rapid land use change. To our knowledge, no previous studies have
sought to quantify the impact of these two paradigmatic approaches to
reserve design. Here, we use a variety of hypothetical scenarios to quanti-
tatively compare the potential impact of these two approaches on Sunda
clouded leopards and forest carbon stocks in Borneo.

We chose this example species and system due to the valuable insights
gained from over a decade of research to identify priority areas for the
conservation of clouded leopards across the range of the two species
(Neofelis nebulosa and Neofelis diardi) (e.g. Macdonald, et al. **. and Mac-
donald, et al. *°) and forecasting the consequences of alternative develop-
ment policies” . Clouded leopards are a suitable focal species for this
assessment not only because their conservation is an emerging concern’’,
but also because they serve as a model for top predators which deliver
important ecosystem services” and may act as potent ambassadors for wider
biodiversity in the region®*.

Several studies have attempted to predict future forest loss on the
island of Borneo* however, these typically use a logistic regression
based approach that fails to utilize an explicitly multi-scale optimization
(sensu McGarigal, et al. ”’). Cushman et al. ** used a multi-scale random
forest machine learning model to predict risk of forest loss in 2020 for
Borneo based on observed patterns of forest loss from 2000 and 2010,
considering topography, land cover, human population density, and
conservation status. They found that this approach consistently out-
performed logistic regression, and that including landscape structure
variables substantially improved predictions™. The resulting forest loss
risk map indicated the likelihood that a forested pixel in 2010 would be
lost by 2020. We used those predictions as a ‘business-as-usual’
benchmark to assess the probable consequences of forest loss on factors
such as the population size and genetic variability of Sunda clouded
leopards, as well as the remaining stock of forest carbon under each of
our scenarios. This provided a robust foundation for posing a series of
thought experiments about theoretical, yet relevant, conservation
strategies. We chose these dates to exemplify the principles as they form
a well-defined time series with available data. However, the main pur-
pose of this paper is to explore the logical extremes of a well-known but

seldom quantified trade-off in conservation. Therefore, the specific
dates in this example are not material to the core conclusions.

Our methodology combines resistant kernel and spatially synoptic
least cost path approaches (UNICOR™") to identify the most important
core areas and corridors for the Sunda clouded leopard across Borneo. We
then use individual-based population and genetic simulation (CDPOP") to
compare the relative importance of these areas in maintaining clouded
leopard population size and genetic diversity.

The scenarios we examine address key questions related to land use
policy. Firstly, can we quantify and compare the relative impact of proactive
and expedient approaches to conservation, in this case using the example of
the Sunda clouded leopard? Secondly can we assess the effectiveness of the
existing protected area network for clouded leopards?

We examined various counterfactual scenarios for the conserva-
tion of clouded leopards (detailed in Table 1). Scenario 1 represented
the baseline condition. Scenarios 2 and 3 represented a ‘proactive’
approach to conservation situating new protected areas in areas of
imminent high risk. In contrast, scenarios 4 and 5 represented an
‘expedient’ approach, placing new protected areas in regions with the
lowest risk of forest loss and thus presumably have the lowest cost of
conservation. Within these proactive and expedient scenarios, we also
considered the impact of the existing protected area network on the
reserve design. Scenarios 2 and 4 redistributed the existing protected
areas and ‘started from scratch’, while scenarios 3 and 5 were forced to
retain the existing protected area network in the reserve design. Finally,
scenarios 6 and 7 retained the existing protected area network but
assumed that no new protected areas would be added. Of these, scenario
6 assumed that the existing protected area network would be effective
and that these areas will be invulnerable to forest loss. In contrast,
scenario 7 assumed that these protected areas would be exposed to the
risks of forest loss predicted by Cushman et al. * which accounts for
protection status as one of the predictor variables.

Under the expedient scenarios (4 and 5), we asked “which areas pro-
vide optimal conservation benefits for both clouded leopards and forest
carbon at the lowest risk?”. We anticipated that these scenarios would
propose conservation areas in central Borneo but that high-risk lowland
areas would likely be lost to other land uses. In the proactive conservation
scenarios (2 and 3), we asked, “which areas deliver optimal conservation
benefits for both clouded leopards and forest carbon stocks while mini-
mising the probable loss of forests?” We expected the proactive scenarios to
suggest conservation actions in the most vulnerable areas of Sabah and
Sarawak. The central Bornean highlands are not likely to be a priority under
this scenario. However, these areas are also classified as low risk (pre-
dominantly because they are high in elevation, topographically rough, and
far from existing deforested areas) and are therefore unlikely to be lost
within the timescale of this analysis.

The full details of the data layers and modelling approach are provided
in the methods section. Briefly, we used MARXAN®, a widely used decision
support tool, to evaluate seven different scenarios aimed at optimising the
conservation outcomes for both clouded leopards on Borneo, and forest
carbon conservation. Then UNICOR", a connectivity modelling tool, and
CDPOP", a spatially explicit individual-based population and genetic
model, were used to quantify changes in habitat connectivity and assess the
impacts of these changes on projected clouded leopard population size and
genetic diversity.

Results

Validation of forest loss risk model

Validation of the Cushman et al. **. forest loss risk layer against the Hansen
et al. ¥ map of observed forest loss resulted in an AUC (Area Under the
Curve) metric of 0.71. This is equivalent to the proportion of pixels classified
correctly and indicates high overall accuracy. Sensitivity, representing the
proportion of correctly classified forest loss pixels was found to be lower
than specificity, which denotes the proportion of accurately classified no-
change pixels (sensitivity = 0.51, specificity = 0.76). This suggests a greater
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ease in predicting areas where forest loss did not occur compared to those
where it did. Overall, the validation affirmed a high level of accuracy in our
forest loss risk model. The error rates observed are consistent with the
stochastic nature of forest loss (i.e. we can be confident that a cell with a low
probability of loss will remain forested, however, when two cells each have a
50% probability of loss it is difficult to tell which one will be lost). Full

validation results, including changes in overall rates and the spatial dis-
tribution of forest loss are presented in the supplementary material.

Carbon
The impact of different scenarios on forest carbon stocks reveals a sub-
stantial reduction in carbon storage across all scenarios, decreasing from

Table 1 | Description of scenarios described in this analysis

No Scenario

Description

Map

This scenario represents the status of clouded leopard habitat (forest — green) in 2010.

This scenario identifies a total of 17% of Borneo’s land area as new protected areas
(yellow), designed from scratch to deliver optimal benefits for the conservation of both
clouded leopards and forest carbon in areas at highest risk of forest loss. All PAs in this
scenario are treated as being 100% effective at preventing forest loss within their
boundaries. Forest loss proceeds as predicted in unprotected forest areas.

1 Baseline

2 Proactive conservation
redistributing PAs

3 Proactive conservation

maintaining PAs

This scenario expands upon Borneo’s existing PA network (red) to protect a total of 17%
of Borneo’s land area, new PAs (yellow) are designed to deliver optimal benefits for the
conservation of both clouded leopards and forest carbon in areas at highest risk of
forest loss. All PAs in this scenario are treated as being 100% effective at preventing
forest loss within their boundaries. Forest loss proceeds as predicted in unprotected
forest areas.

4 Expedient conservation
redistributing PAs

This scenario identifies a total of 17% of Borneo’s land area as new protected areas
(blue), designed from scratch to deliver optimal benefits for the conservation of both
clouded leopards and forest carbon in areas at lowest risk of forest loss. All PAs in this
scenario are treated as being 100% effective at preventing forest loss within their
boundaries. Forest loss proceeds as predicted in unprotected forest areas.
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Table 1 (continued) | Description of scenarios described in this analysis

Map

This scenario expands upon Borneo’s existing PA network (red) to protect a total of 17%
of Borneo’s land area, new PAs (blue) are designed to deliver optimal benefits for the

conservation of both clouded leopards and forest carbon in areas at lowest risk of forest
loss. All PAs in this scenario are treated as being 100% effective at preventing forest loss
within their boundaries. Forest loss proceeds as predicted in unprotected forest areas.

This scenario relies entirely on Borneo’s existing network of PAs (red) but assumes that
all PAs in this scenario are 100% effective at preventing forest loss within their
boundaries. Forest loss proceeds as predicted in unprotected forest areas.

No Scenario Description
5 Expedient conservation
maintaining PAs
6 Existing PAs effective
7 Business-as-usual

This scenario relies entirely on Borneo’s existing network of PAs (semi-transparent red)
but assumes that PAs will experience forest loss in line with that predicted by the forest
loss risk model. Forest loss will also proceed as predicted in unprotected forest areas.

Green areas show planning units classified as forest, grey areas are classified as not forest, and red areas show the location of existing protected areas. Yellow (proactive) and blue (expedient) areas indicate

the location of new protected areas as identified by the MARXAN optimization.

approximately 1.32 gigatons (Gt) in the baseline to between 1.07 and 1.15 Gt
in the six alternative scenarios (Fig. 1I). While still experiencing large losses
in forest carbon, the proactive scenarios (S2 and S3) performed best, while
scenarios 4 and 7 (expedient conservation redistributing protected areas
(PAs), and business-as-usual) exhibited the lowest efficacy in maintaining
forest carbon stocks.

Resistant Kernel connectivity

The resistant kernel connectivity analysis indicated substantial changes in
the expected density and distribution of clouded leopard dispersal move-
ments across the seven scenarios (Fig. 2).

Across all measures, the baseline scenario (S1) had the highest indices
of connectivity, with the remaining scenarios exhibiting varying levels of
decline. The percentage of the landscape connected by dispersal was 29% in
the baseline but fell to 15.2% under the business-as-usual scenario (S7).
Comparing proactive and expedient approaches reveals that both proactive

scenarios retain a greater proportion of connected landscape than the
expedient scenarios (proactive: S2: 23.2%, S3: 19.4% Vs expedient S4: 16.0%,
§5:17.0%). Indeed, the expedient scenarios offer very few gains compared to
business as usual. The largest patch index (the extent of largest patch of
connected habitat as a percentage of the landscape) was 26.9% in the
baseline scenario (S7) but fell to 20.5% in the next best performing scenario:
proactive conservation redistributing PAs (S2; Fig. 1F). All other scenarios
experienced similar, large, declines with scores below 14%. Area weighted
mean patch size of connected habitat was highest in the baseline scenario
(S7: 29.0 million ha) and experienced the smallest decline in the proactive
scenario that redistributed PAs (S2: 21.1 million ha; Fig. 1G); all other
scenarios decline to between 10.8 and 13.5 million ha. The correlation length
of connected habitat was greatest in the baseline scenario (238.5 km) and
declined least in the proactive scenario that redistributed PAs (S2: 208.9 kmy;
Fig. 1H) all other scenarios decline to between 150.4 to 168.6 km. The
number of patches of isolated habitat was highest in the baseline scenario
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Fig. 1| Comparison of genetic and landscape metrics, and forest carbon stocks for
each of the different scenarios. The various panels show (A) boxplot of observed
heterozygosity, (B) boxplot of predicted population, (C) boxplot of number of
alleles, (D) percentage of connected landscape, (E) number of patches, (F) largest
patch index, (G) mean patch size, (H) correlation length, (I) carbon. Scenarios listed

on the x-axis correspond to Table 1 and Fig. 2. The central bar on the boxplots
corresponds to the median value, upper and lower hinges correspond to the 1st and
3rd quartiles, whiskers extend from the hinge to the value no further than 1.5 * inter
quartile range from the hinge””.

(S7: 86) and declines in all other scenarios (Fig. 1E). The lowest number of
isolated habitat patches occurred in the expedient scenario that redistributed
PAs (S4: 30) due to the high concentration and compactness in that sce-
nario. Scenarios that protected the existing protected area network (S3, S5
and $6) all had a higher number of patches due to the fragmented nature of
the existing reserve design.

CDPOP Simulations

The CDPOP simulations of changes in population size and genetic diversity
across the seven scenarios also reveal substantial differences among the
alternative conservation strategies. After 200 generations at the low dispersal
ability (125,000 cost units), our simulation projected a total population size
of about 1100 clouded leopards under the baseline scenario (S7; Fig. 1B). In
all other scenarios, this population estimate was projected to be substantially
smaller due to anticipated landscape changes. The proactive conservation
scenario that redistributed PAs had the second highest predicted population
(S2: 840 individuals) while all other scenarios exhibited markedly worse
performance with projected populations sizes in the range of 650-530
individuals. This pattern of results was mirrored at the high dispersal ability
(250,000 cost units; Supplementary Fig. 3).

As expected, allelic richness was again highest in the baseline scenario
(S1:242.5) and declined across all others. Allelic richness was 9.1% lower in
the proactive scenario that redistributed PAs making it second ranking
scenario (S2: 220.4; Fig. 1C). Scenarios 5, 6, and 7 (Expedient conservation
maintaining PAs, Existing PAs effective, and Business-as-usual) all had
similar levels of allelic richness (177.2-183.9), suggesting that an expedient
approach to increasing the existing network of protected areas would do
little to increase overall allelic richness. There was no clear relationship

between dispersal ability and allelic richness, with the total number of alleles
in the population being similar between the low (125,000 cost unit) and high
(250,000 cost unit) dispersal thresholds (Supplementary Fig. 2).

All scenarios are projected to result in large reductions in observed
heterozygosity compared to the baseline (S1: 0.57; Fig. 1A). The two sce-
narios that allowed for the redistribution of protected areas (S2: Proactive
conservation redistributing PAs, and S4: Expedient conservation redis-
tributing PAs) resulted in the smallest loss in observed heterozygosity (S2:
0.45, S$4: 0.43). The two scenarios that retained the existing protected area
network both had lower, and similar, levels of heterozygosity (S3: 0.39, S5:
0.39). This suggests that incorporating existing protected areas results in
lower overall population-wide heterozygosity because it protects a more
dispersed and fragmented network of protected areas each of which
experiences a greater loss of genetic diversity due to isolation effects and
genetic drift. In all cases, the larger dispersal ability (250,000 cost units)
resulted in higher predicted heterozygosity than the lower dispersal ability
(125,000 cost units; Supplementary Fig. 1).

Discussion

This study uses the specific case of Sunda clouded leopards in Borneo to
illustrate general principles about the design of protected area networks. Our
analysis quantitatively compares the impact of proactive and expedient
approaches to conservation, illustrating how expedient conservation stra-
tegies are much less effective at conserving connectivity, population size, and
genetic diversity than proactive conservation designs. Furthermore, we
show how the existing protected area network in Borneo appears to be
highly suboptimal for the conservation of the apex carnivore, the clouded
leopard.
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Fig. 2 | Modelled Sunda clouded leopard kernel
densities under a number of different scenarios.
(1) Baseline, (2) Proactive conservation redis-
tributing PAs, (3) Proactive conservation main-
taining PAs, (4) Expedient conservation
redistributing PAs, (5) Expedient conservation
maintaining PAs, (6) Existing PAs effective, (7)
Business-as-usual. Maps show relative colour ramp
from low (blue) to high (red) and grey scale back-
ground is predicted not to be core area in our
UNICOR model. Scenarios correspond to Table 1.

1. Baseline

2. Proactive 3. Proactive
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The results show that the business-as-usual scenario would result in
rapidly deteriorating conditions for Sunda clouded leopards. Specifically,
this scenario projected a landscape capable of supporting approximately half
the current clouded leopard population. Declines were also predicted for
two measures of genetic diversity along with a projected ~20% loss of forest
carbon stocks equating to a loss of 256.12million tons of carbon stored as
above ground biomass.

It is important to note that these projections are derived from a
simulation model run for 200 generations to provide a standardized,
objective comparative yardstick. This does not suggest that implementing a
proactive conservation strategy would conserve 50% more clouded leopards
over short, decadal time scales relevant to policy and conservation planning.

Rather, it shows that, on a relative basis, expedient conservation strategies
result in landscapes that are 50% less effective in supporting the population
than proactive measures.

In summary, our analysis predicts that the business-as-usual scenario
will lead to a widespread decline in clouded leopard numbers, likely com-
pounded by dramatic declines in genetic diversity.

The business-as-usual scenario presented in this analysis acknowledges
the presence of Borneo’s protected area network but assumes that these
areas will experience forest loss at rates similar to those predicted within
protected areas by Cushman et al. **. If we assume that these protected areas
were effective at preventing forest loss, as depicted in Scenario 6 (Existing
PAs effective), we predict a 9% increase in the extent of the connected
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landscape relative to the business-as-usual scenario (Figure 2.7). However,
under scenario 6, clouded leopards would still experience widespread
population declines and decreases in genetic diversity (Fig. 1A-C). This
highlights that, although the existing protected area network is currently
insufficient to provide adequate protection of clouded leopards, effectively
protecting these areas against illegal logging and encroachment would still
offer small but measurable conservation benefits.

Comparing the remaining scenarios reveals that Scenario 2, which
involves proactive conservation through redistributing PAs, is predicted to
provide major conservation benefits for clouded leopards. This scenario is
projected to deliver a 53% improvement in the percentage of the landscape
connected by dispersal relative to the business-as-usual scenario. It would
substantially reduce habitat fragmentation by creating fewer, larger, discreet
patches of habitat than many other scenarios. Scenario 2 also exhibited the
best performance in terms of the simulated population size and genetic
diversity, resulting in a landscape that would likely support 57% more
clouded leopards and 9% more forest carbon compared to the business-as-
usual scenario.

While we acknowledge that Scenario 2 (proactive conservation redis-
tributing PAs) represents an unrealistic option for policymakers, it none-
theless carries an important message. Of all the scenarios, this is the only one
that substantially improved outcomes for clouded leopard conservation
relative to the business-as-usual scenario. All the other scenarios predict
worsening conditions, though there is variation between them. Thus, while
it seems unlikely that either proactive or expedient conservation designs can
reverse the negative trend for clouded leopard habitat and populations, this
shows the importance of approaches that lessen the slope and severity of
habitat loss.

Comparing proactive and expedient approaches to conservation
(scenarios 2 vs 4, and 3 vs 5) reveals that, across all metrics, proactive
conservation outperforms expedient conservation design. For instance,
considering the scenarios that allow for the reallocation of protected areas
(scenarios 2 vs 4), the proactive approach results in a landscape that is 53%
more connected than the business-as-usual scenario, while the expedient
scenario only results in a landscape that is 5% more connected. The
proactive scenario redistributing PAs (scenario 2) is predicted to result in
improved population size and genetic diversity for clouded leopards, and the
conservation of an extra 82 million tonnes of CO, of forest carbon compared
to the expedient scenario that redistributes PAs.

While these scenarios represent currently unrealistic logical extremes
of reserve design, they nevertheless illustrate a broader point. Considering
the more realistic scenarios that add to the existing protected area network
(Scenarios 3 vs 5), we still observe important improvements with proactive
conservation. The proactive scenario results in a landscape that is 28% more
connected than the business-as-usual scenario, while the expedient scenario
results in a landscape that is only 12% more connected than the business-as-
usual scenario. Additionally, the proactive scenario led to significant
improvements in population size and genetic diversity for clouded leopard
populations, as well as the conservation of an extra 29 million tonnes of
forest carbon.

Here, we wish to emphasize our point to avoid being misunderstood.
We dismiss neither the beauty nor biodiversity value of the existing pro-
tected area network, nor do we seek to belittle or undermine the motives of
those who strove to gazette them. However, we point out that the vast
majority of protected lands in Borneo, and possibly worldwide, are located
in remote and rugged highland areas that are currently unassailable by
economically viable anthropogenic land-use change (though they might
become threatened in future). While we do not undervalue these protected
areas, we emphasize that, over the timescale considered, their formal pro-
tection adds little in terms of habitat protection (distinct from, for example,
anti-poaching efforts). Securing them does not represent a significant vic-
tory for conservation over competitive land uses. This is why we term this
strategy expediency.

We use the clouded leopard dataset as an exemplar, recognising the
species’ pivotal role as a top-predator and its reflection of other elements of

biodiversity”’. However, we do not suggest redesigning the entire reserve
network to suit one species, even if it is a potent ambassador’’. Nonetheless,
if a more assertive strategy of proactive conservation were imagined for
Borneo, designed to answer the question of what (re)deployment of
resources, would yield the greatest gain for clouded leopards and the forest
biodiversity associated with them, the resulting map would look very
different.

The wider issues explored here have global relevance. Whether
conservationists aspire to meet the goals of the Kunming-Montreal
Global Biodiversity Framework or to go further and reserve “half earth”
for biodiversity*, understanding the factors that contribute to protected
area effectiveness remains a critical priority for global conservation
efforts’. The logical extremes presented here are relevant to conserva-
tion planners and policy makers considering issues ranging from the
preservation of the world’s last wilderness areas™ to the development of
more effective and more representative marine reserves (e.g. Jantke,
et al. ).

Understanding the implications of potential counterfactual con-
servation scenarios, such as modelling the impact of locating protected
areas in regions of high or low risk of forest loss, offers insight for
conservation prioritisation®*’. Focusing protection on more threa-
tened areas could intensify already difficult trade-offs between the goals
of conservation and those of social justice, along with the provision of
goods and services important for the wellbeing of local communities™.
Conservationists cannot expect biodiversity gain to be a trump card in
land-use policy, but the debate might be fruitfully realigned by con-
sidering the impact of different counterfactual scenarios, rather than
settling for the line of least resistance.

This begs an obvious question: since expedient approaches to protected
area design offer little additional benefit to conservation, how can we make
proactive approaches more attractive and relevant to policy makers? One
simple and obvious way to improve outcomes would be to enhance pro-
tected area effectiveness and reduce unauthorized and illegal land conver-
sion within these areas. However, our results show that this would only
produce a relatively small improvement compared to the range of scenarios
modelled.

Furthermore, in many parts of the world, land use change occurs
because the net returns on extractive, human-dominated uses are higher
than the current economic or social returns from biodiversity”. In such
cases, the opportunity costs of conservation are likely to be far higher under
proactive approaches™. In the immediate term, several policy options exist
to narrow this gap, including payments for ecosystem services schemes such
as REDD+. A recent review of opportunity costs for REDD+ concluded
that these initiatives can often be cost-effective but the opportunity costs are
highly variable and driven by a variety of forces™". Our results also highlight
the importance of additionality in such schemes. Additionally, the capacity
for REDD+- projects to deliver biodiversity benefits on top of habitat con-
servation varies across species and threats™.

Despite these promising avenues, it thus seems that there will still
be places that warrant proactive conservation and where additional
incentives alone will fail bridge the cost gap. Often, this gap represents a
form of market failure where the developer does not bear the true social
and environmental costs of land conversion. Therefore, policy inter-
ventions aimed at internalising these externalities, such as the polluter
pays principle, perhaps through targeted taxation or the elimination of
perverse subsidies, are critical to reducing the relative cost of proactive
conservation approaches™. Balancing the costs of conservation is
challenging and requires novel approaches to environmental economic
thinking™ .

Methods

Clouded leopard core areas

Macdonald et al. *" used a resistant kernel approach™ to identify potential
core areas for the Sunda clouded leopard across Borneo for the years 2000,
2010 and 2020. The choice of these specific years was guided by data
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availability and facilitated a clear time series analysis. However, it is
important to note that the primary aim of this study is to examine the
theoretical implications of different conservation paradigms, rendering the
specific dates less pivotal to the core conclusions. The resistant kernel
approach, which predicts the relative density of dispersing individuals in
each pixel across the study area, incorporates factors such as species dis-
persal ability, the nature of the dispersal function, and landscape resistance””.
Areas exhibiting high cumulative resistant kernel scores are interpreted as
potential core areas for clouded leopards or corridors for dispersal, whereas
those with lower scores are less likely to be utilized by the species. Because
little is known about clouded leopard dispersal, Macdonald, et al. ! calcu-
lated resistant kernel values for two dispersal distances representing plau-
sible upper (250 km) and lower (125 km) bounds for maximum dispersal
distance.

In this analysis, we utilized the cumulative resistant kernel map for
the year 2010 as provided by Macdonald et al. *', with a dispersal
distance of 125 km. The choice of the 125 km dispersal distance was
based on it’s alignment with empirically derived home range data for
clouded leopards on Borneo®, which served as a reliable basis for
estimating dispersal distances. This distance was considered the most
suitable fit for our study’s objectives and the characteristics of the
study area.

Risk of forest loss

Estimates of the risk of forest loss were obtained from Cushman et al. *. This
analysis employed a multi-scale random forest machine learning approach®
to predict risk of forest loss in 2020, based on observed patterns of forest loss
in relation to topographical features, landcover, human population density,
and conservation status of land between 2000 and 2010. This forest loss risk
map provided the probability that a pixel, that was forested in 2010 would be
lost by 2020.

The risk of forest loss was validated against observed forest loss during
the same period by comparing Cushman et al. ** to Hansen et al. ** to assess
model performance®®. Specifically, the validation treated the forest loss
data from Hansen, et al. ** between 2010 and 2020 as “truth”. Pixels showing
forest loss in Hansen et al. *’ between 2010 and 2020 were coded as 1, while
forest pixels that were not lost during this period were coded as 0. We
extracted the predicted forest loss risk from Cushman et al. ** and the
observed forest loss (0/1) from Hansen et al. ** at 1,000,000 randomly chosen
locations across Borneo.

Using the PresenceAbsence package™" we computed several perfor-
mance metrics, including the area under the Receiver Operating Char-
acteristic Curve (AUC), sensitivity, specificity, and percentage of correctly
classified observations at the cut-point that maximized the Kappa statistic.
The AUC measures the model’s ability to distinguish between forest loss and
no loss, sensitivity indicates the true positive rate, and specificity represents
the true negative rate.
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Forest carbon stocks

Estimates of forest carbon stocks were obtained from Saatchi, et al. © who
provide a benchmark map of forest carbon stocks in the tropics. This dataset
includes estimates for above-ground biomass, below-ground biomass, and
total biomass carbon at a 1 km resolution. For our analysis, we focused on
Above Ground Biomass (AGB) since many carbon finance schemes exclude
below-ground biomass from their calculations. This exclusion is often due to
the challenges in accurately measuring below-ground biomass and its lesser
relevance in carbon trading mechanisms.

65

Protected areas

A map of protected areas was obtained from the World Database on Pro-
tected Areas®. Our analysis included only those protected areas classified
under TUCN categories I-VI, which range from strict nature reserves
(category I) to protected areas with sustainable use of natural resources
(category VI). We included only those areas with associated shape files to
ensure spatial accuracy and consistency in our analysis.

Forest vs not forested areas

Given that clouded leopards are closely associated with forest habitats™, we
excluded predominantly non-forest areas from our MARXAN analysis, as
they were not considered suitable habitat. We identified forest and not forest
areas based on data from Miettinen et al. “". Areas classified as forest areas
included mangrove, peat swamp forest, lowland forest, lower montane
forest, and upper montane forest. Conversely, areas classified as not forest
comprised water, plantation/regrowth, lowland mosaic, mountain mosaic,
lowland open, montane open, urban, and large-scale palm plantations.
These habitat types are considered to be suboptimal for clouded leopards™
and were thus classed as not forest.

All data layers were resampled to a resolution of 500 m and scaled from
0 to 1 by dividing by their maximum value. MARXAN analyses were
conducted using a 10 x 10 km grid of planning units across the island of
Borneo. In total there were 7675 planning units. The vast majority (89.8%)
covered an area of 100 km? while the remaining 10.2% were located in
coastal areas and thus covered a smaller land area.

For each planning unit, we calculated the area classified as forest, the
area covered by PAs, the sum of the resistant kernel score, the sum of above
ground biomass, and the mean risk of forest loss (Fig. 3).

Although little is known about the spatial ecology of clouded leopards,
one radio-collared female was estimated to have a home range of 16.1 km* *’.
Therefore, any planning units that did not contain at least 16 km” of forested
habitat were excluded from the reserve design solutions. Similarly, only
planning units that containing more than 16 km” of existing protected areas
were considered to be protected.

Scenarios

We considered several contrasting scenarios for clouded leopard con-
servation. Scenario 1 represented the baseline condition. Scenarios 2 and 3
represented a ‘proactive’ approach, placing new protected areas in regions of
imminent high risk. In contrast, Scenarios 4 and 5 represented an ‘expedient’
approach, locating new protected areas in regions with the lowest risk of
forest loss, presumably reducing the cost of conservation.

Within these ‘proactive’ and ‘expedient’ approaches, we also con-
sidered the impact of the existing protected area network on the reserve
design. Scenarios 3 and 5 retained the existing protected area network and
identified new priority areas for expansion. Conversely, Scenarios 2 and 4
reimagined the protected area network by redistributing the existing PAs
across an entirely new design, essentially starting from scratch.

Finally, scenarios 6 and 7 retained the existing protected area network
but assumed no new protected areas would be added. Scenario 6 assumed
that the existing PA network would be effective and invulnerable to forest
loss, while Scenario 7 assumed these PAs would be subject to the forest loss
risks predicted by Cushman et al. *, which includes protection status as a
predictor variable.

Under the expedient scenarios (S4 and S5), we asked, “Which areas
provide optimal conservation benefits for both clouded leopards and carbon
at the lowest risk?” We expected these scenarios to suggest conservation
actions in central Borneo predicting that high risk lowland areas would be
lost to other land uses. Under the proactive conservation scenarios (S2 and
S3), we asked, “Which areas provide optimal conservation benefits for both
clouded leopards and forest carbon stocks while minimising likely forest
losses?” We anticipated that these scenarios would suggest conservation
actions in the most vulnerable areas of Sabah and Sarawak. The central
Bornean highlands are unlikely to be prioritised under this approach
because they are classified as low risk (due to their high in elevation, rough
topography, and distance from existing deforested areas) and are therefore
unlikely to be lost within analysis timescale.

MARXAN parameterisation

We used the decision support tool MARXAN", running in Zonae Cogito®,
to identify the optimal placement of new protected areas for scenarios 2, 3, 4
and 5. While clouded leopards might occasionally traverse human-
dominated land uses”, they depend on forest for habitat”. Therefore, all
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Fig. 3 | Data layers used in analysis. A Map of planning units across Borneo, (B) planning units classified as Forest™, (C) planning units classified as protected®, (D) sum

kernel value in each planning unit”, (E) mean risk of forest loss in each planning unit”, (F) Sum carbon value (above ground biomass) in each planning unit®.
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forested planning units were available for selection, while all ‘not forest’
planning units were excluded from the reserve design. For scenarios that
retained the existing protected area network (scenarios 3 and 5), planning
units containing more than 16 km’ of protected areas were locked into the
reserve design.

Clouded leopard resistant kernel density and forest carbon stocks were
included as ‘conservation features’. In the proactive conservation scenarios
(scenarios 2 and 3), the risk of forest loss was also included as a ‘conservation
feature’, and the ‘cost penalty’ for each planning unit was proportional to it’s
area (assuming equal costs of conservation across all areas). In the expedient
conservation scenarios (scenarios 4 and 5), the ‘cost penalty’ was set to be
proportional to the mean risk of forest loss in each unit (assuming higher
opportunity costs for high-risk planning units).

To ensure comparability between scenarios, we used the same
MARXAN parameters throughout. These values were identified through
several calibration runs and provided the most realistic conservation
scenarios”’.

* Conservation Targets: The target for each conservation feature,
representing the minimum amount that must be included within the
reserve network to meet conservation objectives, was set to 30%. This
ensured an equal weighting between features.

» Species Protection Factor (SPF): The SPF, which represents the
penalty imposed by MARXAN if a scenario fails to meet the con-
servation target for a species, was set to 2. This setting ensured that all
targets were met in over 99% of model runs.

* Boundary Length Modifier (BLM): The BLM is a weighting that
adjusts the ‘clumpiness’ of the solution. It was set to 0.0015, which was
sufficient to yield a realistic level of clumping in the reserve design,
avoiding both a ‘salt and pepper’ reserve design and a single clumped
reserve.

Each MARXAN scenario involved 1,000,000
10,000 runs.

In each run MARXAN identified a different configuration of planning
units, and across all runs, the frequency with which planning units were
selected was taken as a measure of conservation priority. Since our goal was
to protect 17% of Borneo’s land area (or 1305 of the total 7657 planning
units), our final reserve design included the 1305 planning units with the
highest selection frequency for that scenario. In scenarios 2 and 3,
MARXAN was forced to include the 944 planning units containing existing
reserves and could allocate an additional 311 units to reach our area target of
17%. In scenarios 4 and 5, MARXAN was free to allocate all 1305 units to the
optimal reserve design.

iterations and

Comparison of scenario Solutions
Following Macdonald et al. *', we used the forest loss risk map to project
changes in landscape resistance between different points in time and applied
the resistant kernel model to infer the effect of these changes on clouded
leopard core areas. This was achieved by multiplying the probability of forest
loss for each cell by the resistance value for the “plantations and regrowth”
land use class (creating the expected mean increase in resistance) and then
adding this value to the existing resistance value in the baseline condition.
Forest pixels that were lost were most likely to transition to plantations or
regrowth. All areas included within our reserve networks were considered to
be effectively protected (excluding scenario 7) and retained the same
resistance values as in the baseline condition, while all other areas were
adjusted to account for their risk of forest loss. This conservatively assumes
that there was no leakage, meaning the protection of forest in one area did
not result in the commensurate loss of forest in another.

Following Macdonald et al. *', we used UNICOR™ to calculate the
cumulative resistant kernel density for each resistance map at 125,000 cost

npj Biodiversity | (2024)3:20



https://doi.org/10.1038/s44185-024-00052-8

Article

units (125kcu), and at 250,000 cost units (250kcu). The resistant kernel
approach to connectivity modelling is based on all-directional least-cost
dispersal from a defined set of source points®. The resistance maps for the
three dates provide resistances for all locations in the study area, indicating
the increased cost of crossing each pixel relative to the least-cost condition.
These costs are used as weights in the dispersal function, meaning the
expected density of dispersing individuals in a pixel is down-weighted by the
cumulative cost from the source, following the least-cost route®. The initial
expected density was set to 1 in each cell containing a source point. The
model calculates the expected relative density of dispersers in each pixel
around the source, given the dispersal ability of the species, the nature of the
dispersal function, and the resistance of the landscape™’".

In their raw form, the resistant kernel density maps depict the expected
density of dispersing individuals, indicating the distribution of connected
populations. A threshold kernel density is necessary to delineate connected
populations. We used a threshold value of the 10" percentile to reflect
clouded leopard core areas (all areas above the 10™ percentile in resistant
kernel density) and reclassified the six kernel density maps into a binary
form, assigning a value of 1 where the kernel density probability of dispersal
is greater than each percentile threshold and 0 where it is less.

We used FRAGSTATS” to calculate the percentage of the landscape,
number of patches, largest patch index, area weighted mean patch size, and
correlation length of the landscape connected by dispersal for clouded
leopards. The percentage of the landscape quantifies how much of the study
area is predicted to be connected habitat for each kernel map. The largest
patch index” reports the extent, as a proportion of the study area, of the
largest patch of connected habitat. The area weighted mean patch size’
calculates the average size of each patch of connected habitat, with large
patches weighted more heavily than small patches to reflect greater ecolo-
gical importance. Lastly, correlation length is the average distance an
organism can move within a patch from a random starting point before
encountering the edge of the patch.

Following Macdonald et al. °' we used CDPOP 1.0" to simulate
clouded leopard mating and dispersal as functions of the spatial patterns of
resistance across the seven scenarios. We extracted several global measures
of population genetic structure for the full study area after 200 generations of
CDPOP simulation time. The point of the simulation is not to estimate
clouded leopard populations 200 generations into the future but to compare
quantitatively the effects of different habitat conservation scenarios invol-
ving different degrees of protection. These measures included observed
heterozygosity, total number of alleles in the population, and population
size. We analyzed the differences in these global measures of population size
and genetic structure between the scenarios. It is important to note that the
simulation is not intended to predict the actual changes in genetic diversity
of population size over a short decadal time period of the immediate future,
but to provide a comparable, biologically-based yardstick to contrast the
impacts of alternative scenarios in terms of their performance in population
and genetic conservation.

Finally, we considered the impact of all seven scenarios on the above-
ground biomass carbon stocks in Borneo’s forests (i.e., in all areas classified
as forest). For each of the scenarios, we calculated the carbon values in each
cell by reducing the current (2010) carbon values by the product of current
carbon and the inverse probability of that cell being deforested. In scenario 7,
we assumed that existing protected areas were subject to the level of risk
predicted by the risk surface (which includes protected area status as a
predictor variable™). In all other scenarios, protected areas were assumed to
be effective and retained their 2010 carbon values.

Data availability
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.
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