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ABSTRACT

Aim Habitat fragmentation threatens species’ persistence by increasing subpop-
ulation isolation and vulnerability to stochastic events, and its impacts are
expected to worsen under climate change. By reconnecting isolated fragments,
habitat corridors should dampen the synergistic impacts of habitat and climate
change on population viability. Choosing which fragments to reconnect is typi-
cally informed by past and current environmental conditions. However, habitat
and climate are dynamic and change over time. Habitat suitability projections
could inform fragment selection using current and future conditions, ensuring
that corridors connect persistent fragments. We compare the efficacy of using
current-day and future forecasts of breeding habitat to inform corridor place-
ment under land cover and climate-change mitigation and no mitigation
scenarios by evaluating their influence on subpopulation abundance, and con-
nectivity and long-term metapopulation abundance. Our case study is the
threatened orangutan metapopulation in Sabah.

Location Sabah, Malaysian Borneo.

Methods Using coupled niche—population models that capture a metapopula-
tion distribution and its major processes, we forecast the effect of current-day
and future-informed habitat corridor implementations under two scenarios
where (1) land cover and climate change continue unabated (no mitigation)
and (2) local and international cooperation mitigates their synergistic impact
(mitigation).

Results We show that Future-informed corridor placement maximizes long-
term metapopulation abundance when human-driven land cover and climate
change alter the spatio-temporal composition of suitable habitat. By contrast,
there is no apparent benefit in using future forecasts of breeding habitat to
inform corridor placement if conditions remain comparatively stable. For the
Sabah orangutan under unabated land cover and climate change, habitat corri-
dors should connect current-day populated eastern habitat fragments with
vacant fragments in the state’s west.

Main conclusions The efficacy of habitat corridors can be improved by using
habitat-suitability model projections to inform corridor placement in rapidly
changing environments, even for long-lived, low-fecundity, philopatric species
such as orangutan.

Keywords
Climate change, coupled niche—population model, habitat corridors, habitat
fragmentation, metapopulation, orangutan, scenario analysis.
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INTRODUCTION

Habitat fragmentation is a major threat to forest-dependent
tropical biodiversity in Southeast Asia (Sodhi & Brook,
2006). Forest fragments are generally small, isolated, exposed
and irregularly shaped, increasing their susceptibility to a
unique suite of threats (Fahrig, 2003). Populations in smaller
fragments are more prone to extinction from stochastic
weather events and can be driven extinct deterministically or
by altered ecological pressures such as increased predation or
changing food availability (Swift & Hannon, 2010). As
continuing habitat modification renders fragments more iso-
lated, dispersal among them decreases resulting in reduced
gene flow and inbreeding, loss of ecosystem function, and
higher direct and indirect mortality among dispersing
individuals (Fahrig, 2003).

There is growing evidence that the tropical climate is
changing (Corlett, 2012) and that shifts in climate will act
synergistically with habitat fragmentation to further increase
species’ threat of extinction (Mantyka-Pringle et al., 2012).
Changes in mean climate conditions can reduce habitat suit-
ability, while climate extremes can render otherwise suitable
habitat as uninhabitable, and fragmentation prevents individ-
uals from reaching alternative suitable habitat (Thomas,
2011).

By connecting habitat fragments, corridors should help
avert population extirpation and even species extinction, by
augmenting dispersal and promoting genetic admixing,
movement out of unsuitable habitat and recolonization of
extirpated subpopulations (Heller & Zavaleta, 2009). Based
on this belief, corridors have been established to safeguard
populations of many tropical species, including chimpanzees
in Guinea (Matsuzawa et al., 2011) and a variety of verte-
brates in Vietnam (Cu & Vy, 2006). Evidence that corridors
are a measurably effective means to mitigate extinction threat
is, however, mixed (Beier & Gregory, 2012). A key problem
seems to be deciding which fragments to connect to best
mitigate extinction threat (Beier et al., 2008). In this respect,
few studies have provided any insight beyond common-sense
reasoning, assuming that, for example, the most populated
habitat fragments will be the most important under future
environmental conditions (Heller & Zavaleta, 2009).

Beier et al. (2011) reviewed habitat corridor studies in the
light of experiences learnt from six global projects. They clas-
sified seven methods to decide which fragments to connect.
These ranged in emphasis from habitat features to species
requirements and movements. For example, Theobald et al.
(2000) advocated connecting swathes of ecologically intact
habitat away from human disturbance, such as road net-
works. In contrast, the Washington Habitat Connectivity
Workgroup estimated the habitat requirements and least-cost
corridors of 16 focal species using observations and biologi-
cal knowledge (Beier et al., 2011). However, none of these
approaches considered the importance of habitat fragments
under future environmental change. Other studies have
explored this additional complexity. Phillips et al. (2008)

used graph theory to calculate network flow to inform corri-
dor locations under climate change. Carroll et al. (2010)
used species distribution forecasts with zonation analysis to
inform reserve locations under future climate conditions.

We assess whether habitat-suitability forecasts should be
used to inform the placement of habitat corridors under dif-
ferent land cover and climate-change scenarios. Our focal
species is the threatened orangutan (Pongo pygmaeus morio)
metapopulation of Sabah, Malaysian Borneo, chosen for two
reasons. First, forest fragmentation is one of the greatest
threats to tropical Southeast Asian biodiversity (Kinnaird
et al., 2003) — particularly to mammals on Borneo (Laidlaw,
2000) and to orangutan (Bruford et al, 2010) — and its
effects are likely to be worsened by climate change (Corlett,
2012). As a low-fecundity, long-lived, forest-dependent spe-
cies, the orangutan is particularly susceptible to the negative
effects of habitat fragmentation (Gregory et al., 2012). Sec-
ond, in an attempt to combat the threat of habitat degrada-
tion, the Sabah government has agreed to commit resources
to implement sustainable forest management (SFM) in all its
commercial forest reserves in the near future (Sabah Forestry
Department, 2010) [SEM includes reduced impact logging to
preserve standing forest; Reynolds et al. (2011)], presenting
us with a real-world situation in a challenging environment
that contextualizes our comparison of corridor efficacy under
different forest management scenarios. The orangutan is a
forest-dependent species that could be an umbrella species
for other forest-dependent animals.

Beier et al. (2008) reviewed model-based approaches to
corridor planning and noted several deficiencies. Among
their remedial recommendations, they highlighted the need
to: (1) identify breeding habitat and use dynamic landscape
models to ensure corridors will connect habitat fragments
critical for the species’ persistence under climate (and pre-
sumably land cover) change; (2) assess the effectiveness of
proposed corridors at facilitating movement between habitat
fragments and maximizing long-term metapopulation persis-
tence; and (3) to run uncertainty and scenario analyses to
evaluate alternative corridor placements and their conse-
quences for management targets, such as extinction risk.

Here, we heed these recommendations and used a coupled
niche—population model to investigate whether by promoting
connectivity among persistent habitat fragments, habitat-suit-
ability forecasts can improve the efficacy of habitat corridor
to reduce extinction risk under global change. We addressed
this question by simulating long-term dynamics of the Sabah
orangutan metapopulation under two land cover and cli-
mate-change scenarios and measuring the effect of Current-
informed and Future-informed habitat corridors on their per-
sistence. Current-informed corridors connect future breeding
habitat identified from current-day landscape configurations.
Future-informed corridors connect future breeding habitat
identified from forecast future changes in habitat suitability.
We measured the change in metapopulation and subpopula-
tion abundance and connectivity due to the addition of Cur-
rent-informed and Future-informed corridors relative to No
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corridor scenarios under two land cover and climate-change
scenarios, chosen to represent the extremes of a range of
possible realistic scenarios.

METHODS

Habitat suitability projections

To measure average orangutan habitat suitability, we mod-
elled aerial nest counts in 6 years between 2000 and 2010
(Ancrenaz et al., 2010) using climate, habitat and anthropo-
genic predictors thought to influence their distribution and
abundance (Gregory et al., 2012). The model was fitted on
time-averaged and spatially aggregated nest counts at
2.5 km?® resolution, using a hurdle-boosted regression tree
(BRT) model accounting for spatio-temporal autocorrelation
and zero inflation. The data resolution approximated an
average female territory size (2.5 km? Singleton et al., 2009)
and the BRT accounted for nonlinear land cover and cli-
mate-change interactions (Elith ef al., 2008). The final nest-
count predictions were validated against independent aerial
nest counts (Alfred et al., 2010) and verified by 15 Sabah
Wildlife Department staff (Gregory et al., 2012).

We forecasted habitat suitability under two contrasting
land cover and climate-change scenarios: (1) No mitigation,
in which only six major forest reserves are under SFM and
there is no effective global action on CO, mitigation (Mini-
CAM Ref.), and (2) Mitigation, in which SFM is fully imple-
mented and atmospheric CO, concentration is stabilized at
450 p.p.m by 2100 due to reduced global carbon emissions
(MiniCAM, Level 1). We chose these scenarios because (1)
they represented the extremes of a plausible range of scenar-
ios, and (2) we would not expect deforestation and CO, mit-
igation efforts to occur independently because international
agreements, such as REDD+, incentivize reduced deforesta-
tion as a mechanism to slow climate change (Pistorius,
2012).

We simulated land cover and climate-change projections
from patterns in 2000 to 2010 land cover observations and
1980 to 1999 climate observations using a custom-built land
cover-change model (Gregory et al, 2012) and Mmacicc/
SCENGEN 5.3 software (Fordham et al, 2012). These projec-
tions were combined in annual habitat suitability projections
using the habitat-suitability model (Gregory et al., 2012).

Metapopulation model

Our coupled niche—population model (ramas a1s V5,
Akgakaya & Root, 2007) simulated the fate of orangutan
subpopulations inhabiting suitable habitat fragments. It
included demographic and environmental stochasticity in
age-specific survival and dispersal, density dependence on
adult fecundity, habitat- and density-dependent dispersal and
geographic dispersal barriers, environmental correlation
among subpopulation dynamics and subpopulation-specific
habitat-dependent fire probabilities. We modelled females
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only (the limiting sex) and four life stages: infant, juvenile,
subadult and adults. Density dependence in adult fecundity
was modelled as a Beverton—Holt function of suitable habitat
fragment carrying capacity (K). Orangutans were able to sur-
vive in habitat fragments rendered unsuitable for breeding
because there is growing evidence that orangutan can survive
(assuming no detrimental effect on survival) in degraded
landscapes in the short term (Ancrenaz et al., 2010, 2014).
This was achieved through a balance of density-dependent
immigration and emigration. Density-dependent dispersal
was modelled as the distance-dependent dispersal rate modi-
fied by a Ricker function of K. Density dependence affected
sub-adult dispersal and ensured they remained in suitable
fragments until the effects of overcrowding were apparent, at
which point they dispersed. The probability of a dispersing
individual entering a subpopulation decreased as its carrying
capacity decreased, ensuring that orangutan avoided frag-
ments in the process of being logged. Demographic parame-
ters used in the model were collated from literature and
experts (Table 1).

To estimate the initial stable age distribution and spatial
distribution of subpopulations, we ran a baseline spatial
metapopulation model with stable environmental conditions
for 500 years and 1000 iterations (Fordham et al, 2013).
The resulting spatial distribution of orangutan abundance
was similar to the nest counts estimated from the habitat-
suitability model. This was expected because the recent
decrease in Sabah orangutan abundance has been attributed
largely to habitat loss suggesting that the habitat fragments
are near their carrying capacity (Ancrenaz et al., 2005).

Metapopulation structure and abundances

The metapopulation structure was calculated from the habi-
tat suitability projections (Gregory et al, 2012). Cells pre-
dicted to have >4 nests were buffered with a 2.5 km?
average territory size and grouped into habitat fragments of
>3 cells. Genetic studies have shown that wide rivers are
barriers to orangutan dispersal (Goossens et al., 2005). We
imposed impassable stretches of the Sugud, Tungud, Kinaba-
tangan, Segama and Kalabakan rivers as geographic dispersal
barriers. The initial (2010) metapopulation structure was
verified by experts (Fig. 1).

Initial subpopulation abundances were calculated from
ecological niche models (Gregory et al., 2012) and verified by
experts who recommended initializing western subpopula-
tions (see Fig. S2 in Supporting Information) at zero orangu-
tan abundance because they have been extirpated by hunting
(Caldecott & Miles, 2005). For each fragment and year, we
calculated K as the annual fragment nest count from the hab-
itat suitability projections (Gregory et al., 2012). This value
was — on average — 8% higher than the initial subpopulation
abundance, ensuring that subpopulations started close to K
and would decline concomitantly with K to reflect the Sabah
orangutan population decline across several parts of its range
due to habitat degradation (Ancrenaz et al., 2010).



S. D. Gregory et al.

Table 1 Parameter estimates used in the calculation of habitat suitability or metapopulation models (female only), including their
sources and ranges used for sensitivity analysis. Further justification of estimates and model assumptions are given in the Supporting

Information
Parameter Value Range Source
Mass (m) 41 kg - 37-45; http://pin.primate.wisc.edu/
Home range (1) 2.5 km? - Average female home range size; Singleton et al. (2009)
Age at maturity (o) 15 year - Marshall et al. (2009)
Longevity (o) 40 year - 35-45; Marshall et al. (2009), http://pin.primate.wisc.edu/
Lambda (A) €0.06 €0.05-€0.07 Range for Pan troglodytes & Gorilla gorilla; Ross (1992)
Survival I,
x=0 0.985 - Marshall et al. (2009)
x=1-5 0.985 -
x = 6-15 0.990 —
x =16+ 0.960 0.940-0.970 Adult survival equivalent to living 30 and 50 year
CV survival (CV) 0.30 - 2 x value for Pan troglodytes schweinfurthii; see Methods
Fecundity (b) 1/7 year 1/6-1/8 year Marshall et al. (2009), Knott et al. (2009)
Carrying capacity (K) Fragment-specific K + 36% SDM prediction error; see Gregory et al. (2012)
Density feedback in b Beverton—Holt - Competition for territories; Knott et al. (2008)
Max. dispersal (dpax) 120 km - MacKinnon (1974)
Fire probability (fp) Fragment-specific - Empirically derived; see Methods
Fire mortality (f) 2.5% 1.5-3.5% Marshall et al. (2009)
s difficult to predict how fire regimes might change over time
ad (J. Miettinen, pers. comm.). Occasionally, fires burn uncon-
2 2- trollably and cause substantial direct orangutan mortality,
2 0+ usually during El Nino years when there is decreased precipi-
0 50 100 T 5 .
T e— o tation (Marshall et al., 2009). We modelled fire as a frag-
6 ment-specific catastrophe killing 2.5% of animals and
N o s 1m0 occurring (on average) once in every 7 years (based on his-
w . L Longitude toric patterns). This mortality rate approximated the esti-
£ mated 2.5% of 40,000 Bornean orangutan killed in the
S . gy 3 Bornean fires of 1997 (Marshall et al., 2009). The probability
) St of fragment-specific fire outbreak was estimated from 2000
- | ik 6 ". to 2012 fire-hotspot data (https://earthdata.nasa.gov/data/
. e A T R i near-real-time-data/firms) and spatio-temporal fragment land
P - ' 3 1" cover composition (Fig. S3). We modelled an effect of
SOUE - 12 increasing El Nifio intensity (due to forecast decreases in
,"‘. _|15 iy sh annual precipitation) on fire intensity as a linear increase in
EBJ ' B : s, orangutan mortality from 2.5 to 10% over 91 years, but no
p) ' - S» ' change in fire frequency due to their anthropogenic nature.

Figure 1 Map showing the location of Sabah (Malaysia) on the
equatorial island of Borneo (Southeast Asia; inset) and the
current-day orangutan breeding-habitat fragment structure
(numbered pixel clusters) in Sabah with impassable rivers
(blue). Terrestrial areas are shaded grey, and the intensity of
grey represents the ‘friction’ of the habitat for movement from
dark grey representing mostly impassable cleared areas to light
grey representing optimal primary forest.

Forest fires and environmental correlation

Most fires in Southeast Asia are set deliberately to clear land

for agriculture (Miettinen et al, 2011). Consequently, it is

The value of 10% was an arbitrary value representing a
4-fold increase in mortality due to fire.

Reproduction and survival of Bornean orangutan are
thought to be influenced by food shortages, themselves a
consequence of rainfall effects on seed masting events
(Marshall et al.,, 2009). We assumed environmental correla-
tion in variation of demographic rates between subpopula-
tions. Environmental correlation between subpopulations
was estimated from multivariate correlograms measuring
interannual synchronicity of monthly Sabah rainfall. We
extracted 12,487 monthly rainfall measures between 1879
and 2011 from 50 weather stations closest to the geometric
centre  of  Sabah
Fig. S4). We estimated parameters for a negative exponen-
tial fit to

(http://www.ncdc.noaa.gov/ghcnm/;

characterise the spatio-temporal correlation
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(Fig. S4; Keith et al,, 2008). This correlation captured the
similarity of environmental fluctuations in vital rates
among nearby populations.

Dispersal

Little is known about orangutan long-distance dispersal.
Some studies suggest both sexes are philopatric (Goossens
et al., 2006; Van Noordwijk et al, 2011), but others suggest
that males move further, particularly when dispersing
(Arora et al, 2012). We assumed, conservatively, that
females were largely philopatric. We calculated dispersal
assuming a heterogeneous habitat matrix, including geo-
graphical dispersal barriers. Inter-fragment distances were
calculated from a least-cost surface, based on expert-
informed habitat permeability cost estimates. For example,
the cost of traversing a cleared cell was 10 times more
costly than traversing a primary forest cell (Table S2). The
proportion of individuals dispersing from each fragment at
the end of each time step was calculated from the negative
exponential dispersal kernel:

A Bl X exp (—dlﬁz/B:“)) if dgdmax
’”U_{ 0 i d> dpe L

where 1 = 0.2, f2 = 0.69, B3 = 8.0, d is the least-cost dis-
tance between fragments i and j, and dy,y is the maximum
distance that an orangutan can feasibly disperse, set at
120 km (Table 1). This allowed 5% and 1% of individuals of
each subpopulation to disperse 30 and 100 km through pri-
mary forest, respectively (Fig. S5). This was an upper esti-
mate of orangutan dispersal ability because the dispersal
kernel assumed homogeneous habitat, that is that d is the
Euclidean distance; we calculated d using Dijkstra’s algorithm
to navigate the least-cost path between the closest points on
the donor and recipient fragments. Consequently, the real-
ized proportions of dispersing individuals reaching recipient
fragments were substantially lower (Fig. S7). This dispersal
rate was further modified by a density-dependent function of
K, as explained above.

Identifying fragments to connect

To gauge a fragment’s potential contribution to long-term
metapopulation persistence, we calculated a fragment value
(FV) for each fragment. FV was calculated as the ratio of the
size of fragment i at time ¢ relative to the largest fragment at
time ¢ summed over time and is given by:

T
BV, = Ki/Kumax.1, (2)

t=1

where K;, is the carrying capacity of fragment i at time t and
Kinax,r 18 the maximum carrying capacity among all fragments
present at time t. The fragment with the highest FV was the
fragment with the largest average carrying capacity over the
period t=1, ..., T.
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Model scenarios

To evaluate whether habitat suitability projections could
improve the efficacy of habitat corridors to ameliorate extinc-
tion risk, we compared results from metapopulation models
with and without corridors in the landscape. Corridors con-
nected donor and recipient fragments. We defined the donor
fragment as the largest fragment in 2010, which also had the
largest subpopulation size (fragment 12 in Fig. 1). We
selected the recipient fragments under two corridor scenarios:
(1) Future-informed, in which FV was calculated over T = 91
annual time steps (2010-2100), and the four fragments with
the highest FV (excluding the donor fragment) were desig-
nated recipient fragments, and (2) Current-informed, in which
FV was calculated for T =1 only, and the four fragments
with the highest FV (i.e. the four largest habitat fragments
from Fig. 1, excluding the donor fragment) were designated
recipient fragments. Fragment selection was designed to: (1)
be comparable between Future-informed and Current-
informed scenarios, and (2) favour the largest fragments
because large reserves should be preferred if the species’ risk
of extinction is high (McCarthy et al., 2005).

Habitat corridors were represented as the least-cost path
between the donor and recipient fragments and assumed that
land managers would want to locate them where the need to
create new habitat was minimized. In effect, corridors con-
verted intervening heterogeneous habitat to a homogeneous
maximum-conductance forest habitat, that is the Fuclidean
distance, with a corresponding increase in dispersal rate cal-
culated from equation 1. The least-cost path was calculated
using Dijkstra’s algorithm as explained above. By allowing
corridors to affect connectivity only, we avoided the con-
founding effect of an increase in suitable habitat, which is
dependent on factors such as their width. Connectivity was
increased gradually over 10 years intended to simulate
replanting and good silviculture practices promoting fast for-
est regeneration (Pena Claros et al., 2008). Connectivity to
non-target fragments was increased inadvertently because
they fell along proposed corridors. Fragments whose connec-
tivity was not affected by corridors were unlinked.

Sensitivity analysis

Metapopulation simulations are sensitive to their chosen
parameterizations. We analysed the sensitivity of our meta-
population models under the No mitigation scenario with
No corridors and the Mitigation scenario with model-
informed corridors to: (1) assess the effect of uncertainties in
metapopulation parameter estimates, and (2) determine to
which parameters the models were most sensitive. Whilst
these analyses would not allow us to evaluate the influence
of habitat forecasts on habitat corridor efficacy under feasible
global change scenarios directly, they would highlight param-
eter estimates to which the metapopulation results are sensi-
tive (Akgakaya & Root, 2007). Future research might then
validate or improve our understanding of those parameters.
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We varied six parameters across a uniform probability dis-
tribution, bounded by values determined from literature or
expert knowledge (Table 1). We used Latin hypercube sam-
pling that allowed us to evaluate interactions among the
parameter combinations while efficiently sampling the six-
dimensional parameter space (Conroy & Brook, 2003). This
procedure amounted to refitting the metapopulation models
with 200 combinations of our six chosen parameters selected
by stratified sampling across the full range of each parameter.
Given the short time-scale of our simulations (91 years) rela-
tive to orangutan generation time (33 years) and the atten-
dant low extinction risk, we analysed mean final
metapopulation abundance as a function of the parameter
combinations using a BRT model with learning rate
(Ir) = 0.001, bag fraction (bf) = 0.75 and complex five-way
interactions (tc = 5). We selected the number of trees (nt)
that minimized the 10-fold cross-validation predictive devi-
ance (Elith et al., 2008). We calculated the relative impor-
tance of each parameter on variation in mean final
metapopulation abundance and their partial effects.

Detailed methods are presented in Supporting Informa-
tion. Unless specified, all analyses were carried out in R
2.15.2 (www.r-project.org).

RESULTS

Forecast fragmentation

The majority of suitable habitat in 2010 was predicted to
occur in Eastern Sabah, the current-day orangutan strong-
hold (Fig. 1). Suitable habitat was spread across 22 frag-
ments, some of which were separated by impassable river
stretches, for example fragments 8 and 9. Assuming a maxi-
mum least-cost path distance of 120 km through the hetero-
geneous landscape, those 22 fragments were grouped into 10
suitable habitat clusters connected by 35 links (Table 2; Fig.
S1). The initial metapopulation abundance was estimated to
be 4204 female individuals.

Table 2 Fragmentation statistics for the start, middle and end
of the simulation, showing a decrease in the mean number of
links (Links), number of core cells (Core cells) and fragment
area under the No mitigation scenario overtime compared to
the Mitigation scenario. The number of clusters of suitable
habitat fragments (Components) increases as number of links
decreases. Graphs of these data are presented in the Supporting

Information
Core  Fragment

Scenario Year  Links Components  cells area

No mitigation 2010 35 10 3.421  16.965
2055 21 13 2,156  14.625
2100 14 10 0.295 7.262

Mitigation 2010 35 10 3.421  16.965
2055 79 4 3.718  16.986
2100 37 6 3.152  14.127

6

Under the No mitigation scenario, mean total and core
fragment area and connectivity (of fragments with persisting
orangutan subpopulations) was forecast to decrease by 57%
and 91% and 60% by 2100, respectively (Table 2; Fig. S1).
The decrease was salient in Eastern Sabah, where almost all
suitable habitat disappeared by 2100. By comparison, the
same measures were relatively stable under the Mitigation
scenario, forecast to decrease by 29% and 8% and increase
by 6% by 2100, respectively (Table 2; Fig. S1).

Current- and Future-informed corridors

Current-day corridors connected fragment 12 with fragments 7,
11, 5 and 1 (Fig. 2), which would require the creation of 98 km
and protection of 179 km of forest corridor, respectively. The
Current-informed corridors increased connectivity to 17 and 7
non-target habitat fragments under the No mitigation and Mit-
igation scenarios, respectively. All but one of the Current-
informed recipient fragments were still suitable by 2055 under
the No mitigation and Mitigation scenarios (fragment 9 was
forecast to become unsuitable after 2020), although this
dropped to three by 2100 under the No mitigation scenario.

Future-informed corridors connected fragment 12 with
fragments 7, 15, 16 and 18, under the No mitigation sce-
nario, which would require the creation of 10 km and pro-
tection of 269 km of forest corridor, respectively. In contrast,
the Future-informed corridors connected fragment 12 with
fragments 1, 7, 15 and 18, under the Mitigation scenario,
and would require the creation of 26 km and protection of
322 km of forest corridor, respectively. These corridors
increased connectivity to 14 and 8 non-target fragments
under the No mitigation and Mitigation scenarios, respec-
tively. All fragments were forecast to remain suitable until
2055, and only fragment 7 was considered unsuitable by
2100 under the No mitigation scenario.

Corridor efficacy and metapopulation abundance

Relative to their corresponding No corridor scenarios, corri-
dors increased the mean dispersal rate between donor, recipient
and non-target subpopulations (Fig. 3). Dispersal to recipient
subpopulations was higher than to donor and non-target sub-
populations under the No mitigation scenario and was highest
to recipient subpopulations under Future-informed corridors.
Dispersal by Current-informed corridors under the Mitigation
scenario was similar to that observed under the No mitigation
scenario but was lower to recipient subpopulations (and
slightly higher to donor and non-target subpopulations) under
the Future-informed corridors (Fig. 3).

In the absence of habitat corridors, metapopulation abun-
dance decreased by 51% (mean 2028 females) under No mit-
igation and 16% (mean 3481 females) under the Mitigation
scenarios by 2100 (Fig. 4). The increase in mean dispersal
rate due to corridors resulted in a slower decline in total
metapopulation abundance under all but one scenario: Cur-
rent-informed corridors under a Mitigation scenario. This

Diversity and Distributions, 1-14, © 2014 John Wiley & Sons Ltd
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(a)
Current-
informed
Figure 2 Current-informed and Future-
informed corridors (red lines) connecting
donor and recipient subpopulations in
2010 and 2100 under (a) No mitigation Future-
and (b) Mitigation scenarios, where informed

mitigation refers to land cover and

climate-change mitigation (global CO,

emissions reductions). The Current-

informed corridors are based on past and
current-day information only and are

therefore identical for (a) and (b). The (b)
Future-informed corridors are based on
2010-2100 habitat suitability projections
and are different under the two
mitigation scenarios. Donor fragments
are green and recipient fragments are
blue. Yellow fragments are non-target
fragments whose connectivity is also
increased through the corridor. The
background is shaded from light to dark
grey, representing high to low habitat
permeability, whereby forest and open
ground represent highest and lowest
permeability, respectively (see Supporting
Information). Recipient and non-target
subpopulations that do not appear to be
connected by corridors on the 2010 maps
are connected during the intervening
period.

Current=
informed

Future—
informed

304@ (b) W Current-informed
O Future-informed
2.5
Figure 3 Panels showing the effect of
Current-informed and Future-informed 2.0 1
corridors on the mean dispersal rates of
different subpopulation ‘types’ under the
(a) No mitigation and (b) Mitigation
land cover and climate-change scenarios.
Subpopulation types were: recipient that
were directly connected to the donor
fragment, non-target that were
inadvertently connected to the donor
fragment and unlinked that were not

1.0 1
0-5- I I I
0.0

Donor  Recipient Non-target Unlinked Donor  Recipient Non-target Unlinked

Additional mean subpopulation dispersal (%)
[6;]

connected by corridors. Subpopulation "type"

slowing effect was strongest for Future-informed corridors corridor metapopulation abundance). The slowdown in the
relative to the No corridor scenario under the No mitigation relative metapopulation abundance decline was weaker for
scenario (a difference of 120 females or 2.3% of the 2100 No Current-informed corridors compared to Future-informed
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Figure 4 Total metapopulation abundance projections under
the No corridor baseline scenarios for (a) No Mitigation and (b)
Mitigation scenarios, and (c) metapopulation abundance
projections for Current-informed and Future-informed corridors
(relative to their corresponding No corridor scenarios) under
No mitigation and Mitigation land cover and climate-change
scenarios. Error bars and areas are 95% confidence intervals
calculated from 10,000 metapopulation simulations. EMA is the
expected minimum abundance. Absolute changes in abundance
are given in the Results and Discussion.

corridors under both mitigation scenarios (Fig. 4). Changes
in metapopulation abundance under corridor scenarios only
diverged from no corridor scenarios after 2055 when suitable
habitat fragments began to disappear.

The higher 2100 Sabah orangutan population size with
Future-informed corridors (relative to the No corridor sce-
nario) under the No mitigation scenario was due largely to
an abundance increase in recipient and unlinked subpopula-
tions (Fig. 5), particularly in western Sabah (Fig. 6). In con-
trast, Current-informed corridors promoted population
increases in unlinked subpopulations (relative to the No cor-
ridor scenario; Fig. 5) and recipient and non-target subpopu-
lations across the state increased in abundance (Fig. 6).

Model sensitivity

Mean final metapopulation abundance under the No miti-
gation and No corridor scenario was most sensitive to

variation in K and intrinsic population growth rate (Rp,.x),
causing it to increase as they increased (Fig. 7a). This was
expected since habitat fragmentation was greatest under the
No mitigation scenario and individuals could not escape
shrinking habitat fragments with increasing population den-
sity that was driving a decrease in fecundity (perhaps due
to competition for breeding territories). Where the effect of
habitat fragmentation was minimized — under the Mitiga-
tion scenario with Future-informed corridors — mean final
metapopulation abundance was most strongly affected by
variation in adult survival, followed by K and R, Adult
survival drove a decrease in mean final metapopulation
abundance as it increased (Fig. 7b), perhaps suggesting that
lower fecundity was offset by increases in adult survival
where habitat fragmentation was decreased. Relative to K,
Riyax and adult survival, variation in mean dispersal rate
had only a minor influence on model outcomes in both
cases (Fig. 7b).

DISCUSSION

Compared to Current-informed corridors, we show that
Future-informed habitat corridors slowed the metapopula-
tion abundance decline (relative to the No corridor baseline),
but only when land cover and climate change continue una-
bated. This slowing of the population decline was a direct
consequence of corridors facilitating dispersal to long-term
suitable habitat fragments. This is the first time this has been
shown. Hodgson et al. (2011b) showed that restoring habitat
along model-informed corridors better promoted metapopu-
lation persistence compared to expert-informed habitat resto-
ration, but their analysis did not account for climate change.
Gregory et al. (2012) recently showed that Sabah orangutan
persistence would likely be maximized under deforestation
and CO, mitigation, but they did not consider the effect of
habitat corridors on population persistence.

Habitat loss and fragmentation is one of the greatest con-
temporary threats to the long-term persistence of tropical
forest-dependent biodiversity, and its impact will be exacer-
bated by the synergistic effect of climate change (Mantyka-
Pringle et al., 2012). By reconnecting isolated habitat frag-
ments in an effective way, corridors are expected to reduce
the threat of population extinction by increasing dispersal,
facilitating genetic admixing and allowing species to access
future suitable habitat when current-day habitat becomes
unsuitable (Gilbert-Norton ef al., 2010). Our results show
how habitat-suitability forecasts can be used to identify the
most important habitat fragments for Sabah orangutan and
thereby improve the efficacy of habitat corridors for long-
term metapopulation persistence, particularly in rapidly
changing environments.

In contrast to the advantage of using Future-informed cor-
ridors under land cover and climate change, we show that
corridors developed on the basis of current knowledge are an
equal or better (and simpler) option when the amount and
spatial configuration of future suitable habitat is comparable

Diversity and Distributions, 1-14, © 2014 John Wiley & Sons Ltd
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Figure 5 Panels showing the effect of
Current-informed and Future-informed
corridors on mean abundance of

100 A

different subpopulation ‘types’ under the
(a) No mitigation and (b) Mitigation
land cover and climate-change scenarios.
Subpopulation types were: recipient that
were directly connected to the donor
fragment, non-target that were
inadvertently connected to the donor
fragment, and unlinked that were not
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Figure 6 A map showing the difference between initial and
final abundance for each corridor, and No mitigation and
Mitigation land cover and climate-change scenario combination.
Only donor and recipient subpopulations from all combinations
are plotted. Note the relatively large increase in abundance in
subpopulation 15 in western Sabah across all treatments.
Terrestrial areas are shaded grey.

to that of the current-day. This is an intuitive result: if
species’ have colonized all available and accessible habitat in
the landscape, then large and stable suitable habitat frag-
ments would sustain large local populations that will persist
into the future. Habitat suitability projections therefore serve
mainly to supplement current-day knowledge by accounting
for unobserved future environmental changes and their inter-
actions. Hence, the value of future simulations is dependent
entirely on the realisation of the projected land cover and
climate changes. Since our sensitivity analysis highlighted
that the final metapopulation abundance was sensitive to

Diversity and Distributions, 1-14, © 2014 John Wiley & Sons Ltd
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changes in K (based on habitat suitability projections), so
these results should be considered guidance for more
informed management decisions supplemented by local
expert opinion.

Implications for Sabah orangutan

A recent study showed that the Sabah orangutan population
would fare best if all commercial forest reserves were placed
under SFM and atmospheric CO, concentrations were stabi-
lized at 450 p.p.m. (Gregory et al., 2012). Under this Mitiga-
tion scenario, our results suggest connecting suitable habitat
fragments will have a negligible effect by 2100, slowing the
metapopulation decline by 20 females or 0.4% of the 2100
No corridor metapopulation abundance. If, however, the
Sabah government does not meet its commitment to adopt
SFM and CO, emissions continue unabated, then corridors
could save up to 2.3% of the 2100 No corridor metapopula-
tion abundance, c¢. 120 animals.

Although the numbers of orangutan potentially saved by
corridors is small, they should be considered relative to the
study time frame, orangutan life history and the capacity to
maintain landscape connectedness over long-term (evolu-
tionary) timescales. Our simulations ran for 91 years (from
2010 to 2100). The Bornean orangutan is a long-lived, low-
fecundity and philopatric species (Wich et al., 2009) with a
generation time of over 33 years (calculated from the Leslie
matrix using estimates in Table 1). Given that our simula-
tions were initiated with a stable age distribution, our model
simulated only three generations of orangutan population
dynamics and corridors only improved dispersal after 2020.
While we could have run these simulations for longer (e.g.
1000 years in Marshall et al., 2009), the uncertainty associ-
ated with the forecasts would likely have rendered the results
meaningless (Fieberg & Ellner, 2001). Running the simula-
tions for a shorter period would have reduced the magnitude
of the observed effect because the effects of corridors were
not apparent until after 2055. This suggests that corridors
would not be particularly effective in the short term.
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Realities of corridor creation

Several issues would need to be addressed if corridors were
to be implemented. First, both Current- and Future-
informed corridors require the creation of new forest habitat,
although the latter scenario requires only one tenth of the
amount under the former. Whether this habitat could be cre-
ated is subject to a range of socio-economic and political fac-
tors not considered here, in part because their inclusion
would steer the results away from our ecological focus (Beier
et al., 2011). Experts suggest that they should be a minimum
of 500 m wide and restored with a variety of plant species to
encourage use by species other than just orangutan (M. An-
crenaz, pers. comm.), and this has been shown in other trop-
ical ecosystems (e.g. Lees & Peres, 2008). For our purposes,
we opted to increase connectivity between habitat fragments
and not habitat per se. A more realistic model might have
increased available suitable habitat together with connectiv-
ity, which would allow animals to live in corridors and
disperse over several years.

Another consideration is whether corridors would serve
other threatened animals and plants, and encourage genetic
admixing. The Kinabatangan River in Eastern Sabah delin-
eates the migration route for the Bornean elephant (Alfred
et al., 2012). Improving riverine forest habitat along the Kin-
abatangan could allow orangutan to escape to larger, more
long-term suitable habitat fragments further west while
ensuring that the elephants can continue to undertake their
annual migrations (Estes et al., 2012). The degree to which
the Sabah orangutan population is structured as subpopula-
tions is not known. It would be important to study the
genetic distinctiveness of the subpopulations and the effects
of corridors on gene flow.

Model limitations

Although our investigation was detailed in an attempt to be
realistic, we were required to make some simplifying
assumptions. Consequently, our findings fall short of provid-
ing a plan for habitat corridor implementation to minimize
Sabah orangutan extinction risk.

First, we omitted socio-economic factors that could pre-
vent the creation or protection of forest for corridors. Sec-
ond, our population model was female only because we had
more complete information on female orangutan life history
and movements. Some studies suggest that intersex differ-
ences in ecology and behaviour are small (Goossens et al.,
2005), but others suggest that males move further, particu-
larly when dispersing (Arora et al., 2012), neglecting which
could overestimate the effect of corridors. Third, our model
is region-specific and neglects potential migration to and
from Brunei and East Kalimantan, Indonesia, because we
lacked the necessary data to estimate their suitable orangutan
habitat and because cross-national-border corridor placement
would need multilateral forest management. Fourth, our
model neglected disease and inbreeding depression despite
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the potential impact of increased dispersal due to corridors
could have on these factors. A model to predict more precise
orangutan population dynamics (as opposed investigating
corridor efficacy) should include these factors. Fifth, our
study was delivered at a coarse spatial resolution that
assumed all movements occurring at a finer resolution were
unimportant to population dynamics. It would be interesting
to repeat this study with finer resolution data to evaluate this
assumption.

Regarding the habitat corridors, we made several simplify-
ing assumptions. We assumed that corridors were imple-
mented in their entirety in 2010 and that no further habitat
management took place thereafter. We assumed that the
budget existed to implement and protect the corridors into
perpetuity and that money saved from implementing shorter
corridors was not reinvested into additional corridors.

Finally, we did not include hunting as a threat to orangu-
tan because it has been outlawed and is believed to be negli-
gible (M. Ancrenaz, pers. comm.). Nevertheless, hunting was
a problem in the west of the state (Caldecott & Miles, 2005)
and — if still practiced — this exercise highlights the impor-
tance of eradicating hunting in the near future, to ensure
that orangutan do not disperse west to their death. Similarly,
for this model to be transferred to other areas of Borneo or
Sumatra, hunting would be a crucial component in forecast-
ing metapopulation abundance and persistence (Davis et al.,
2013).

A theme that emerges strongly from this study is that of
uncertainty. We undertook a sensitivity analysis of our
results to parameter values, but their uncertainties were not
captured in the modelling process, preventing us evaluating
their effects on our study conclusions. Rather they high-
lighted which parameters could be usefully refined or vali-
dated with field-based studies, such as the SAFE project
(Ewers et al., 2011). A second type of uncertainty is the
effect of uncertainties in the forecasts themselves. Although
we included K as a parameter in our sensitivity analyses and
used an ensemble of seven GCMs for our climate-change
predictions, uncertainty in the locations of breeding-habitat
fragments was not considered despite their potential to affect
our findings (Naujokaitis-Lewis et al, 2013), although per-
haps less than habitat quantity or quality (Hodgson et al.,
2011a). A more thorough analysis of these uncertainties in
coupled niche—population models would be a valuable
further work.

There is growing experimental evidence that corridors are
an effective means to increase connectivity between habitat
fragments (Gilbert-Norton et al., 2010). Here, we show that
using habitat-suitability model projections is likely to
improve the efficacy of habitat corridors under future land
cover and climate change but is no better than current
knowledge if the landscape remains relatively stable.
Although we have shown that Future-informed habitat corri-
dors are a potentially useful management strategy to pro-
mote the long-term persistence of metapopulations, the
Sabah orangutan metapopulation was nevertheless forecast to

1
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decline by almost half by 2100 if land cover and climate
change continue unabated. This suggests that if we are to
mitigate extinction risk in the long term, we must also
address the drivers of habitat loss, degradation and fragmen-
tation.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Additional detailed methods
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Table S1 Future land cover and climate-change scenarios.

Table S2 Habitat permeability values (‘conductance values’)
used in dispersal calculations.

Figure S1 Graphs showing the habitat fragments, their links
and their membership to habitat clusters in 2010, 2055 and
2100 under (a) No mitigation and (b) Mitigation scenarios.

Figure S2 A map showing the initially empty habitat frag-
ments in western Sabah.

Figure S3 Plots of calculated fire-return rate and derived
fire-return probability layer.

Figure S4 Plots showing rainfall record locations and derived
spatial cross-correlogram used to estimate environmental
correlation.

Figure S5 Dispersal kernel assuming an exponential decay
function.

Figure S6 The 2010 (a) land cover and (b) transition layer
used to calculate a least-cost path.

Figure S7 Maps of connected habitat fragments at 40, 70
and 100 km when assuming (a) Euclidean distance, and (b)
least-cost distance.
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