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ALIENOR L. M. CHAUVENET,1 PETER W. J. BAXTER,1’2’3 EvE MCDONALD-MADDEN,1 AND HUGH P. PosSINGHAM!

YUniversity of Queensland, The Ecology Centre and Applied Environmental Decision Analysis Centre,
School of Biological Sciences, St. Lucia, Queensland 4072 Australia
2 Australian Centre of Excellence for Risk Analysis, School of Botany, University of Melbourne, Parkville, Victoria 3010 Australia

Abstract. Money is often a limiting factor in conservation, and attempting to conserve
endangered species can be costly. Consequently, a framework for optimizing fiscally
constrained conservation decisions for a single species is needed. In this paper we find the
optimal budget allocation among isolated subpopulations of a threatened species to minimize
local extinction probability. We solve the problem using stochastic dynamic programming,
derive a useful and simple alternative guideline for allocating funds, and test its performance
using forward simulation. The model considers subpopulations that persist in habitat patches
of differing quality, which in our model is reflected in different relationships between money
invested and extinction risk. We discover that, in most cases, subpopulations that are less
efficient to manage should receive more money than those that are more efficient to manage,
due to higher investment needed to reduce extinction risk. Our simple investment guideline
performs almost as well as the exact optimal strategy. We illustrate our approach with a case
study of the management of the Sumatran tiger, Panthera tigris sumatrae, in Kerinci Seblat
National Park (KSNP), Indonesia. We find that different budgets should be allocated to the
separate tiger subpopulations in KSNP. The subpopulation that is not at risk of extinction
does not require any management investment. Based on the combination of risks of extinction
and habitat quality, the optimal allocation for these particular tiger subpopulations is an
unusual case: subpopulations that occur in higher-quality habitat (more efficient to manage)
should receive more funds than the remaining subpopulation that is in lower-quality habitat.
Because the yearly budget allocated to the KSNP for tiger conservation is small, to guarantee
the persistence of all the subpopulations that are currently under threat we need to prioritize
those that are easier to save. When allocating resources among subpopulations of a threatened
species, the combined effects of differences in habitat quality, cost of action, and current
subpopulation probability of extinction need to be integrated. We provide a useful guideline
for allocating resources among isolated subpopulations of any threatened species.

Key words: decision theory, endangered species conservation, habitat fragmentation, Kerinci Seblat
National Park (KSNP), Indonesia; management efficiency; optimization,; Panthera tigris sumatrae; rule of
thumb, stochastic dynamic programming (SDP); Sumatran tiger.

INTRODUCTION Baguette and Schtickzelle 2003). Unfortunately, habitat
fragmentation often results in complete separation of
subpopulations, and therefore many threatened species
exist as suites of isolated subpopulations. As a
consequence of this isolation, each subpopulation may

be vulnerable to local extinction through demographic,

Habitat destruction due to human activity (e.g.,
building of roads, housing expansion, and fire) or
natural events (e.g., disease, flood, storm, and fire) is
considered one of the most significant threats to species

worldwide (Baguette and Schtickzelle 2003, Keller et al.
2005, Wiegand et al. 2005, Johst et al. 2006). This
destruction can fragment the population of a species
into several smaller subpopulations. In such fragmented
landscapes the metapopulation paradigm implies that
movement among subpopulations enables recoloniza-
tion and thus persistence of a metapopulation if
connectivity is maintained (Hanski and Gilpin 1997,
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stochastic, or genetic effects (Keller et al. 2005), with no
possibility of natural recolonization upon local extirpa-
tion (Harrison and Bruna 1999). In order to persist,
these species require adequate management that ulti-
mately requires smart conservation decision making
(Possingham et al. 2001).

A key limiting factor in the conservation of threatened
species is the funding available to implement manage-
ment (Guikema and Milke 1999). As a result of this
limitation, managers are often faced with the difficult
decision of how to allocate their money between
subpopulations of a species in order to get the best
results. Furthermore, it has been shown that ignoring
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the cost of conservation when deciding how to manage
species can lead to misdirected effort and ultimately
wastes management resources (Baxter et al. 2006,
Wilson et al. 2006). Consequently, there is a need for
a decision-making approach that enables managers to
make practical management decisions that use resources
efficiently (Possingham et al. 2001).

Despite the recognition of the importance of careful
allocation of scarce resources and widespread acknowl-
edgment of the threats posed by habitat fragmentation
(Keller et al. 2005, Wiegand et al. 2005), there has been
little research combining these aspects into a coherent
decision-making framework for among-subpopulation
resource allocation. McDonald-Madden et al. (2008a)
were the first to use a decision-theoretic approach to
investigate how best to allocate resources among
isolated subpopulations of a threatened species. With
the constraint of a fixed budget, they consider the
problem of managing several isolated subpopulations
with the objective of maximizing the expected number of
extant subpopulations and derive an expression for the
optimal number of subpopulations to manage given the
costs associated with management. One of the major
assumptions of this work is that all subpopulations are
identical. Although such an assumption simplifies the
problem, in many real situations there will be significant
differences in quality between the patches in which the
subpopulations persist, such as the habitat area and
location, the number of predators, the cost of doing
conservation management, the levels of disturbance and
threat, and food availability.

We aim to provide managers with a framework for
optimally allocating a fixed budget between isolated
subpopulations distributed in patches of different
quality. In doing so we address key questions such as:
should we manage all subpopulations, allocating re-
sources evenly, risking the loss of all subpopulations due
to inadequate investment? Should we use a triage
approach (Walker 1991), increasing the individual
chance of persistence for some, but possibly sacrificing
others? And if we distribute money or effort nonun-
iformly, what characteristics of a patch will determine
where most money is allocated: the highest quality
patch, the patch where actions are cheapest?

We solve the problem of optimal budget allocation
with a mathematical optimization approach, which is
underpinned by relationships between the probability of
extinction of a subpopulation and the money invested in
its conservation. We assume that subpopulations are
distributed in isolated patches of dissimilar quality such
that each has a different set of parameters. The habitat
quality influences two variables: each subpopulation’s
current probability of extinction and the effectiveness of
management efforts to decrease this extinction risk. The
model also depends on fixed costs: the total budget
available for the project, the indirect cost of manage-
ment of a species, and the cost of specific management
items (also see McDonald-Madden et al. 2008a). Here
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our overall management objective is to minimize the
chance of losing one or more subpopulations (Nicholson
and Possingham 2006). We solve the budget allocation
problem through time using stochastic dynamic pro-
gramming (SDP), an optimization technique. Stochastic
dynamic programming compares different management
options for each possible state of the system of interest
as the system changes through time; for example, in our
case, identification of which subpopulations are extant
at the current time could serve as a system state variable
that induces selection of a specific management action. It
has been used to solve problems in several conservation
studies, e.g., fire management (Richards et al. 1999,
McCarthy et al. 2001), translocation (Lubow 1996,
Tenhumberg et al. 2004, Rout et al. 2005), and
population management (Shea and Possingham 2000).

To assess the performance of the state-dependent
optimal solution and other simple heuristic management
options, we compare them using simulations and
demonstrate the approach using the Sumatran tiger,
Panthera tigris sumatrae, as a case study. The Sumatran
tiger is exposed to numerous threats which, combined
with its low population numbers, has resulted in its
classification as critically endangered on the IUCN red
list (Cat Specialist Group 1996). The major threats to its
survival are habitat destruction, excessive poaching for
illegal trade (Nowell and Jackson 1996, Morell 2007),
prey depletion, and persecution by humans because of
the threat to livestock (Linkie et al. 2003, 2006, Nyhus
and Tilson 2004). Linkie et al. (2006) studied the
occurrence and population viability of the tigers in the
Kerinci Seblat National Park, Sumatra. Following
repeat surveys of the region, they identified four core
subpopulations living in suitable habitats and the level
of anti-poaching measures (and thus cost) necessary to
maintain those subpopulations. We can therefore
answer the question: How should we split the manage-
ment budget between these subpopulations in order to
minimize the chance of losing one or more subpopula-
tions?

METHODS

Consider a species divided into several isolated and
independent subpopulations. We model the probability
of extinction of one subpopulation given an investment
of amount b as

Py

Cm

P(extinction|$h) =

following McDonald-Madden et al. (2008a); the effect
of alternative model forms is discussed in McDonald-
Madden et al. (2008h). Each subpopulation has a
probability of extinction if no action is taken, P,, which
decreases as money is invested into that subpopulation’s
management (Fig. 1). The exact effect of a given
monetary investment on the probability of extinction
depends on the ease of management of the subpopula-
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tion, ¢ (shape parameter of the curve, reflecting
response to effort). The smaller ¢ is, the more difficult
it is to reduce the probability of extinction,
P(extinction|$h). The fixed cost of management of each
subpopulation (indirect costs that indirectly influence
the subpopulations’ probabilities of extinction, such as
the costs of travel, hiring field staff, and getting permits)
is represented by c¢r. The cost per unit effort of a
management action (e.g., meter of fencing, poison bait,
anti-poaching patrol) is symbolized by ¢;,. The proba-
bility of extinction of a subpopulation can therefore be
reduced by the product of the management efficiency (¢,
effort™! units, e.g., per-patrol efficiency) and the number
of management items that can be afforded with the
annual fixed budget b once the cost of managing the
subpopulation ¢; has been subtracted (McDonald-
Madden et al. 2008a).

In this paper we consider cases in which each
subpopulation i can have a different unmanaged
extinction probability P, and management efficiency
parameter ¢; Therefore, a subpopulation i will be
allocated a percentage o, of the total budget:

C

P;(extinction|$o;b) =

We also consider subpopulations that are isolated
from one another and thus assume that any factor
affecting one subpopulation will not affect the others. In
other words, we assume that the probability of
extinction of one subpopulation is not related to the
probability of extinction of the others for any other
reason than the allocation of resources between sub-
populations. Hence the probability of losing one or
more subpopulations, the value we are trying to
minimize, is one minus the probability we lose no
subpopulations or one minus the product of all the
probabilities that each subpopulation is extant.

State-dependent optimization

We find the state-dependent optimal solution using
stochastic dynamic programming (SDP). This method
lets us take the current state of the system into account
at each time step and therefore allows the management
action to respond to the state of the system as it changes.
Stochastic dynamic programming can be used on any
system that can be represented by a fixed number of
states, with transitions between states driven by a first-
order Markov chain (Intriligator 1971, Mangel and
Clark 1988). It works by backwards iteration (based on
the condition that the optimal path is followed at all
subsequent time steps) comparing different management
options for the system. To formulate the optimization
problem we take the following steps:

1) State an objective and time horizon (number of
time steps in the management plan). In this case the
objective is to have all the subpopulations extant at the
final time step of the management plan. We chose a
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Fic. 1. Hypothetical relationship between the probability
of extinction of a subpopulation and the budget invested into its
conservation.

management time frame of 50 years. This is the expected
time frame within which the KSNP Sumatran tigers will
go extinct without adequate protection (Linkie et al.
2006).

2) Define all possible states of the system. Here, the
states are defined by which subpopulations are extant
and which ones are not, giving 2" possible states for a
system of n subpopulations (Day and Possingham 1995).

3) Assign a reward at the final time step to each state
based on the objective. This is the value to management
for having arrived at a particular system state by the end
of the time frame. To reflect the management objective
stated above, we assigned a reward of one to the state
where all subpopulations are extant and a reward of zero
to all other states.

4) Define the management options that we want to
consider for the system. Because we look at splitting an
annual budget b between several subpopulations, each
management option corresponds to a different combina-
tion of allocation proportions o; € {0, 0.01, 0.02, ..., 1}
with the sum of the o; being equal to 1.

5) Calculate the transition probabilities from one state
to another, given each management strategy. In our case
we can find the transition probabilities using Eq. 2 and a
given set of allocations o;. The transition probabilities
are calculated as follows. Consider the subpopulations i,
which each have a probability of going extinct
P(extinction | $a0), as in Eq. 2. If a state contains N
subpopulations extant at time 7 then the probability of
subpopulations i = 1, 2, ..., X going extinct (and
subpopulations i = X + 1, ..., N remaining extant)
within one time step is

X N
HP,»(extinction|$ocib) X H[l — P;(extinction|$o,b)].
1

X+1

3)
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TaBLE 1. Case study parameters for three core subpopulations 7) Split the money equally between the two least

(CS1, CS3, and CS4).

Parameter Term Value
Unmanaged probability of extinction Py
CSl1 0.205
CS3 0.088
CS4 0.088
Management efficiency )
CSl1 0.060
CS3 0.016
CS4 0.046
Total budget (USS) b 52704
Fixed cost of managing each cr 1728
subpopulation (USS$)
Cost of a management action (US$) Cm 220

This formulation can be applied to any combination
of any number of subpopulations N.

One-step optimization

We derive a one-step optimization for a system of two
subpopulations, A and B. The overall budget b is to be
split between those subpopulations. Each subpopulation
i receives a proportion o; of the budget, with

oa +og = 1.
Then,
P(extinction|$b)
Poa Pog
oab ogb
] W) ]
;,DOA % ;(JB .
ea() ] () ]

)

By minimizing Eq. 4 with respect to o and ag, we find a
one-step optimization that can serve as a rule of thumb
in the case of a two-subpopulation system.

Simulation

We use forward simulation to compare the optimal
solution from the state-dependent optimization (the
SDP) to the following simple heuristic management
options:

1) Split the budget equally among all extant subpop-
ulations.

2) Split the budget among subpopulations in propor-
tion to their probabilities of extinction (Py;).

3) Give all the money to subpopulation A.

4) Give all the money to subpopulation B.

5) Give all the money to subpopulation C (in the
three-subpopulation case only).

6) Split the money equally between the two most
threatened subpopulations (higher Pg;; three-subpopu-
lation case only).

threatened subpopulations (lower Py; three-subpopula-
tion case only).

8) Split the money equally between the two subpop-
ulations that are easier to manage (larger management
efficiency, ¢;; three-subpopulation case only).

For each subpopulation i managed with each option,
the simulation compares the probability of its extinction
given the money spent on its conservation,
Pj(extinction | $o;;5), with a uniform random number
sampled from [0, 1]. At each time step, the subpopula-
tion survives if Pjextinction | $a;6) is smaller than the
random number. The process is repeated for 50 years
over 5000 iterations. The mean time to extinction of at
least one subpopulation is used to compare the
performance of management options.

We investigate a number of scenarios. For two and
three subpopulations we examine factorial combinations
of ease of management vs. threat status, and seven
different budget levels (US$10000, $30000, $60000,
$100000, $300000 and $500000). For example, for a
three-subpopulation system (Pogs > Pog > Poc always),
we looked at the mean time to extinction of at least one
subpopulation under each management strategy when
ba > dp > dc¢ for every budget size.

Sensitivity to change in parameters

For the two-subpopulation system and the three
budget sizes (small, medium, and large), we assess the
state-dependent optimization performance for its sensi-
tivity to Poa, Pos, da, and ¢p (10% change). This allows
us to determine the sensitivity to changes in probabilities
of extinction and management efficiencies of our
conclusions.

Case study: Sumatran tigers

From Fig. 4 of Linkie et al. (2006) we are able to
determine the relationship between resource investment
and the probability of extinction of the subpopulations.
We then used Fig. 1 of Linkie et al. (2006) to determine
the probability of extinction of each subpopulation i if
no action is taken, Py, and used Eq. 1 (after McDonald-
Madden et al. 2008a) to fit overlaying curves and
establish the subpopulations’ management efficiencies
¢;. Core subpopulation 2 is not in immediate danger of
extinction and therefore we assume it does not require
any action to stay extant. We focus therefore on the
remaining three subpopulations: core subpopulations 1,
3, and 4 (Linkie et al. 2006). We also estimate the costs
of implementing management in a subpopulation ¢, the
cost of a management action (anti-poaching patrols) ¢,
and the total yearly budget available for this manage-
ment option, b (M. Linkie, unpublished data). Table 1
shows the values of each parameter for the case study.

In order to find the best management option to
minimize the extinction probability, we look at the
budget allocations recommended by the exact optimi-
zation (SDP) and the other heuristics. We then assess
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their relative performances by repeating the simulation
procedure above with the tiger parameters (Table 1).

REsuLTS
State-dependent optimization

The state-dependent optimization tells us how to
allocate the budget over time in order to minimize the
chance of losing at least one subpopulation (i.e., losing
one or more subpopulations). However, for our model,
the optimal budget allocation is the same regardless of
the time left until the end of the management. The
subpopulations receive the same amount of money when
50 years are left as when one year is left. This is due to
the persistent nature of threats, such as poaching, which
require the same preventive action every year in order to
meet our objective of keeping all the subpopulations
extant.

We describe the state-dependent optimization results,
focusing on the state of most interest, i.e., when all
subpopulations are still extant. We look at two scenarios
for each system: when the most endangered subpopula-
tions are more efficient (scenario 1, dp5 > ¢g > d¢) and
less efficient (scenario 2, ¢c > dp > da) to manage.

Two subpopulations

When the more threatened subpopulation is the more
efficient to manage, the subpopulation less efficient to
manage receives the bigger percentage of the budget for
almost all budget sizes. If the budget is very small (e.g.,
US$10000), however, the subpopulation that is more
efficient to manage gets more money. For scenario 2,
regardless of the budget size, the subpopulation that is
the less efficient to manage (but more endangered)
receives the greater percentage of the budget.

When the less efficient subpopulation to manage is the
more endangered, the difference between proportions
received by the two subpopulations is greater than when
it is the less endangered.

Three subpopulations

For scenario 1, if the budget is very small, the
subpopulation that is most efficient to manage (and
most threatened) receives the most money followed by
the second-most efficient to manage (Fig. 2). As the
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budget increases a little, the subpopulations receive an
almost equal amount of money. Finally, for a medium-
to-large size budget, the subpopulation that is the least
efficient to manage (and least endangered) receives the
biggest percentage, followed by the subpopulation that
is the most efficient to manage (and most endangered).
The remaining subpopulation, with intermediate levels
of threat and ease of management, receives the lowest
amount of money.

For scenario 2 (Fig. 3), regardless of the budget size,
the subpopulation that is the least efficient to manage
(and most endangered) receives the most money
followed by the subpopulation that is the second-least
efficient to manage. The subpopulation that is the most
efficient to manage, and least threatened, receives the
least money.

One-step optimization

As indicated by the state-dependent optimization, the
optimal solution is not dependent upon the length of the
management time frame. Hence we can find the exact
optimization with a one-step optimization. For a two-
subpopulation system, the proportions that minimize
the chance of losing at least one subpopulation in one
time step are

of = {®cs(x +y) — bx + cm(—Poa — Pop + PB)]

FVBO( + en) (1 + cay) }/[@(x = y)b] - (5)

* *
o =1 —o

with ® = (])Ad)B, B: POAPOBa X :POAd)Ba V= POBd)Aa and
X =P2cr— b) = cm(Pa + i)

Simulation

In this section we present the results of the simulation of
50 years of management of two- and three-
subpopulation systems with three different an-
nual budgets: small (US$30000), medium (US$100 000),
and large (US$300000). Without loss of generality, we
assume that Pyp > Pop (> Pyc) in all cases. We assess the
performances of the management options using the mean
time to extinction of at least one subpopulation.



Ecological Applications

794 ALIENOR L. M. CHAUVENET ET AL. Vol. 20, No. 3

100 ac
2 oBs
o))
g 807 mA
o
S 60 Fic. 3. Percentage of budget allocated to
% each subpopulation over a 50-year period.
& 40+ Subpopulation A is the most endangered and
S least efficient to manage, and subpopulation C is
O 204 the least endangered but most efficient to manage
3] .
& (scenario 2).

i T T T T
10 000 30 000 60 000 100000 200000 500 000
Budget (US$)

The strategy that always gives the longest mean time
to extinction of at least one subpopulation is that of the
dynamic optimization. In Table 2 we present the options
that are second-best for both scenarios 1 and 2 and
further possible combinations of rankings of threat and
efficiency not investigated with the exact optimization.
For a two-subpopulation system, there are only two
scenarios possible; when the more threatened subpopu-
lation is more efficient to manage (scenario 1), the
option of splitting the money equally between the two
subpopulations performs second only to the optimal
solution. When the most threatened subpopulation is
less efficient to manage (scenario 2), the second-ranked
guideline is to split the money in proportion to the
unmanaged probabilities of extinction of each subpop-
ulation (hereafter, “proportionally”). For a three-
subpopulation system, there are six possible combina-
tions of management efficiencies. We can group them
into two categories: the first is when the least threatened
subpopulation (C) is more efficient to manage than the
subpopulation that is neither the most nor the least
threatened (B). In these cases, regardless of the
management efficiency of A (the most threatened
subpopulation), the strategy that comes second to the
optimal solution is to split the money proportionally
between the subpopulations. The second is when B is
more efficient to manage than C, regardless of the
position of A. For those combinations, the second-best

TABLE 2.
always the optimization).

strategy is to split the money equally between the
subpopulations. For every scenario (combinations of
management efficiencies), the ranking of the manage-
ment options is independent of the budget size. In any
case, the worst management option would be to assign
the entire budget to a single subpopulation, yielding
mean time to extinctions up to 40 times worse than the
optimal solution.

Sensitivity to changes in parameters

For a two-subpopulation system, the optimization
consistently yields the best mean time to extinction. In
every case, the worst option is to give all the money to
one subpopulation. If ¢ > ¢p, the second-best option
is always to split the money equally between all the
subpopulations, and if g > ¢, the second-best option
is always to split the budget proportionally to the
subpopulations” unmanaged probabilities of extinction
(see Table 3).

Case study: Sumatran tigers

We find the optimal budget allocations for Sumatran
tiger management in order to minimize the probability
of losing one or more of the endangered subpopulations
(present in core areas 1, 3, and 4; Linkie et al. 2006).
Core subpopulation 1 (CS1) has the highest unmanaged
probability of extinction, whereas CS3 and CS4 have
smaller, equal probabilities of extinction. Core subpop-

Second-best management options, depending on the budget size (the best option is

Two subpopulations
(A and B),
any size budget

Management
efficiency

Three subpopulations
(A, B, and C),
any size budget

ba > b > dc¢ (scenario 1)
bc > dp > Pa (scenario 2)
OB > da > dc
OB > Oc > da
Oa > dc > ¢B
Oc > oa > Op

equally
proportionally

equally
proportionally
equally
equally
proportionally
proportionally

Notes: The measure of performance is the mean time to extinction of at least one subpopulation.

”»

The management options are: “equally,

equal allocation; “proportionally,

”

allocation propor-

tional to the unmanaged probability of extinction of each subpopulation (Py). The budget sizes are
small (US$30000), medium (US$100000), and large (US$300000). For all case scenarios Pos >

Pog > Poc.
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TaBLE 3. Sensitivity analysis of a 10% change in the parameters Pya, Pop, $a, and ¢p for a two-subpopulation (A and B) system.
Budget size Small Medium Large
Case scenario ¢ > ¢p
Minimum and maximum difference between the optimization 23t05.5 1.7 to 3.2 1.2to 1.7
and the second-best option (“equally”)
Minimum and maximum difference between the optimization 41.3 to 57.8 40.4 to 60.5 38.7 to 54.9
and the worst option (all money to one subpopulation)
Case scenario ¢ > a
Minimum and maximum difference between the optimization 2.6 to 6.6 1.8 to 4.2 1.2to0 1.9
and the second-best option (“proportionally”)
Minimum and maximum difference between the optimization 39.2 to 58 42 to 58.8 39.4 to 60.8

and the worst option (all money to one subpopulation)

Notes: The sensitivity was tested for three budget sizes: small (US$30000), medium (US$100 000), and large (US$300000). The
table shows the relative performance (measured by mean time to extinction) of the optimization compared to the second-best
option and the worst option. For example, with a small budget and for the first case scenario, the optimization yields a mean time
to extinction that is between 2.3 and 5.5 times better than the second-best option. See Table 1 for an explanation of variable

abbreviations.

ulation 1 is the easiest to manage, followed by CS4, then
CS3. That is Py csi > Pocsa = Po,css and desi > desy
> dcss3. The total yearly budget for tiger management is
just over $50000 (Table 1).

There is only one optimal solution for the resource
allocation as the subpopulations receive the same
amount of money regardless of the management time
frame. Core subpopulation 1, which is the most en-
dangered subpopulation but also the most efficient to
manage, should receive the biggest proportion of
the budget (40%), followed by CS3 (33%; the second
most efficient to manage), and CS4 should receive
27%.

We next examine the mean times to extinction of at
least one subpopulation. As expected, the optimization
gives the best result with a mean time to (at least one)
local extinction of 10.2 years. The second-best strategy is
to split the overall budget equally between all three
subpopulations, achieving a mean time to extinction of
9.3 years. The worst strategy would be to invest all the
money into managing one subpopulation, regardless of
the subpopulation. It yields a mean time to extinction as
low as 2.4 years.

We tested the sensitivity of these results to *+10%
changes in parameter values and found that the
optimization always performs at least two times and
up to eight times better than the worst option. We also
found that the optimization can achieve a mean time to
extinction from 1.04 times to 1.5 times better than the
second-best option (split the money equally between all
subpopulations).

Discussion

The aim of this study is to produce management
guidelines for species existing as suites of isolated
subpopulations. We focus on finding the optimal way
to allocate a fixed budget between isolated subpopula-
tions of a threatened species when they occur in patches
of dissimilar quality. The optimal solution accounts for
the fact that different patches have different qualities

and costs of management. Here quality is represented by
the risk of extinction of each subpopulation and how
that risk declines with investment (Fig. 1).

The stated objective is to minimize the probability of
losing at least one subpopulation, which aims to secure
the survival of all of them. We find that, by using this
objective, what would normally be a time-dependent
optimization problem becomes essentially a time-inde-
pendent optimization problem, and we must therefore
apply the same management option every year. This can
be explained by the persistent nature of threats to the
subpopulations (e.g., poaching), which are managed on
a year-to-year basis. As soon as one population goes
extinct, we have irreversibly failed to meet our manage-
ment objective and hence it is best, at every time step, to
minimize this possibility. In other circumstances, for
example if we could permanently improve habitat
quality by expanding a reserve, the optimal strategy
may change between years.

Under a limited budget, a triage approach would be to
favor one subpopulation over another, sacrificing the
one(s) whose management would be too costly or too
difficult. The results of our optimization, driven by our
objective to save all subpopulations, do not allow this
scenario. Our optimization gives money to all subpop-
ulations considered at all times of management.
Moreover, instead of investing in the subpopulations
that are more efficient to manage and thus less costly to
save, in most cases it gives the biggest percentage of the
budget to the subpopulations that are less efficient to
manage. This result is due to the objective of keeping all
subpopulations extant. The optimization recommenda-
tions compensate for the lack of management efficiency
and the high probability of extinction by giving more
money to those subpopulations that have a lower chance
overall of persistence. The only exception is for an
extremely small budget when a subpopulation that is
both more endangered and more efficient to manage
receives the biggest percentage of money. In that case
the budget is not big enough to meet the objective (the
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mean time to extinction of all subpopulations with the
optimization is only approximately two years) and
giving more money to the least efficient keeps all
subpopulations extant for a shorter time than giving to
the most efficient to manage.

In the case of a two-subpopulation system, the exact
allocation solution given by the one-step optimization is
a usable equation that is less time-consuming than, but
equivalent to, the full optimization. Nonetheless it is not
very straightforward and therefore we tried to find
simpler allocation options. When compared with the
optimization, the heuristics performed almost as well
(Table 2), depending on the case scenario. Two
heuristics, split the money equally and split the money
proportionally between the subpopulations, consistently
yield the second-best mean time to extinction after the
optimal solution. By using those heuristics, we stay true
to the solution suggested by the state-dependent
optimization, which is to prioritize the subpopulations
less efficient to manage; e.g., for the three-subpopulation
system, the best heuristic is to split the money
proportionally, hence giving more money to A and B,
when those two are the less efficient to manage.

To protect the Sumatran tigers of the Kerinci Seblat
region there is a need for anti-poaching patrols (Linkie
et al. 2006), an action that is costly given the limited
funding available. Finding a solution that gives optimal
and efficient ways to allocate resources between these
subpopulations is thus important. The state-dependent
optimization, which is the best management option,
recommends that we give more money to CS1, which is
the most endangered and most efficient to manage,
followed by CS3, which is the least efficient to manage,
and CS4. Because CS3 is the least efficient to manage
and one of the two most endangered we would have
expected it to receive the biggest amount of money. The
reason for this optimal allocation is that the available
budget (~US$50000) is too small to meet the objective
of keeping all tiger subpopulations extant. We tested
tiger management strategies for bigger budgets (results
not presented), and the results indeed reflect case
scenario 1: for a medium-size budget, all subpopulations
receive almost equal amounts (0lcs; = Odcss =~ Ocss), and
for a large budget oics; > ocss > dcs3, Which is what we
would expect as dcs; > desa > Gess. In order for all the
subpopulations to remain extant at the end of the 50-
year management period, they would require an annual
investment of $10000 000. Thus under the current state
of funding it is not efficient to manage all subpopula-
tions; indeed, a significant amount of money would be
needed to save all three subpopulations.

For the case study, we assume that CS2 does not
require any financial investment to stay extant because it
is not currently endangered (Linkie et al. 2006). More
realistically, as money is invested into the other three
subpopulations and anti-poaching patrols are imple-
mented, it would deter the poachers from CS1, CS3, and
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CS4 (Caro et al. 1998) and thus possibly increase
poaching activity in the remaining, currently secure,
subpopulation (CS2). In addition, after a few years of
management one or more of the other subpopulations’
abundance might increase enough so they are no longer
at risk. As we assume that the subpopulations are
independent, the model does not take into account these
possible changes in threat level, and thus a reassessment
of the subpopulations’ states after a number of years of
management may be needed in order to refocus or
confirm the optimal budget allocation (see Chadg¢s et al.
2008, McDonald-Madden et al. 2008a). The optimiza-
tion approach we present can readily accommodate such
factors, for example by making P,; dynamically change
with the status of other subpopulations j # i.

Two of the main assumptions of this study are that
the management costs ¢; and ¢, are the same for every
subpopulation and that the subpopulations are isolated
from one another (the probability of extinction of one
does not affect the other and there is no significant
dispersal between them). Because c,, is the cost of a
management item, it is likely to be the same for all
subpopulations if they all require the same management
such as anti-poaching patrols. As a result the assump-
tion that all subpopulations have the same ¢, is
reasonable for this case study. On the other hand, c¢f is
the cost of implementing management for the subpop-
ulations, and it is partly influenced by the cost of travel
to and between the subpopulations, which may differ
greatly depending on the spatial arrangement of the
subpopulations. We assumed that the subpopulations
are isolated from one another, which happens in the wild
(Harrison and Bruna 1999), and it is a reasonable
assumption that dispersal is limited by habitat fragmen-
tation and loss. Nonetheless, for species for which
dispersal significantly modifies the composition of the
subpopulations, this model might not be best suited and
further studies may need to be undertaken in order to
investigate the manner in which dispersal rates change
the probability of extinction of each subpopulation and
thus shift the optimal management effort.

In conclusion, this model aims at producing a
guideline for managers when it comes to allocating a
fixed budget between isolated subpopulations and
making the most of the resources available. It is limited
by the fact that the input parameters do not change as
the management deadline approaches. That is, as money
is invested into the subpopulations, some initial param-
eters may be affected and change. Another consequence
is that it cannot be used for species for which there is
significant dispersal between the subpopulations as it
may change the management efficiency of the subpop-
ulations or their unmanaged probability of extinction.
To counterbalance this limitation, we recommend
monitoring the states of the subpopulations after a few
years of management to reassess the budget allocation.



April 2010

LiTERATURE CITED

Baguette, M., and N. Schtickzelle. 2003. Local population
dynamics are important to the conservation of metapopula-
tions in highly fragmented landscape. Journal of Applied
Ecology 40:404—412.

Baxter, P. W. J., M. A. McCarthy, H. P. Possingham, P. W.
Menkhorst, and N. McLean. 2006. Accounting for manage-
ment costs in sensitivity analyses for matrix population
models. Conservation Biology 20:893-905.

Caro, T. M., N. Pelkey, M. Borner, K. L. Campbell, B. L.
Woodworth, B. P. Farm, J. Ole Kuwai, S. A. Huish, and
E. L. M. Severre. 1998. Consequences of different forms of
conservation for large mammals in Tanzania: preliminary
analyses. African Journal of Ecology 36:303-320.

Cat Specialist Group. 1996. Panthera tigris ssp. sumatrae. In
2007 TUCN Red List of Threatened Species. (www.
iucnredlist.org)

Chadegs, 1., E. McDonald-Madden, M. A. McCarthy, B. Wintle,
M. Linkie, and H. P. Possingham. 2008. When to stop
managing or surveying cryptic threatened species. Proceed-
ings of the National Academy of Sciences (USA) 105:13936—
13940.

Day, J. R., and H. P. Possingham. 1995. A stochastic
metapopulation model with variability in patch size and
position. Theoretical Population Biology 48:333-360.

Guikema, S., and M. Milke. 1999. Quantitative decision tools
for conservation programme planning: practice, theory and
potential. Environmental Conservation 26:179-189.

Hanski, K., and M. E. Gilpin. 1997. Metapopulation biology:
ecology, genetics, and evolution. Academic Press, San Diego,
California, USA.

Harrison, S., and E. Bruna. 1999. Habitat fragmentation and
large-scale conservation: What do we know for sure?
Ecography 22:225-232.

Intriligator, M. D. 1971. Mathematical optimization and
economic theory. Prentice-Hall, Eaglewood Cliffs, New
Jersey, USA.

Johst, K., M. Drechsler, J. Thomas, and J. Settele. 2006.
Influence of mowing on the persistence of two endangered
large blue butterfly species. Journal of Applied Ecology 43:
333-342.

Keller, 1., L. Excoffier, and C. R. Largiadeér. 2005. Evaluation
of effective population size and detection of a recent
population decline coinciding with habitat fragmentation in
a ground beetle. Journal of Evolutionary Biology 18:90—100.

Linkie, M., G. Chapron, D. J. Martyr, J. Holden, and N.
Leader-Williams. 2006. Assessing the viability of tiger
subpopulations in a fragmented landscape. Journal of
Applied Ecology 43:576-586.

Linkie, M., D. J. Martyr, J. Holden, A. Yanuar, A. T. Hartana,
J. Sugardjito, and N. Leader-Williams. 2003. Habitat
destruction and poaching threaten the Sumatran tiger in
the Kerinci Seblat National Park, Sumatra. Oryx 37:41-48.

Lubow, B. C. 1996. Optimal translocation strategies for
enhancing stochastic metapopulation viability. Ecological
Applications 6:1268—1280.

OPTIMAL CONSERVATION OF SUBPOPULATIONS

797

Mangel, M., and C. W. Clark. 1988. Dynamic modeling in
behavioral ecology. Princeton University Press, Princeton,
New Jersey, USA.

McCarthy, M. A., H. P. Possingham, and A. M. Gill. 2001.
Using stochastic dynamic programming to determine optimal
fire management for Banksia ornata. Journal of Applied
Ecology 38:585-592.

McDonald-Madden, E., P. W. J. Baxter, and H. P. Poss-
ingham. 2008a. Subpopulation triage: how to allocate
conservation effort among populations. Conservation Biol-
ogy 22:656—665.

McDonald-Madden, E., P. W. J. Baxter, and H. P. Poss-
ingham. 2008b. Making robust decisions for conservation
with restricted money and knowledge. Journal of Applied
Ecology 45:1630-1638.

Morell, V. 2007. Can the wild tiger survive? Science 317:1313—
1314.

Nicholson, E., and H. P. Possingham. 2006. Objectives for
multiple-species conservation planning. Conservation Biolo-
gy 20:871-881.

Nowell, K., and P. Jackson. 1996. Wild cats: status survey and
conservation action plan. International Union for the
Conservation of Nature and Natural Resources (IUCN),
Gland, Switzerland.

Nyhus, P. J., and R. Tilson. 2004. Characterizing human-tiger
conflict in Sumatra, Indonesia: implications for conservation.
Oryx 38:68-74.

Possingham, H. P., S. J. Andelman, B. R. Noon, S. Trombulak,
and H. R. Pulliam. 2001. Making smart conservation
decisions. Pages 225-244 in M. E. Soulé¢ and G. H. Orians,
editors. Conservation biology: research priorities for the next
decade. Island Press, Washington, D.C., USA.

Richards, S. A., H. P. Possingham, and J. Tizard. 1999.
Optimal fire management for maintaining community
diversity. Ecological Applications 9:880-892.

Rout, T. M., C. E. Hauser, and H. P. Possingham. 2005.
Minimise long-term loss or maximise short-term gain?
Optimal translocation strategies for threatened species.
Ecological Modelling 201:67-74.

Shea, K., and H. P. Possingham. 2000. Optimal release
strategies for biological control agents: an application of
stochastic dynamic programming to population manage-
ment. Journal of Applied Ecology 37:77-86.

Tenhumberg, B., A. J. Tyre, K. Shea, and H. P. Possingham.
2004. Linking wild and captive populations to maximize
species persistence: optimal translocation strategies. Conser-
vation Biology 18:1-11.

Walker, B. H. 1991. Biodiversity and ecological redundancy.
Conservation Biology 6:18-23.

Wiegand, T., E. Revilla, and K. A. Moloney. 2005. Effects of
habitat loss and fragmentation on population dynamics.
Conservation Biology 19:108-121.

Wilson, K. A., M. F. McBride, M. Bode, and H. P.
Possingham. 2006. Prioritizing global conservation efforts.
Nature 440:337-340.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


