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Abstract 
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valuing and ranking individual rehabilitation projects, accounting for 

irreversible investment and the effects of climate change on species loss, 
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allocation of voluntary rehabilitation contracts on the basis of option 

pricing results in significantly greater value for money for the Govern- 

ment as compared with the conventional cost-effectiveness criterion as 

is illustrated for the case of Box Gum Grassy Woodland rehabilitation 

in Australia. 

 

Keywords: real options; biodiversity; irreversibility; risk; extinction debt, Box Gum Grassy 

Woodlands 

 

 

 

                                                
*
Department of Economics, Monash University, Melbourne, Australia, Email: anke.leroux@monash.edu  

(corresponding author). 
†
 CSIRO Ecosystem Sciences, Canberra, Australia. 

 

© 2014 Anke D Leroux and Stuart M Whitten 

All rights reserved. No part of this paper may be reproduced in any form, or stored in a retrieval system, without the prior written 

permission of the author. 

mailto:anke.leroux@monash.edu


1 Introduction

Large-scale land conversions have critically endangered many indigenous
ecological communities. In an effort to reverse this trend, there has been
substantial investment by individuals, governments and non-government or-
ganizations in ecological conservation and rehabilitation. One example is
the voluntary USDA Conservation Reserve Program, which provides $1.8bn
annually to contracted landholders to support the planting of long-term,
resource-conserving covers to improve the quality of water, control soil ero-
sion and enhance wildlife habitat on its 27 million enrolled hectares (USDA,
2013). The allocation of such conservation contracts via a competitive ten-
der processes has been instrumental in reducing information asymmetries,
thereby improving the cost-effectiveness of such policies (Latacz-Lohmann
and Van der Hamsvoort, 1997; Claassen et al., 2008). However, success-
ful rehabilitation is also subject to a variety of risks that need to be taken
into account when making optimal and irreversible investment decisions and
these considerations have so far received comparatively little attention in the
allocation of scarce conservation budgets.

Our contribution to the literature on conservation and rehabilitation
investment is threefold. Firstly, we propose a real options approach to
valuing individual rehabilitation projects in situations where investment is
irreversible and rehabilitation success is subject to a variety of risks. In
particular, we identify and model three distinct channels through which cli-
mate change affects rehabilitation success and optimal investment. Secondly,
we illustrate how options pricing could be used to rank individual bids in a
competitive bid process. It is shown that the outcome is superior to the con-
ventional cost-effectiveness criterion as it facilitates the allocation of scarce
rehabilitation funds according to sound investment criteria that incorporate
critical investment thresholds and value the option of delaying some types
of rehabilitation into the future. Third, we provide a carefully worked ap-
plication of this approach to Box Gum Grassy Woodland rehabilitation in
Australia.

We take the objective of ecological rehabilitation to be the conservation
and enhancement of biodiversity value and ecosystem resilience of degraded
communities, by facilitating the return from a state of low-diversity and
low-resilience to a high-diversity, high-resilience state. In addition to long
investment horizons, rehabilitation projects are subject to risk on a variety of
scales. Site specific land use history and management may aid or hinder the
transition to a higher biodiversity state. Across the landscape, the extent to
which genetic material has been lost, as a result of habitat loss and landscape

2



fragmentation, will affect rehabilitation success. Furthermore, the effects of
a changing global climate on microclimates is generally not well understood.
For example, if projections for regionally hotter and dryer summers, greater
climate variability and greater risk of catastrophic events prove accurate,
the benefits from ecological rehabilitation of Box Gum Grassy Woodlands
may be much lower than anticipated or even non-existent.

The role of budget constraints in determining optimal conservation strate-
gies has been recognized in a number of settings, including the dynamic
selection of reserve sites (Costello and Polasky, 2004) and the choice of op-
timal strategies to prevent species extinctions under climate change (Wintle
et al., 2011). Joseph et al. (2009) are amongst a number of ecologists, who
rightfully argue that the scarcity of conservation budgets calls for the prior-
itization of conservation actions according to biodiversity benefit, cost and
probability of success.

The ranking of competitive bids for conservation contracts according to
each bid’s environmental benefit score and bid price follows this philosophy
of cost effectiveness prioritization. However, the environmental benefit in-
dices used for bid ranking are based primarily on ecological considerations
with risk, if at all, featuring as an aggregate measure. We argue that two
important characteristics of rehabilitation investments should enter the in-
vestment analysis, in order for budget allocations to represent financially
sound, as opposed to merely cost-effective, decisions. Moreover, the deci-
sion framework needs to be suffi ciently flexible to be able to handle the
additional complexity imposed by climate change.

The first characteristic relates to the probability of success being de-
termined by a combination of risks, that may change over time. Each of
these risks affects the investment decision in its distinct way and may be
more or less sensitive to climate change. Therefore, for investment decisions
to be optimal under changing climatic conditions, it is essential that each
risk is considered separately instead of aggregated into a single measure.
The second characteristic is that rehabilitation investments are not recov-
erable in the event of rehabilitation failure. Indeed the combination of risk
and irreversible investment gives rise to an option value to delay certain
rehabilitation projects until the updated beliefs about their benefits exceed
the critical investment threshold. This implies that rehabilitation projects
should be analyzed with some time flexibility and not be viewed as a now
or never proposition.

To demonstrate how these characteristics can form a meaningful part of
the analysis we adapt the continuous-time real options model of sequential
investment by Majd and Pindyck (1987) to the problem of optimal invest-
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ment in Box Gum Grassy Woodland rehabilitation. In doing so we build
on other literature that applies continuous time real options models to de-
termine optimal land development (Scheinkman and Zariphopoulou, 2001;
Bulte et al., 2002; Leroux et al., 2009), harvesting (Morgan et al., 2007;
Insley, 2002) and species preservation (Kassar and Lasserre, 2004) under
ecological uncertainty. A typical feature of this class of models is the use of
geometric Brownian motion, for example to model the change in biodiversity
value over time. This characteristic is retained here, while a Poisson process
is added to the stochastic specification so as to allow for infrequent but sig-
nificant shocks from climate catastrophes. Combined Brownian motion and
Poisson processes have been used for example by Baranzini et al. (2003) to
model the effects of increasing climate variability and catastrophic events
on optimal greenhouse gas abatement.

A large body of literature in ecology deals with the dynamics of ecolog-
ical systems using state and transition models pioneered by Westoby et al.
(1989). The McIntyre and Lavorel (2007) Box Gum Grassy Woodland State
and Transition Model is most relevant to this study as it describes a wide
range of land use implications for ecosystem condition and maps potential
rehabilitation pathways and their impediments. The real options model pre-
sented here is calibrated to reflect investment in rehabilitation projects that
focus on the most ecologically feasible pathways as identified in the McIntyre
and Lavorel State and Transition Model.

In the following section optimal investment in Box Gum Grassy Wood-
land rehabilitation is modeled in a real options framework of sequential
investment. Section 3 is concerned with the calibration of the base case and
the derivation of optimal investment rules if the effects of climate change on
rehabilitation outcomes were not a concern. The effects of climate change
on optimal rehabilitation investment are analyzed in Section 4. Section 5
demonstrates how option pricing could be used to rank bids in a competitive
tender process and how flexibility in contract length could be evaluated. A
discussion and concluding comments are provided in Section 6.

2 A real options model of Box Gum rehabilitation

Box Gum Grassy Woodland ecosystems are of national importance to Aus-
tralia. With less than five percent remaining in good condition (AGDEH,
2006; TSSC, 2006), their rehabilitation is a priority under the Australian
Government’s Caring for Our Country Environmental Stewardship Program
(AGLC, 2012). Rehabilitation on private land occurs on a voluntary basis
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and is incentivized through conservation contracts that are allocated in a
competitive auction process equivalent to the one described in Stoneham
et al. (2003). The design of rehabilitation proposals is driven primarily by
ecological concerns, with advice on beneficial management activities closely
following the prescriptions of the state and transition model developed for
this ecological community by McIntyre and Lavorel (2007). As is shown
in Figure 1, the Box Gum Grassy Woodland State and Transition Model
is divided into five ecological states. The arrows represent transitions from
one state to another that are driven by changes in land use. For example,
livestock grazing triggers a shift from State 1 to State 2 while fertilization
triggers a shift from State 2 to State 3. We take the ecological value that is
attached to each state and proxied by endemic species richness to decrease
from States 1 to 5. The objective of investment in rehabilitation activities
is the eventual return of ecological condition to that of grassy woodlands
(State 1).

[Insert Figure 1 about here]

Targeted rehabilitation requires cessation of particular activities such as
fertilization and removal of fallen logs and branches. In addition, proactive
measures may be necessary to facilitate ecological transitions, including the
adoption of specific grazing regimes, ongoing weed control or adding carbon
to expedite nutrient release (Prober and Thiele, 2005). Some of the reha-
bilitation pathways mapped in Figure 1 require a significant period of time
to allow nutrients to be leached and for ecological processes to recover to-
wards a preferred ecological state. Landholders are advised of the preference
by the program for different management activities but not their contribu-
tion to investment value nor of the overall risks attributed to the project.
To allow for suffi cient time for single state level transitions to occur, the
Environmental Stewardship Program invests in 15-year contracts.

The objective of investment is the attainment of State 1 or State 2 in
the Box Gum State and Transition Model at the end of the fifteen year
investment period because these meet the ecological quality threshold for
investment outcomes. Transitions of more than one ecological state level
are considered unlikely, at least within this fifteen-year time frame, such
as a State 4 to State 2 transition. Therefore, the sites that are currently
subject to rehabilitation investment are either ‘native pastures’(State 2) or
‘fertilized pastures’(State 3). Not all of these rehabilitation projects turn
out to be successful and the likelihood of successfully transitioning to the
next preferred state is expressed in terms of a transition probability.
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The objective of the real options model described here, is to evaluate dif-
ferent types of Box Gum Grassy Woodland rehabilitation projects from an
economic point of view, recognizing the existence of budget constraints, the
irreversibility of rehabilitation investments and the fact that the ecological
payoff from rehabilitation investment is subject to different types of risk. In
addition, we allow for rehabilitation efforts to be delayed or temporarily sus-
pended under certain circumstances. Specifically, Box Gum rehabilitation
projects are evaluated using a model of sequential investment for its ability
to capture the importance of time as well as ongoing rehabilitation efforts
in achieving a successful ecological state transition.

We start with the premise that a given Box Gum rehabilitation project
operates to a fixed budget, Kmax, which is equal to the total cost of the
expended rehabilitation effort over the 15-year contract. This budget is in-
vested optimally until exhausted. The objective of investment is to achieve
a single state level transition to the next preferred state, which has a higher
ecological value than the initial state due to having more endemic species.
Hence, the benefit from rehabilitation, denoted V , is the difference in eco-
logical value between the initial and the targeted state and can also be
thought of as the present value of the stream of recovered ecological value
or ecological value added due to rehabilitation. In line with the ecologi-
cal transition concept, this rehabilitation benefit, V, will only be realized
upon project completion. Current rehabilitation benefits are known with
certainty, whereas the benefits from rehabilitation projects completed in the
future are subject to trend and uncertainty dynamics.

The task of the project manager is to maximize the value of the reha-
bilitation project, denoted F, by choosing the optimal level of rehabilitation
effort, k, measured in terms of the amount of the budget spent on reha-
bilitation, in the next instant. The Bellman equation for this problem,
which assumes that all future effort expended is also optimal, is (Majd and
Pindyck, 1987)

F (V,K) = max
k

{
−kdt+ 1

1 + ρdt
(F (V,K) + E[dF ])

}
, (1)

where dt represents a small time period and where K is the total remaining
expenditure required to complete the project and is representative of the
remaining rehabilitation task. Box Gum rehabilitation projects take several
years to complete, giving rise to a maximum rate of productive investment,

k = −dK
dt
. (2)
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The costs of ecological rehabilitation are assumed to be sunk, 0 ≤ k ≤ k. The
project value F (V,K) and its expected change over dt, E[dF ] are discounted
at rate, ρ.

Future recovered ecological value is subject to trend and uncertainty
dynamics that are closely linked to the change in the value of the targeted
state in Figure 1. It has been shown that habitat loss and fragmentation can
lead to species extinctions in remnant vegetations long after the disturbance
and that the magnitude of this effect may only be partially predictable, a
concept also known as extinction debt (Tilman et al., 1994). While the
theoretical methods of estimating extinction debt have recently come under
scrutiny from He and Hubbell (2011), actual species counts in remnant Box
Gum Grassy Woodland communities over a period of 20 years or longer
show clear signs of accelerated rates of species extinction in these ecosys-
tems (MacHunter et al., 2006; Williams et al., 2006; Szabo et al., 2011).
We view extinction debt as a form of ecological capital depreciation, which
becomes relevant in our modeling framework if the size of the debt differs
across ecological states. Conversely, continued land conversion of State 1
Box Gum Ecosystems could lead to increasing scarcity rents, which would
be interpreted in our model as a form of ecological capital appreciation.

How much ecological value may be recovered through rehabilitation is
subject to risk, and the prospect of having better information and reduced
uncertainty in the future may be an argument for delaying rehabilitation
projects. The effectiveness of rehabilitation activities critically depends on
the ecological state of the local ecosystem as well as the level of landscape
fragmentation. The more degraded the community and the more fragmented
the landscape the higher the risk that rehabilitation yields lower than ex-
pected benefits. Investing more time to understand the exact state of an
ecosystem in situ may reduce some of this risk.

A similar issue arises with the effect of climate change on ecosystem
dynamics. For Box Gum Grassy Woodlands climate predictions converge
towards higher daily temperature ranges, more frequent droughts, and an
increased risk of high intensity fires (Dunlop and Brown, 2008). Severe
droughts and fires may be categorized as catastrophic if their ecological im-
pact and especially their effect on recovered ecological value from rehabilita-
tion is devastating. For example, a wildfire or severe drought could destroy
newly established tree seedlings and encourage the growth of grasses at the
expense of trees and shrubs, thereby destroying the pre-conditions for suc-
cessful ecological transition to State 1 in Figure 1. Allowing for greater
climate variation and shocks of this sort may discourage immediate invest-
ment in ecological rehabilitation projects for two reasons: firstly, the greater
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the risk of losing all project benefits to a catastrophic climate event, the
greater the disincentive to invest. Secondly, the localized impacts of climate
change are still subject to significant uncertainty, which may resolve partially
in the future. For example likely refugia locations, which could sensibly be
targeted for investment, may be identified over time (Dunlop and Brown,
2008). Therefore, delaying irreversible investment in rehabilitation projects
until climate change and its effect on local ecosystems is better understood,
may prove to be an attractive option.

The trend and uncertainty dynamics of recovered ecological value from
rehabilitation may be modeled as a combined geometric Brownian motion
and Poisson process, whereby the change in the benefits from rehabilitation,
dV, over time is given by1

dV = βV dt+ σV dz + V dq. (3)

The three terms on the right-hand side of (3) represent respectively the mean
change, the stochastic continuous variation due to ecological uncertainty and
the change in V due to catastrophic events. Each of these components may
potentially be affected by climate change, thereby altering the dynamics of
rehabilitation benefits.

The mean change in V is given by the first term in (3) , where β is the net
capital appreciation of ecological value added from successful rehabilitation.
It takes into account the rate at which rehabilitation benefits appreciate due
to scarcity rents, as well as the rate at which it depreciates due to extinction
debt in the targeted state. A negative value β < 0 implies that the effects of
extinction debt outweigh those from increased scarcity rent and vice versa.

Climate change has the potential to impact on the mean change in reha-
bilitation benefits, as it has been identified as an important source of stress
on endemic species populations affecting biodiversity worldwide. While
some species are capable of dispersion and are predicted to respond to cli-
mate change by shifting their ranges to more suitable habitats, others are
likely to retract and risk extinction (Williams et al., 2003). Urban et al.
(2012) demonstrate how variation in species dispersal changes inter-species
competition, resulting in greater extinctions risk for migrating species as well
as for species that would otherwise be expected to persist climate change due
to greater temperature tolerance. Moreover, Mantyka-Pringle et al. (2012)

1The stochastic process given by equation (3) provides a suitable approximation for a
broad range of distributions describing ecological payoffs from rehabilitation. In particular,
the Wiener process component of this equation captures the first two moments, namely the
mean and the variance, whilst the addition of the Poisson process allows for higher-order
moments behaviour, such as skewness.
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identify positive interaction effects between climate change and habitat loss
and fragmentation, implying that species populations in fragmented land-
scapes are more vulnerable to the effects of climate change. In this frame-
work, the interaction effects between climate change and extinction debt are
modeled via a reduction in the net rate of ecological capital appreciation, β,
in equation (3) .

The uncertainty surrounding the ecological value from Box Gum Grassy
Woodland rehabilitation is described by the second term in (3), where z
is a Wiener process, dz ∼ N(0, dt). The uncertainty parameter, σ, is the
volatility of ecological value added from rehabilitation and as such is the
combined standard deviation of the values of the initial and rehabilitated
states. The effects of climate change, especially that of greater climate
variation, on each state of the Box Gum ecosystem in Figure 1 are not well
understood. Moreover, it is unlikely that a given climate shock affects all
states equally. The implication for investment in rehabilitation is that the
range of future recoverable ecological values widens when climate change is
factored in. In this model, the increase in uncertainty about the benefits
from rehabilitation due to climate change is represented by an increase in
the volatility parameter, σ in equation (3).

The possibility of catastrophic events is modeled through the Poisson
jump process, dq in (3) . Catastrophic events, such as severe wildfires re-
move the live woodland over-story as well as damage the seed-bank, thereby
rendering the site unsuitable for continued rehabilitation efforts in the near
future. Hence, the impacts of such events on the value of the rehabilitation
project are devastating, obliterating any benefits from Box Gum rehabili-
tation. In the absence of climate change, catastrophic events arrive with
probability λ over time interval dt, so that

dq = 0 with probability 1− λdt,
(4)

dq = −1 with probability λdt.

Note that in the absence of all catastrophic risk, λ = 0, the change in V
is described by geometric Brownian motion as, for example in Bulte et al.
(2002) and Kassar and Lasserre (2004). The non-negligible possibility of
catastrophic events occurring with higher frequency as a result of global
warming (CSIRO, 2007) is modelled via an increase in the arrival rate, λ.

It can be shown, that the optimal investment in a Box Gum rehabil-
itation project subject to catastrophic risk is k∗, which solves the partial
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differential equation (Malliaris and Brock, 1982)

βV FV +
1

2
σ2V 2FV V − kFK − ρF + λF (V − γV,K)− λF − k = 0, (5)

subject to conditions
F (V, 0) = V, (6)

F (0,K) = 0, (7)

and
lim
V→∞

FV (V,K) = e(β−λ−ρ)K/k. (8)

As equation (5) is linear in k, the solution is divided into two zones

k∗ =


0 : no investment in rehabilitation

k : maximum investment in rehabilitation
(9)

where k∗ = 0 implies that the rehabilitation project is on hold. For k∗ = k,
the rehabilitation proceeds with maximum investment and effort.

An analytical solution exists for the value of a suspended rehabilitation
project for which k∗ = 0. This value is denoted as f, as distinct from the
value of an active rehabilitation project, F . For this case, the partial differ-
ential equation in (5) simplifies to an ordinary differential equation which
has the general solution (Malliaris and Brock, 1982)

f(V,K) = A(K)V α, (10)

where, given (7) , α is the positive square root

α ≡ 1
2
− β

σ2
+

√
2 (ρ+ λ)

σ2
+

(
β

σ2
− 1
2

)2
(11)

of the fundamental quadratic. Equation (10) represents the value of the
option to invest in Box Gum rehabilitation in the future. The constant of
integration, A (K) in equation (10) is determined jointly when solving for F
using equation (5) for the case of k∗ = k.

As no closed-form solution of the partial differential equation in equation
(5) exists, a numerical solution is adopted that involves calculating the value
of a rehabilitation project in its active phase, F, for a range of values for
the ecological benefit from rehabilitation, V, and remaining rehabilitation
budget, K.
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By comparing the value of an active rehabilitation project, F with the
value of a suspended project, f , according to the value matching condition

F (V,K) = f (V,K) , (12)

and the smooth pasting condition

FV (V,K) = fV (V,K) , (13)

a threshold level V ∗ is identified for each stage in the rehabilitation project.
At this threshold level, V ∗, one is indifferent between continuing to rehabil-
itate and suspending rehabilitation efforts. When the actual expected value
added from the rehabilitation project is V < V ∗ it is optimal to put the
project on hold (k∗ = 0) , whereas for V > V ∗ active rehabilitation

(
k∗ = k

)
is optimal. Collectively, these threshold levels form a decision boundary,
guiding rehabilitation investment in K and V space.

3 Model calibration

Box Gum Grassy Woodlands have been subject to significant rehabilitation
efforts for some time. As a result, extensive field experience exists to aid
parameterization. We describe three types of Box Gum Grassy Woodland re-
habilitation project that are representative of the variety of projects that are
contracted under the Australian Government’s Environmental Stewardship
Program. The base case parameter values for each project are summarized
in Table 1.

[Insert Table 1 about here]

Most contracts under the Environmental Stewardship Program run for
15 years, so that the maximum rate of annual investment under base case
assumptions is k = Kmax/15.2 The total rehabilitation budgets, Kmax in
Table 1 reflect the different rehabilitation objectives and required activities
for each of the three projects. The purpose of the first two projects described
in Table 1 is to facilitate the transition from State 2 (native pasture) to State
1 (grassy woodland) in the state and transition model presented in Figure
1 (AGLC, 2012). In the first case, rehabilitation involves primarily the
protection from threats and their localized removal. This project is labelled

2Here, we take annual rehabilitation investments to be constant for each project type
as long as rehabilititation efforts continue. However, the numerical algorithm can easily
be adapted to accomodate non-constant investment profiles.
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Protect and is a low-cost conservation project with a high probability of
success. The second project requires in addition to threat protection the
implementation of repair efforts that are specifically designed to reverse
the effects of more intense grazing history and greater weed invasion. This
project is subject to a markedly lower transition probability than if threat
protection were the only required activity. The objective of the third project
in Table 1 is to facilitate the transition of a State 3 (fertilized pastures) site to
State 2 ecological condition as described in Figure 1. As discussed in Section
2, the transition from State 3 to State 2 involves the restoration of some
ecosystem functions, which requires more complex and costly management
actions, such as encouraging timely nutrient release.

Landholder bid data from the Environmental Stewardship Program sug-
gest indicative annual costs of Box Gum Grassy Woodland protection of
around k = $50/ha and an 85% chance of a successful transition being
achieved by contract end.3 In contrast, annual costs associated with Repair
are approximately k = $100/ha with an estimated success rate of 75%. The
lower probability is due to the presence of greater threat factors to ecolog-
ical condition, including the presence of more aggressive weed species, and
feral animals, such as pigs, rabbits or goats. With k = $300/ha restoration
represents the costliest endeavor. In addition, more complex rehabilitation
activities such as these are subject to greater risk of failure with a transition
probability estimated to be around 65%.

All rehabilitation projects are evaluated on the basis of a real rate of
discount of ρ = 0.03. While there are no clear guidelines in Australia as to
which discount rate should be applied, the use of ρ = 0.03 is advocated in
Harrison (2010) and also corresponds to the upper bound of the 0.02 to 0.03
band recommended by the United States Environmental Protection Agency.
The results of sensitivity tests with respect to the rate of discount are re-
ported in following section. Under base case assumptions, the possibility of
any form of climate change is ignored.

The net rates of capital appreciation across all three project types are
derived as follows. While it is conceivable that remnant ecosystems are sub-
ject to capital appreciation due to scarcity rents, this is not the case for
State 1 Box Gum remnant sites. These sites are protected by law (TSSC,
2006) and hence further land conversions of suffi cient scale to increase fu-
ture scarcity rents are unlikely. However, State 1 ecosystems are subject to

3Probabilities of success are not reported in Table 1. Instead, we report the values for
σ, the standard deviation of rehabilitation benefits. These values are calibrated on the
transition probabilities as explained below.
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extinction debt, as has recently been quantified over a 20 year time horizon.
A 26% decline of native plant species has been observed in Victorian grass-
lands by Williams et al. (2006). Similarly, MacHunter et al. (2006) compare
the number of bird species present in 20 remnant Box Gum ecosystems in
southeastern Australia between 1982 and 2004 and find on average 23%
fewer species at the second count. This translates into a rate of change in
endemic species richness of −0.014, which MacHunter et al. (2006) attribute
primarily to the effects of fragmentation on species populations as opposed
to climatic or other factors.

This analysis makes the conservative assumption that ecological capital,
as proxied by the number of endemic species, is fairly stable within State
2 and within State 3 in Figure 1. This is based on the premise that the
changes in land use that have lead to ecological degradation of these sites
have been suffi ciently persistent over long periods of time to have caused the
local disappearance of those species that are vulnerable to change. In other
words, extinction debt is taken to be a phenomenon of State 1 Box Gum
Grassy Woodlands. This implies that until protective and repair efforts
are completed, the difference in ecological value between State 1 and State 2
ecosystems and therefore the benefit of rehabilitation is subject to net capital
depreciation at a rate of β = −0.014 as given in Table 1.4 Once rehabilitation
is achieved, the model implies that ecological capital depreciates no further.
This formalizes the aspiration behind many rehabilitation efforts to end
ongoing species losses due to habitat loss and fragmentation by returning
a suffi cient area of degraded land to State 1 condition. Assuming stable
species numbers within State 2 and State 3 sites, net capital depreciation in
Restore is taken to be zero, β = 0.

The base case illustrates the investment situation in the absence of any
climate change effects. Catastrophic events, such as wildfires currently oc-
cur with a probability of approximately λ = 0.01, or once in 100 years in the
study area (Cary, 2002). Furthermore, it is assumed that such a catastro-
phe is suffi ciently large to wipe out any rehabilitation benefits, which is
consistent with site specific expectations in the field.

We link rehabilitation project management in the field with the theo-
retical framework presented here by interpreting project success in the field
as the realization of an optimal investment path, that sees the entire reha-
bilitation budget exhausted over the same 15-year time frame as is applied
in the field. Hence, project success in the model implies that at each point

4We apply the slightly more conservative estimate by MacHunter et al. (2006) to our
study as its geographical focus is remnant Box Gum ecosystems.
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in time the expected recovered ecological value from rehabilitation is above
the minimum threshold value for continued investment.5 In practical terms,
we calibrate the real options model in terms of the standard deviation, σ,
such that the probability of observing such an optimal path matches the
transition probability observed in the field. Specifically, assuming a starting
value slightly above the calculated threshold, V0 = V ∗0 + ε, where ε is an
arbitrarily small number and V ∗0 is the value threshold at the initial bound-
ary, the stochastic process V0 + dV, where dV is given in (3) is simulated
over 10, 000 runs in a Monte Carlo simulation. The parameter value for σ
is chosen for each project type such that the percentages of runs for which
the process never hits the free boundary over a 15-year horizon are equal
to the transition probabilities observed in the field of 85%, 75% and 65%.
As reported in Table 1, this process yields calibrated values for σ of 0.025,
0.028 and 0.026 for Protect, Repair and Restore respectively.

Current investment environment

The current investment environment, ignoring climate change, is first dis-
cussed by presenting the results of some in depth analyses of optimal in-
vestment as well as sensitivity tests. In doing so we focus on Repair, as this
represents a type of investment project that attracts an important share of
total Box Gum rehabilitation funding. Moreover, the majority of the in-
sights gained have general validity for Protect and Restore and we will draw
on these when comparing optimal investment rules and project values across
all projects in the subsequent section.6

Characteristics of Repair investments

The value of a Repair type rehabilitation project is shown in the body
of Table 2 for the remaining rehabilitation budget and for a selection of
recovered ecological values that may be expected upon project completion.
The table entries below the column K = $1500, are the project values that
correspond to the expected ecological value added from rehabilitation before
the project has started. Project values are in dollars per hectare and may
be interpreted as the project’s value to society at a particular point during

5The difference between the ecological and the economic interpretation of project suc-
cess is that the former requires an ecological shift to have occurred whereas the latter
stipulates that ongoing rehabilitation until budget exhaustion is optimal as long as a min-
imum level of benefit is achieved. In doing so, the value of marginal changes in ecosystems
is recognized.

6Results on sensitivity tests for Protect and Restore are available on request.
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its lifetime and for a specific expected ecological benefit. For example, if
the expected ecological benefit from Repair was V = $2579 per hectare (1st
column) at the time when all competitive bids for conservation contracts are
ranked (K = $1500), then this investment opportunity would be valued at
$21/ha (second column, 4th line in Table 2). Implicit in this value are the
trade-offs between rehabilitation benefits and costs as well as the probability
of success. However, if the expected ecological benefit from Repair was
V = $2711, the project would be valued at $80. Upon completion of the
project (last column in Table 2), the value of the project is exactly equal to
the expected rehabilitation benefit, i.e. the difference between the ecological
value of State 1 versus State 2 ecosystems in Figure 1 at this point in time.

[Insert Table 2 about here]

The project values in bold in Table 2 trace collectively the decision
boundary in terms of the benefit threshold, V ∗, above which active rehabil-
itation with annual investments of k∗ = k is optimal. By engaging in active
rehabilitation, the project manager has exercised the option to invest in re-
habilitation. Hence, the project values, F, above the decision boundary do
not include an option value. In contrast, the reported project values below
the decision boundary are equal to the value of the option of activating a
currently delayed or suspended (k∗ = 0) rehabilitation project in the future.
On the decision boundary the project manager is indifferent between delay-
ing further rehabilitation or not as the option value of rehabilitating in the
future equals the value of the active rehabilitation project. It is noteworthy
that in Table 2 all project values below the decision boundary are zero, indi-
cating that the value of the option to delay a Repair project is zero. This is a
direct result of allowing for extinction debt in remnant (State 1 in Figure 1)
Box Gum ecosystems, which pits rehabilitation efforts in the presence of ex-
tinction debt in a race against time. Indeed the rate of capital depreciation,
β, in our model is suffi ciently high so that in all likelihood, rehabilitation
from State 2 to State 1 will never commence or resume if V < V ∗ were ever
observed. Hence the option to rehabilitate in the future will most likely not
be exercised and therefore carries zero value.7 This result demonstrates the
urgency to rehabilitate in the presence of extinction debt.

7The project values below the decision boundary for Restore (not shown) are positive,
and represent the value of the real option to commence or restart rehabilitation efforts if
expected benefits from rehabilitation are revised upward in the future.

15



Investment rules for Protect, Repair and Restore

The decision boundaries under base case assumptions are contrasted for all
three rehabilitation projects in Figure 2a. They reflect all project specific
characteristics, including the type and costs of rehabilitation efforts required,
investment risks and timing. The decision boundary is most stringent for
Restore, which requires the highest investment and has a lowest chance
of success. Therefore, active rehabilitation requires a significantly greater
expected payoff at any stage during the life of the project than investment in
Protect or Repair. Similarly, investments in Repair type projects are subject
to more stringent investment thresholds than those for Protect.

[Insert Figures 2a and 2b about here]

The project specific investment thresholds are sensitive to the choice of
discount rate, ρ, and the net rate of ecological capital appreciation, β. Fig-
ures 3a to 3c demonstrate for Protect, Repair and Restore respectively the
interaction effects between ρ and β for the initial investment threshold V ∗0 .
In particular, V ∗0 is shown over a range of −0.04 ≤ β ≥ 0.04, where the
lower bound represents extreme rates of species decline due to extinction
debt in the ecological current State compared with the target State. The
upper bound value implies substantial capital appreciation for example due
to continued habitat loss. Each graph depicts three curves representing dis-
count rates of ρ = 0.01, ρ = 0.03 and ρ = 0.07. Figures 3a to 3c show that
as long as β is suffi ciently below ρ, increasing ρ will lead to more stringent
investment thresholds across all project types. However, the relationship
between V ∗0 and β is nonlinear, as higher rates of discount may imply less
stringent investment thresholds when β is close to ρ in value. Overall, the in-
teraction effects of β and ρ are weakest for Protect in Figure 3a and strongest
for Restore in Figure 3c.

[Insert Figures 3a to 3c about here]

The initial investment thresholds, V ∗0 , are shown for each project in
Table 3, where results under base case assumptions are reported in the first
block. For Restore to attract funding the difference between the current
ecological value and the value of the targeted State would need to be at least
V ∗0 = $6675 per hectare today. The initial investment thresholds are much
lower for Protect and Repair at $2575 and $1275 per hectare respectively.

[Insert Table 3 about here]
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The first line of entries in Table 3 shows the values of the investment
opportunity, F, for a given, project specific expected rehabilitation benefit,
V, before any rehabilitation effort has been expended, K = Kmax. As all
three project types are observed in the Government’s current rehabilitation
portfolio, we take the expected amount of recovered ecological value to be at
least as great as the investment threshold under base line assumptions, V ≥
V ∗. For illustrative purposes, the following expected rehabilitation benefits
are chosen: $2000/ha for Protect, $2700/ha for Repair and $6675/ha for
Restore. As such, Protect is expected to recover ecological values that exceed
the investment threshold comfortably, as opposed to Repair for which the
difference between V and V ∗ is smaller and compared with Restore, for which
a decision maker would be indifferent between rehabilitating or not, V = V ∗.
These properties are reflected in the project values reported in Table 3.
Allowing for rehabilitation risks and the irreversibility of costs makes Protect
the highest valued investment opportunity at $325 per hectare. Perhaps
surprisingly the opportunity to invest in Repair is valued lower than the
opportunity to invest in Restore.8 Given that V = V ∗ for Restore, the project
value of $275 also represents the value of the option to make irreversible
investments in rehabilitation activities at some future point in time when
the expected benefits from restoring the site may be more favorable for active
rehabilitation. This option value is sizeable given the combination of zero
net capital depreciation, β = 0, and the uncertainty about future benefits
from restoration, σ = 0.026.

Currently, rehabilitation contracts are guaranteed for 15 years and while
contracts contain some provisions for management change (adaptive man-
agement) there is no scope for renegotiation of payments. However, interim
payment assessments could be useful for a variety of reasons. Australian
weather conditions are highly variable from year to year, with a full dry-wet
cycle requiring around seven years in the study area. This could impact on
anticipated rehabilitation benefits and it makes sense to revisit rehabilita-
tion efforts once the beliefs concerning expected recovered ecological value
are updated. Similarly, it is estimated that it may take up to ten years for
nutrients to leave State 3 systems. As a result, Restore may gain observable
momentum only after ten years of active rehabilitation, which corresponds
to 2/3 of the total budget having been spent without interruption. Table 3
shows that restoration efforts should continue beyond the 2/3 budget mark

8This result clearly depends on the underlying cost and benefit assumptions made in
this case. Especially the expected benefits from Restore of $6675/ha seem high, but not
inconsistent with current actual funding practices.
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if the expected recovered ecological value upon project completion is at least
$1825 per hectare. Again, this threshold is much higher than the $300/ha
threshold for Protect and the $600/ha threshold for Repair . Expected recov-
ered ecological values below these thresholds should optimally lead to these
projects being discontinued or temporarily suspended. The inspection of
option values indicates which action would be most appropriate. For exam-
ple in Table 2 , the zero option value at the 2/3 budget mark for expected
rehabilitation benefits from Repair below $600 indicates that optimal course
of action would be to discontinue the project.

4 Implications of climate change

Effect on rehabilitation benefit

The effect of climate change on species survival has important implications
for the expected benefits from Box Gum rehabilitation and, as a result, for
optimal rehabilitation investment. The effects of climate change on future
rehabilitation benefits are modeled via three distinct channels: the first mod-
els accelerated species loss as a decrease in the rate of net ecological capital
appreciation, β, in equation (3). The second models increased uncertainty
about species responses to climate change in all states is modelled as an
increase in the standard deviation, σ, of rehabilitation benefits. The third
channel models the effect of climate change on the frequency of catastrophic
events via an increase the arrival probability, λ.

When comparing the implications of climate change on optimal invest-
ment for each of the three channels, we focus again on Repair, noting that
the insights gained are also valid for Protect and Restore. Table 4 provides
a synthesis of the comparative static analysis, investigating each channel
separately in terms of its effect on initial project value F , the investment
thresholds before rehabilitation has commenced V ∗0 , after 1/3 of the bud-
get has been spent, V ∗1/3, and after 2/3 of the budget has been spent, V

∗
2/3,

as well as the probability of rehabilitation success within the 15-year time
frame. For each channel the relevant base case parameter was increased in
proportional increments until its base case value, as given in Table 1, was
tripled.

[Insert Table 4 about here]

The second column in Table 4 shows that the effect of climate change
on the value of the investment opportunity, F , varies by channel. Lower
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project values result from an increase in the rate of species extinction due
to climate change (lower β) and an increase in the frequency of catastrophic
events (greater λ). In contrast, greater uncertainty surrounding the benefits
from rehabilitation (greater σ) as a result of greater climate variability yields
a greater project value F.9

The most dominant effect of climate change on initial (column 3) and
early (column 4) project investment thresholds is again via its influence on
the rate of species extinction, β. Regardless of the channel, allowing for
climate change always has the effect of making optimal investment subject
to more stringent investment thresholds. The impact of climate change on
investment thresholds in the initial (column 3) and intermediate (column
4) stages of the rehabilitation project tend to be stronger than the effect in
later stages of the project (column 5), with only the increase in σ having
a noticeable effect on the investment threshold after 2/3 of the budget has
been spent.

The three channels in equation (3) through which climate change is mod-
eled impact directly on dV and hence model dynamics. This has implica-
tions for the likelihood that a given rehabilitation project will never be put
on hold during its lifetime. To assess the effect of climate change on ongoing
investment, each parameter permutation is subjected to the same Monte
Carlo simulation as described in the calibration exercise, this time using the
calibrated value, σ for Repair under base case assumptions and recording
the percentage of runs for which the process V0 + dV does not once hit the
decision boundary until K = 0. As shown in the last column in Table 4,
the model predicts that climate change reduces the likelihood of the project
being completed within a 15-year time frame. This is mainly due to climate
change increasing the uncertainty surrounding the benefits from rehabili-
tation, by increasing σ, as well as increasing the likelihood of catastrophic
events occurring.

To assess the impact of climate change on optimal investment in ecolog-
ical rehabilitation, three distinct climate change scenarios are now consid-
ered.

9As shown in column three, increasing σ leads to a more stringent investment threshold,
until V ∗0 ≥ V when no rehabilitation is optimal. In this case, F (V,Kmax) represents the
value of the option to rehabilitate in the future, which becomes more likely and the option
more valuable the greater is σ.
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Scenario 1: Moderate climate change

As shown in the second block in Table 3, the moderate increases in climate
variability, assumed under Scenario 1, lead to greater uncertainty about
recoverable ecological values. While scientists agree on greater variation
under climate change, precise estimates on projected volatility are diffi cult
to obtain. For this reason, a somewhat arbitrary value of increased volatility
of 1.5σ is chosen across all project types. This 50 per cent increase in the
standard deviation increases the spread of the probability distribution of the
continuous time stochastic process. As reported under Scenario 1 in Table
3, the effects of increasing the volatility to 1.5σ compared with the base case
are most felt in terms of the likelihood of project success. About 60% of
Protect type projects and roughly only one in two Repair and Restore type
projects are expected to succeed within the contracted time frame under the
Australian Government Stewardship program. Investment thresholds for
Repair and Restore increase by 5% to $2700/ha and $7000/ha respectively,
implying that delaying rehabilitation is now the optimal course of action
for Restore. Project values for Protect and Repair remain unchanged as
opposed to the value of the opportunity to invest in Restore gaining 18%
to $325/ha. This is a clear indication that some projects retain a positive
investment value despite not qualifying the investment threshold at present.
With greater uncertainty surrounding the benefits from rehabilitation it is
conceivable that these projects meet the investment threshold in the future
and therefore should not be discarded as a future investment opportunity.

Scenario 2: Significant climate change

The objective of Scenario 2 is to model significant climate change, whereby
rising temperatures introduce additional stress to already vulnerable species
populations in State 1 ecosystems. This is modelled as an increase in β, the
mean rate of capital depreciation. Williams et al. (2003) model the effect
of climate change on species survival in Australian tropical rainforests - to
our knowledge the only Australian study of this kind. Equating their tem-
perature scenarios with the timing of temperature increases in the climate
change scenarios of Houghton et al. (2001) yields a comparable increase of
the rate of species losses by a factor of 1.4β. This affects Protect and Repair
projects for which β < 0.10

10 It may be argued that 1.4β represents an upper bound in terms of the effect of climate
change on Box Gum Grassy Woodlands, which tend to be more resilient than Australia’s
tropical rainforest systems.
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In addition, Scenario 2 allows for greater climate variation than Scenario
1, as represented by an increased volatility of 2σ. This has the effect of
doubling the standard deviation of the Wiener process for all projects.

Compared with the base case, Scenario 2 (third block in Table 3) is
characterized by increased investment thresholds by about 10 per cent and
significant reductions in the probability of project success across all three
project types. Specifically, success rates are roughly halved. Following from
the earlier discussion, a decline in project value can be observed for Protect
and Repair type projects, for which the impact of climate change on the
mean term via β dominates. The positive effect from the increase in volatil-
ity, σ, on option value can be clearly seen in the value of restoration, which
increases to F = $370/ha from $275/ha under base case assumptions.

Scenario 3: Significant climate change with catastrophic risk

Scenario 3, reported in the fourth block in Table 3, adopts the same pa-
rameter values as Scenario 2, with the exception of also allowing for an
increase in the frequency of catastrophic events, such as wildfires, under
climate change. Fire return intervals under climate change are expected to
shorten by at least half for the South African Fynbos (Wintle et al., 2011)
and by about half for the Australian Capital Territory (Cary, 2002). Based
on these predictions, the arrival rate for catastrophic events is 2λ in Scenario
3.

Not surprisingly, this scenario has the greatest impact on investment
thresholds, with initial thresholds rising on average 20 per cent to $1575/ha,
$3150/ha and $7750/ha for Protect, Repair and Restore respectively. In-
deed, comparing Figures 2a and 2b reveals that investment thresholds are
significantly more stringent under Scenario 3 across all project types and
project stages compared with the base case. When these threshold values
are compared to the stated willingness to pay for improvements in envi-
ronmental quality in areas containing Box Gum ecosystems (Mazur and
Bennett, 2009), the practical implication is that only Protect type projects
are worth considering for rehabilitation investment under significant climate
change with catastrophic risk.

Under Scenario 3, the probabilities of completing rehabilitation within
the 15-year time frame reduce to one in three for Repair and Restore and
to less than half for Protect. These probabilities are comparable to those
under Scenario 2.

The project values reported under Scenario 3 are significantly lower than
base case project values. Also, unlike increases in the continuous standard
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deviation, σ, increases in λ do not augment the value of the option to start
rehabilitating at a future point in time. As only the prospect of losing all
rehabilitation benefits increases, there is now a smaller chance that Restore
may ever make it across the investment threshold.

5 A real options approach to allocating conserva-
tion contracts

Implications for bid ranking

Aside from the independent evaluation of individual rehabilitation projects,
the approach presented here could be used for the ranking of competitive
bids for conservation contracts. To illustrate, let’s assume that the three
projects investigated here, Protect, Repair and Restore were submissions
to a competitive bid process and that the total government budget were
suffi cient to fund two of the three projects. Table 5 shows how these three
projects would be ranked for all climate cases considered in Table 3 according
to cost effectiveness11, versus investment opportunity and versus investment
threshold criteria.

Ranked by cost effectiveness, Protect would receive funding ahead of
Repair, whereas the third-ranked, Restore, would miss out. The first obser-
vation to make is that, due to the reliance on an aggregate risk measure and
failure to allow for option values, the cost effectiveness criterion is not read-
ily adaptable to various climate change scenarios. Unless exogenous success
rates are adjusted differently across the three projects in an attempt to ac-
count for climate change, the same ranking will result regardless of the case
considered. Furthermore, the cost-effectiveness criterion does not include a
safeguard measure that prevents unsound rehabilitation investments from
being made: the two top ranked projects will receive funding under all cases
considered.

Ranking projects by investment opportunity involves comparing the project’s
investment values, F (V,Kmax) , as reported in Table 3. Importantly, this
approach assumes full inter-temporal flexibility of the Government’s reha-
bilitation budget. By this we mean that part or all of the rehabilitation
budget can be earmarked for particular rehabilitation projects that repre-
sent a good investment opportunities, despite their failure to meet critical
11Under the cost effectiveness criterion, bids are ranked according to the present value

of their rehabilitation benefit V , adjusted for the probability of success and the present
value of the proposed cost stream. The resulting bid values are 2.77, 1.65 and 1.18 for
Protect, Repair and Restore respectively.
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investment thresholds under current expectations of rehabilitation benefits.
By earmarking these projects for future potential investment the projects’
conservation value is recognized, while the Government refrains from making
an unsound and irreversible investment today. In order to prevent the land-
holder from introducing land use changes that would imply further degra-
dation of the site, an option contract could be put in place whereby the
landholder is paid a negotiable amount p ≤ F (V,Kmax) for maintaining
current management practices until a set future date at which the bids
will be re-evaluated with updated beliefs about their rehabilitation benefits.
Projects that would classify for such a treatment are marked with an asterix
in Table 5. Under base case assumptions, ranking by investment opportu-
nity would see Protect (F = $325) and Restore (F = $275) being funded at
the expense of Repair (F = $75). While Protect would also be selected for
funding under all climate change scenarios, Restore would be eligible for an
option contract. Repair would not receive funding under any of the cases
considered, despite meeting the investment threshold under climate change
scenario 1.

One can imagine a number of reasons why the allocation of rehabilita-
tion funds by a pure investment opportunity criterion may not be feasible
in practice: the inter-temporal flexibility of rehabilitation budgets may be
limited due to the requirement that funds be spent in the budgeted year.
Moreover, it may be politically untenable to set aside funding for a project
that does not currently meet minimum investment thresholds at the expense
of a project that does.12 For these reasons an alternative two stage criterion
is proposed, whereby only projects that meet their investment thresholds are
eligible for funding. Projects that pass this initial hurdle are then ranked
by investment opportunity, F (V,Kmax) , as reported in Table 3. Allocation
of rehabilitation funds according to this criterion would fund Protect in all
cases considered. Moreover, Restore would receive funding ahead of Repair
under base case assumptions, but would miss out under climate change sce-
nario 1 in favour of Repair. Under climate change scenarios 2 and 3, some of
the rehabilitation budget would optimally remain unspent as neither Repair
nor Restore would meet the minimum investment threshold and funding
these would constitute an unsound investment decision. Instead, such un-
spent funds could benefit other environmental projects that represent sound
investments.

Comparison of the total project value that would be funded under each

12This would be the case, for example in climate change scenario 1 where Restore would
be chosen ahead of Repair.
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criterion, reported in the last column in Table 5, gives an indication of the
increase in value the Government achieves by using one of the proposed al-
ternative ranking criteria over the conventional cost-effectiveness criterion.
If all proposed projects were equally distributed across the three project
types and funding was suffi cient to fund two thirds of all proposed projects,
then in the base case, alternative criteria improve the per hectare value
of the investment by 50% compared with using the cost-effi ciency ranking.
This margin increases to over 200 per cent for investment opportunity rank-
ing when climate change is considered, demonstrating the benefit of using
a flexible decision framework that can handle the complexities of climate
change.13

Flexibility in rehabilitation effort

In addition to considering the effects of climate change uncertainty on op-
timal rehabilitation investment one can investigate the value created by
allowing for time flexibility in the contractual arrangements. In some in-
stances it is conceivable that rehabilitation efforts proceed at a faster pace
than is assumed under the 15-year contracts of the Australian Government
Stewardship program. For example, the ecological understory could be con-
structed artificially by depositing fallen branches and dead trees from else-
where. Missing plant species could be sown or planted and weeds eradicated
with greater effort. While these activities entail greater annual costs, they
are also likely to achieve rehabilitation faster - at least for projects that do
not rely on natural processes such as nutrient leaching. Hence, Protect and
possibly Repair, could achieve results sooner if more effort was expended
earlier. Table 6 shows the effect of tripling the maximum level of reha-
bilitation effort for a given budget on project value and initial investment
thresholds for Protect and Repair . It is clear from the base case results that
the initial investment thresholds decrease significantly for both projects: for
example, only $900/ha are required as expected rehabilitation benefits for
investment in Protect to be considered sound. For comparable expected
rehabilitation benefits as those assumed for the 15-year contracts, namely
$2000/ha and $2700/ha for Protect and Repair respectively, the value of
each project would increase substantially from $325/ha to $850/ha for Pro-
tect and from $75/ha to $700/ha for Repair . This would certainly affect the
competitive bid ranking as Protect and Repair would be selected for fund-
ing over Restore under all criteria. Using the current illustrative example

13We did not report the total funded project value for the critical threshold criteria
when it resulted in parts of the budget being diverted to another environmental cause.
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which assumes that the shortening of contracts to 5 years would indeed yield
the same rehabilitation benefit, the Government would almost triple the per
hectare value from its program.

These conclusions hold when projects are evaluated for a changing cli-
mate as investment thresholds and project values are less sensitive to climate
change considerations when allowing for greater intensity in rehabilitation
efforts over a shorter time horizon. In particular, moderate climate change as
per Scenario 1 has no impact on base case project values or decision thresh-
olds and only modest increases in the stringency of minimum investment
thresholds result from assuming climate change Scenarios 2 and 3.

6 Discussion and conclusion

This study proposed a real options approach to valuing individual rehabilita-
tion projects in situations where investment is irreversible and rehabilitation
success is subject to a variety of risks. In particular, we identified three dis-
tinct channels through which climate change affects rehabilitation success.
Optimal rehabilitation investment rules for individual projects were then
derived under base case and climate change assumptions using a continuous
time real options model of sequential investment, that was calibrated to the
case of voluntary rehabilitation of Box Gum Grassy Woodlands in Australia.

Three types of rehabilitation projects, representing the variety of projects
that are currently contracted under the scheme, were considered. The com-
mon objective for all was to achieve a single state transition in the ecological
Box Gum Grassy Woodland State and Transition Model. However the tar-
get state, the required rehabilitation effort and probability of success differed
across the three project types, giving rise to project specific optimal invest-
ment thresholds and investment values. It was shown that extinction debt,
to the extent that it has been observed in remnant Box Gum ecosystems,
is suffi ciently severe to render the option to delay irreversible investment in
rehabilitation to the highest ecological condition unlikely to be exercised and
therefore worthless. This result demonstrates the urgency to rehabilitate in
the presence of extinction debt.

The three distinct channels through which climate changes affects reha-
bilitation outcomes considered were i) an increase in the rate of species ex-
tinctions in remnant ecosystems, ii) greater uncertainty surrounding the ben-
efit from ecological rehabilitation and iii) greater probability of catastrophic
events. Climate change was found to have an ambiguous impact on the value
of the investment opportunity, with increased rates of species extinction and
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probability of catastrophic events having a negative effect on project values,
whereas greater uncertainty surrounding rehabilitation lead to increased op-
tions values for projects that currently fail to meet the critical investment
threshold. Critical investment thresholds became more stringent under cli-
mate change throughout the life of the rehabilitation project. In line with
current predictions, climate change was also found to have a negative effect
on the probability of successfully transitioning to the next higher ecological
state.

We illustrated how a real options approach to valuing rehabilitation in-
vestment opportunities could be used to rank individual bids in a com-
petitive bid process. In particular, two alternative ranking criteria were
discussed and the ranking outcome contrasted with the outcome that would
result from the conventional cost-effectiveness criterion. Ranking competi-
tive bids for conservation contracts by the value of the investment oppor-
tunity they represent, was found to yield the greatest benefit in terms of
value for money for the government. However, it requires flexibility in the
timing of rehabilitation investment, whereby some of the budget may be ear-
marked for projects that could represent good rehabilitation opportunities
in the future. Given that time flexibility may not be feasible for political
of budgetary reasons an alternative two-stage ranking criteria was proposed
whereby projects had to pass their individual critical investment threshold
before being ranked according to investment opportunity. This ranking ap-
proach safe guards against spending scarce government funds on projects
that are not financially sound and allows for parts of the budget not to be
spent. Under given assumptions, the alternative ranking approaches were
found to increase the estimated Government value of investment by between
50% to over 200% percent.

Finally, our simulations showed that introducing greater contract flexi-
bility for the type of projects for which concerted rehabilitation efforts could
lead to regime changes sooner has advantages under base case assumptions
as well as when climate change is considered. Projects that run over shorter
time frames are less exposed to the risks imposed by climate change with
project values and investment thresholds showing no or only moderate ef-
fects over a range of climate change scenarios investigated here. This is in
contrast to the relatively fixed-term contract payments and period employed
in existing contracts within the Environmental Stewardship Program. The
real options approach was used to value the benefit from allowing greater
flexibility in terms of the length of a contracted rehabilitation commitment.
It was shown that if a tripling of conservation effort on the least degraded
sites would yield the same rehabilitation effort after 5 instead of 15 years,
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the value of the investment opportunity could increase three to ten fold.
The broad conclusion for policy makers is that using ranking criteria that

allow for a broader range of risks and the irrecoverability of funds allocated
to rehabilitation projects could yield substantial improvements in value for
money as would greater flexibility in investment. Given that tracking invest-
ment progress will become more critical under increased risk of rehabilitation
projects failing, the results also suggest that a more comprehensive adaptive
management approach extending beyond minor management adjustments
could be appropriate for longer term voluntary conservation programs.
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Table 1:
Base case project parameter values.

Parameter Project
Protect Repair Restore

Kmax Total initial rehabilitation budget ($/ha) 750 1500 4500
ρ Real rate of discount 0.03 0.03 0.03

k Maximum annual rehabilitation costs ($/year) 50 100 300
β Net rate of ecological capital appreciation -0.014 -0.014 0.000
λ Arrival probability of catastrophic event 0.01 0.01 0.01

Transition probability (%) 85 75 65
σ Volatility of rehabilitation benefits 0.025 0.028 0.026

Figure 1: State and transition model for Box Gum Grassy Woodland
Ecosystems (Source: AGLC (2012) - adapted from McIntyre and

Lavorel (2007)).
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Table 2:
Repair project values by project year and expected recovered ecological

value (V ).
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Table 3:
Project value, free boundary thresholds and probability of success for k

based on 15-year contracts.

Project
Protect Repair Restore

Base Case:
(β, λ, σ given in Table 1)

F (V,Kmax)
V∗0($/ha)
V∗2/3($/ha)

Success (%)

325
1275
300
85

75
2575
600
75

275
6675
1825
65

Scenario 1:
(1.5σ)

F (V,Kmax)
V∗0($/ha)
V∗2/3($/ha)

Success (%)

325
1275
300
60

75
2700
600
45

325
7000
1900
50

Scenario 2:
(1.4β, 2σ)

F (V,Kmax)
V∗0($/ha)
V∗2/3($/ha)

Success (%)

250
1425
325
45

25
2850
625
35

370
7375
2000
35

Scenario 3:
(1.4β, 2λ, 2σ)

F (V,Kmax)
V∗0($/ha)
V∗2/3($/ha)

Success (%)

175
1575
325
45

0
3150
675
35

175
7750
2000
30

F is the initial project value (when K = Kmax) for rehabilitation values
(V ) of $2000 for Protect, $2700 for Repair and $6675 for Restore. V ∗0 and
V ∗2/3 refer to the decision thresholds after having spent none and 2/3 of the
total rehabilitation budget respectively. All values and probabilities are
rounded.
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Table 4:
Comparative statics of climate change channels (Repair).

Endogenous Variables
F (V,Kmax) V∗0 V∗1/3 V∗2/3 Success

Channels

β ⇓ ⇑ ⇑ = =
σ ↑ ↑ ↑ ⇑ ⇓
λ ↓ ↑ ↑ = ↓

F is the project value for Repair at V = $2700 and Kmax= 1500. V
∗
0 , V

∗
1/3 and

V ∗2/3 refer to the decision thresholds after having spent none, 1/3 = $500 and

2/3 = $1000 of the total rehabilitation budget respectively. The arrow indicates
the direction of the correlation, when the relevant parameters are incrementally
increased to three times their base case value. Double arrows identify the
parameter with the largest effect on the endogenous variable and "=" indicate no
effect.
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Table 5:
Ranking of Competitive Bids.

Project Rank Total
Protect Repair Restore Funded Value

Cases Criteria

Cost effectiveness 1 2 3 400
Base Investment opportunity 1 3 2 600

Investment threshold 1 3 2 600

Cost effectiveness 1 2 3 400
CC Senario 1 Investment opportunity 1 3 1∗ 650

Investment threshold 1 2 - 400

Cost effectiveness 1 2 3 275
CC Senario 2 Investment opportunity 2 3∗ 1∗ 620

Investment threshold 1 - - n/a

Cost effectiveness 1 2 3 175
CC Senario 3 Investment opportunity 1 3∗ 1∗ 350

Investment threshold 1 - - n/a

Total funded value is the sum of funded projects’values under each ranking
approach. Asterixes denote the eligibility for an options contract.
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Table 6:
Project value, boundary thresholds and probability of success for k based

on 5-year contracts.

Project
Protect Repair

Base Case
β, λ, σ given in Table 1

F (V,Kmax)
V∗0($/ha)

850
900

700
1825

Scenario 1
β, λ given in Table 1;
volatility of 1.5σ

F (V,Kmax)
V∗0($/ha)

850
900

700
1825

Scenario 2
λ given in Table 1
ecological capital depreciation of 1.4β
volatility of 2σ

F (V,Kmax)
V∗0($/ha)

800
950

650
1900

Scenario 3
ecological capital depreciation of 1.4β
volatility of 2σ
arrival probability of 2λ

F (V,Kmax)
V∗0($/ha)

750
1000

575
2000

F is the initial project value (when K = Kmax) for rehabilitation values (V ) of
$2000 for Protect and $2700 for Repair. V ∗0 refers to the initial decision
thresholds before any budget has been spent. All values are rounded.
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Figure 2a: Investment thresholds by project type under base case
assumptions.

Figure 2b: Investment thresholds under significant and catastrophic
climate change (Scenario 3).
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Figure 3a: Initial investment threshold (V ∗0 in $′00) for Protect for
varying rates of net ecological capital appreciation (β) and discount

(ρ) .

Figure 3b: Initial investment threshold (V ∗0 in $′00) for Repair.

Figure 3c: Initial investment threshold (V ∗0 in $′00) for Restore.
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