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Abstract: Uncertainty in the implementation and outcomes of conservation actions that is not accounted for
leaves conservation plans vulnerable to potential changes in future conditions. We used a decision-theoretic
approach to investigate the effects of two types of investment uncertainty on the optimal allocation of global
conservation resources for land acquisition in the Mediterranean Basin. We considered uncertainty about
(1) whether investment will continue and (2) whether the acquired biodiversity assets are secure, which we
termed transaction uncertainty and performance uncertainty, respectively. We also developed and tested the
robustness of different rules of thumb for guiding the allocation of conservation resources when these sources
of uncertainty exist. In the presence of uncertainty in future investment ability (transaction uncertainty), the
optimal strategy was opportunistic, meaning the investment priority should be to act where uncertainty is
highest while investment remains possible. When there was a probability that investments would fail (per-
formance uncertainty), the optimal solution became a complex trade-off between the immediate biodiversity
benefits of acting in a region and the perceived longevity of the investment. In general, regions were prioritized
for investment when they had the greatest performance certainty, even if an alternative region was highly
threatened or had higher biodiversity value. The improved performance of rules of thumb when accounting
for uncertainty highlights the importance of explicitly incorporating sources of investment uncertainty and
evaluating potential conservation investments in the context of their likely long-term success.

Keywords: biodiversity hotspots, conservation planning, conservation resource allocation, decision theory, in-
vestment risk, Mediterranean Basin, optimization, socioeconomic uncertainty, systematic conservation assessment

Incorporación de los Efectos de la Incertidumbre Socioeconómica en la Definición de Prioridades para la Inversión
en Conservación

Resumen: La incertidumbre en la planificación y los resultados de acciones de conservación que no es con-
siderada hace que los planes de conservación sean vulnerables a cambios potenciales en condiciones futuras.
Utilizamos un método basado en la teoŕıa de decisiones para investigar los efectos de dos tipos de incertidum-
bre de inversión sobre la asignación óptima de recursos para la conservación global para la adquisición de
tierras en la cuenca del Mediterráneo. Consideramos la incertidumbre sobre (1) śı la inversión continuará y
(2) śı los activos de biodiversidad adquiridos son seguros, que denominamos incertidumbre de transacción e
incertidumbre de ejecución respectivamente. También desarrollamos y probamos la robustez de diferentes re-
glas generales para guiar la asignación de recursos cuando existen estas fuentes de incertidumbre. En presencia
de incertidumbre en la habilidad de inversión futura (incertidumbre de transacción) la estrategia óptima fue
oportunista, lo que significa que la inversión prioritaria seŕıa donde la incertidumbre sea mayor mientras que
la inversión permanezca posible. Cuando habı́a probabilidad de que las inversiones fallaŕıan (incertidumbre
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de ejecución) la solución óptima se volvió una disyuntiva compleja entre los beneficios inmediatos de la
biodiversidad por acciones en una región y la longevidad percibida de la inversión. En general, las regiones
fueron priorizadas para inversión cunado tenı́an la mayor incertidumbre de ejecución, aun si una región
alternativa estaba muy amenazada o su biodiversidad tenı́a mayor valor. El mejor funcionamiento de las
reglas generales cuando se considera la incertidumbre resalta la importancia de la incorporación expĺıcita de
fuentes de incertidumbre de inversión y de la evaluación de las inversiones de conservación potenciales en el
contexto de su éxito a largo plazo.

Palabras Clave: asignación de recursos para la conservación, cuenca del Mediterráneo, evaluación sistemática
de la conservación, incertidumbre socioeconómica, optimización, planificación de la conservación, riesgo de
inversión, sitios de importancia para la biodiversidad, teoŕıa de decisiones

Introduction

Preserving biodiversity in the face of escalating habitat
loss has become a race against time (Pimm et al. 1995;
Kareiva & Marvier 2003). Limited resources mean that
conservation investments must be chosen carefully and
their performance evaluated critically (Redford & Taber
2000; Mascia et al. 2003). A combination of biological,
economic, social, and political factors should influence
the choice of investment, and the realized returns (Bran-
don & Wells 1992; Balmford et al. 2000; O’Connor et
al. 2003, Cowling et al. 2004), although techniques for
identifying priority conservation areas using nonbiologi-
cal factors is currently in its infancy.

Existing global priority-setting approaches (e.g., Stat-
tersfield et al. 1998; Myers et al. 2000; Olson & Dinerstein
2002) identify priority regions predominantly on the basis
of measures of regional biodiversity value and in some in-
stances on the basis of vulnerability (i.e., threat) (Brooks
et al. 2006). These approaches highlight areas in need of
conservation action, but provide limited information as
to how resources might best be allocated among regions
over time. An alternative approach is to use information
on biodiversity values, threats, and costs to determine a
conservation investment schedule that maximizes our ex-
pected biodiversity returns for a fixed budget (Costello &
Polasky 2004; Wilson et al. 2006). This approach, how-
ever, does not address sources of uncertainty that have the
potential to compromise conservation outcomes. Such
sources include political instability and corruption; the
impact of natural catastrophes; lack of budget continuity;
weak governance; project failure; absence of stakeholder
willingness to be involved; failure to effectively empower
stakeholders or mainstream conservation priorities; and
implementer “burnout” (Barrett et al. 2001; Byron et al.
2001; Smith et al. 2003; Laurance 2004; Winter et al. 2005;
Knight et al. 2006).

There are compelling examples of the impact of such
uncertainties on conservation management efforts. In
countries with high levels of corruption and political in-
stability, a shift in political power may result in substantial
policy changes (Fredriksson & Svensson 2003). A key ex-

ample is the large-scale illegal logging associated with the
recent political upheaval in Indonesia ( Jepson et al. 2001;
McCarthy 2002). This and the catastrophic 1997–1998 El
Niño forest fires (Siegert et al. 2001) caused widespread
forest loss. Other examples include the exploitation of
weak governance and corruption by logging companies
across Southeast Asia (Sizer & Plouvier 2000; Sodhi et al.
2004) and the 1998 decision by the Brazilian government
to cut 90% of its existing conservation programs in re-
sponse to a looming economic crisis (Laurance 1999).

Broadly, the impact of these socioeconomic uncertain-
ties on conservation investments can be distilled into two
types: (1) the ability to invest and the level of investment
in a region are not constant over time (i.e., transaction
uncertainty) and (2) investment in a region does not guar-
antee the long-term persistence of biodiversity (i.e., per-
formance uncertainty). Destabilizing government transi-
tions or domestic conflicts may result in the breakdown
of centralized control, which may fuel collusive corrup-
tion and result in the overexploitation of resources (Lau-
rance 2004). These in turn may result in reduced govern-
ment spending on public services and the establishment
of projects that allow misappropriation of funds (Smith
& Walpole 2005). Consequently, funding levels from na-
tional and international sources may be reduced. Such
negative impacts of weak or unstable governance on cap-
ital investments and natural resource use have been doc-
umented and evaluated (e.g., Alston et al. 1996; Bohn &
Deacon 2000) and influence the selection of countries for
conservation programs, such as “debt-for-nature” swaps,
and the success of such programs (Deacon & Murphy
1997). Similar effects can also result from cases of increas-
ingly centralized (and regulated) governments in which
corruption is prolific and the potential for misappropria-
tion of conservation funding is high (Gibson 1999; Ferraro
2005). Investment uncertainty may result not only from
country-level issues, such as weak governance, domestic
conflicts, and corruption, but also from shifting priorities
among donors and budget shortfalls.

Although performance uncertainty is also affected by
country-level characteristics, it is predominately deter-
mined by site-specific factors such as monitoring and
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enforcement arrangements, resource-use rights, and so-
cial structures. Lack of enforcement of protected area sta-
tus is recognized as a global issue (Peres & Terborgh 1995;
Brandon et al. 1998; Bruner et al. 2001). There have been
a few empirical and quantitative evaluations of the per-
formance of protected areas and other conservation in-
vestments (Ferraro & Pattanayak 2006). Naughton-Treves
et al. (2005), for example, found that deforestation rates
were 0.1–14% higher outside protected areas than within.
In tropical regions, Bruner et al. (2001) used question-
naire data to assess the impacts of anthropogenic threats
(clearing, logging, hunting, fire, and grazing) on 93 pro-
tected areas in 22 countries and found park effectiveness
was correlated with basic management activities such as
enforcement, boundary demarcation, and compensation
to land holders. Overall, 17% of protected areas had lost
native vegetation due to land clearing. Although these
empirical assessments focused on tropical regions, the
effectiveness of protected areas in other species-rich re-
gions, such as the Mediterranean Basin, has also been
questioned (Halkka & Lappalainen 2001).

The Mediterranean Basin contains 20% of the world’s
floristic diversity in less than 2% of the world’s land area
and has been identified as a global biodiversity hotspot
(Medail & Quezel 1999). Nonetheless, there are signif-
icant threats to the biodiversity values of the Mediter-
ranean Basin, including urbanization, desertification, for-
est loss, overexploitation of resources, and tourism devel-
opment. Thus, there is a call for the capacity of protected-
area institutions in the region to be strengthened and
for the development of monitoring and evaluation sys-
tems to assess the effectiveness of conservation invest-
ments (World Wildlife Fund 2004). As in other biomes, the
potential consequences of transaction and performance
uncertainty in the region have not been explored pre-
viously because of the paucity of quantitative data and
the lack of a rigorous framework within which to exam-
ine these uncertainties even if such data were available.
Given the variation in socioeconomic and political cir-
cumstances between the countries making up ecoregions
in the Mediterranean Basin, factoring in uncertainty in
the implementation and outcomes of investment is likely
to be important for improving long-term effectiveness of
conservation investments in this region.

We used data that reflect existing political and socio-
economic conditions within the Mediterranean Basin to
investigate the impact of transaction and performance
uncertainty on the optimal allocation of global conserva-
tion resources. We focused on the allocation of global re-
sources, such as from an international nongovernmental
organization, that can be allocated to any of the countries
within the Mediterranean Basin. A general framework for
allocation of conservation resources under investment
and performance uncertainty was developed, but for sim-
plicity we applied it here only to land acquisition. We eval-
uated the impact of transaction uncertainty by incorpo-

rating a probability that the ability to invest either ceases
or substantially increases. We evaluated the impact of per-
formance uncertainty by incorporating a probability that
in each year existing protected areas fail (i.e., their biodi-
versity assets are left vulnerable to land-degradation pro-
cesses). For both sources of uncertainty, we assessed the
performance of existing resource-allocation approaches
and identified robust rules of thumb that may guide the
allocation of conservation resources when these sources
of uncertainty exist.

Methods

Basic Resource-Allocation Framework

Our conservation resource allocation framework is un-
derpinned by region-specific characteristics (biodiversity
value, habitat loss rates, and the cost of conservation ac-
tions), a dynamic landscape model, and an annual budget.
Each region is composed of a number of homogenous
land parcels, each of which can be in one of three states:
reserved, available for reservation or development, or lost
to development (with associated biodiversity values as-
sumed destroyed). Although we limited our conservation
action to the acquisition of land for reserves, we recog-
nize that investment can take many forms, such as the
establishment of forestry concessions, covenants on pri-
vate land, and species recovery programs. Our framework
for the allocation of conservation resources accounts for
such investments, and although we conducted our analy-
sis at the resolution of entire regions, the approach is
amenable to supporting investment decisions at finer
scales.

We treated the allocation of conservation resources as
an ongoing, dynamic process (Wilson et al. 2006). Funds
to acquire parcels were made available annually, and we
assumed that surplus funds at the end of the year would be
used for other purposes. Parcels that remained available
for acquisition at the end of each year had a probability of
being destroyed that depended on region-specific rates of
habitat loss. This process was stochastic (i.e., the number
of parcels lost to development in a region each year were
drawn from a binomial distribution). We assumed that for
each successive parcel reserved, the increase in number
of species reserved diminished in a nonlinear fashion fol-
lowing the species–area relationship (MacArthur & Wil-
son 1967), so the number of species reserved in region i
was represented by

SRi = αiARzi
i , (1)

where ARi is the area of land reserved in region i, αi and
zi are region-specific constants. Here, αi is calculated for
each region:

αi = STi

ATzi
i

, (2)
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where STi is the total number of species in region i,
ATi is the total area of region i, and zi is assumed to
be 0.2 across all regions (Rosenzweig 1995). We used
stochastic dynamic programming (SDP) to determine an
optimal resource allocation schedule, which is a state-
based backwards-iteration algorithm. For each possible
system state, the algorithm determines the optimal so-
lution based on the current state and the expected re-
turn, given the likely transition probabilities (Bellman &
Kalaba 1965; Clark & Mangel 2000). Stochastic dynamic
programming has been used to solve a range of con-
servation problems (e.g., Milner-Gulland 1997; Richards
et al. 1999; Tenhumberg et al. 2004) and for dynamic re-
serve selection (Costello & Polasky 2004; Meir et al. 2004;
Strange et al. 2006). The SDP algorithm ran until a time-
independent equilibrium solution was reached. We used
the resulting investment strategy to simulate the land-
acquisition process until the terminal time T was reached.
The terminal time occurred when no parcels remained
available for reservation or development.

The need to consider all possible outcomes and in-
termediary system states limits the use of SDP to areas
with only very small numbers of conservation regions.
In light of this limitation, we devised heuristic rules that
approximated the optimal strategy (Costello & Polasky
2004; Turner & Wilcove 2006; Wilson et al. 2006). One
such heuristic allocated funding each year to the regions
that would yield the greatest increase in the number of
species reserved per unit dollar—that is, where the great-
est biodiversity bang per conservation dollar could be
achieved. We referred to this as the maximize-gain heuris-
tic, in which the value function V (t + 1, X) to be maxi-
mized at time t at state X was

V (t, X) =
I∑

i=1

αiARi(t)
zi . (3)

An alternative heuristic, which we referred to as the
minimize-loss heuristic, allocated funding to the region
that would result in the greatest number of species re-
maining in undeveloped land (both reserved and avail-
able) in the subsequent year—that is, land with the great-
est biodiversity value that would otherwise have been lost
would be protected. For this heuristic, the value function
to be maximized was

V (t, X) =
I∑

i=1

αi (AAi(t) + ARi(t))
zi , (4)

where AAi is the area of land available in region i.

Incorporating Investment Uncertainty

Although incomplete knowledge about the future may
appear to make efficient decision making impossible,
we used a method with which one can make opti-
mal decisions under uncertainty. There is however a

dearth of publicly available, quantitative, and empirical
data that describes the relative successes of past con-
servation investments (Ervin 2003; Stem et al. 2005).
We overcame this by using two alternative approaches.
First, we assessed the impact of transaction and perfor-
mance uncertainty with a range of feasible values for both
sources of uncertainty. Second, we parameterized our
analyses with empirical data on transaction uncertainty
obtained from a cross-national archive of time-series data
on domestic conflicts (held by Databanks International,
http://www.databanks.sitehosting.net/) and data on per-
formance uncertainty based on estimates derived from
the peer-reviewed literature. These data sources are ex-
plained in detail later.

TRANSACTION UNCERTAINTY

We explored two alternative expressions of transaction
uncertainty to assess the effects of the possibility that re-
source allocation will either cease or increase. First, we
introduced an annual probability that the ability to ac-
quire more parcels might be lost and that all currently
available parcels might become unavailable. Likewise, to
examine the effects of potential increases in funding or ca-
pacity to mitigate parcel loss, we incorporated a probabil-
ity that each year enough funding might become available
to acquire all remaining available parcels. In the model
we represented this increase in ability to acquire land as
an increase in conservation funding, but from a practical
perspective, such increases in the ability to protect land
could also be interpreted as a legislative ban on all future
habitat destruction, on the basis of the assumption that
this provides permanent and ongoing protection (i.e., in-
vestment and performance uncertainty are independent).
For each of these types of transaction uncertainty, we sim-
ulated the land-acquisition process with both the optimal
solution and the heuristics. We ran the simulations 10,000
times with an annual budget of US$1 million and proba-
bilities of funding ceasing (fc) and increasing (fi) of 0,
0.001, and 0.01.

Second, we considered the effects of incorporating
a less extreme expression of transaction uncertainty
by relaxing the assumption that once funding ceased,
it could never be reinstated. Instead we allowed for
the possibility of variable lengths of funding unavail-
ability, following which conservation investment in a
region could recommence. To model this we incorpo-
rated an additional binomial probability that represented
the probability of funding resuming in a given region
for each year that it was unavailable. We used empiri-
cal data on the number of years of legislature ineffec-
tiveness since 1980 and assumed that the frequency
of an ineffective legislature represented the likelihood
of cessation of funding. For countries in the Mediter-
ranean Basin with data available, 3 out of 22 had experi-
enced an almost complete loss of legislature effectiveness
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since 1980 giving an upper probability that funding
would cease within countries of 0.14 (Databanks In-
ternational, http://www.databanks.sitehosting.net/). For
countries where the ability to invest had been lost, the
probability that funding resumed following each year that
it remained unavailable was approximated with the in-
verse of the number of years a country remained under
ineffective legislature and ranged from 0% for countries
such as Jordan, Libya, and Syria up to 33% for Turkey.

PERFORMANCE UNCERTAINTY

To assess the effects of performance uncertainty, we in-
troduced a region-specific probability that each year any
currently reserved parcel within a region had a fixed prob-
ability of failing. As in the previous scenarios, conversion
to an unsuitable state was considered irreversible. The in-
clusion of a probability that reserves may fail meant that all
land (available and reserved) would eventually be made
unsuitable for conservation, leaving no species remaining
at the terminal time. We therefore altered our objective
function to maximize the number of “biodiversity years”
(i.e., number of years a given species is present in a re-
served parcel) acquired by the terminal time. The even-
tual loss of all biodiversity resulted from the assumption
that no single investment process would be able to se-
cure the complete, ongoing protection of a given species
or habitat. Under this framework the “biodiversity years”
concept allowed for the assessment of investment returns
in terms of expected number of years of protection pro-
vided. This is equivalent to optimizing for the number of
species reserved when there is no performance uncer-
tainty.

To incorporate performance uncertainty, we modified
the value functions so they would be maximized by ac-
counting for region-specific probabilities of reserve fail-
ure:

V (TEND, X) =
I∑

i=1

αi

pidi
ARi(t)zi , (5)

modified maximize-gain heuristic, and

V (TEND, X) =
I∑

i=1

αi

pidi
(ARi(t) + AAi(t))zi , (6)

modified minimize-loss heuristic, where pi is the proba-
bility of reserve failure in region i, di is the rate of habitat
loss, and TEND is the terminal time at which no species
remain. A low probability of reserve failure therefore re-
sulted in greater overall expected returns than when there
was a high probability of reserve failure. For example, if
a parcel contained just one species, then reserving that
parcel when there was a reserve failure probability of 0.1
would yield an average return of 10 biodiversity years,
whereas if the probability of reserve failure was 0.01, then
the expected return would be 100 biodiversity years. In

addition to the two modified heuristics, we also evalu-
ated an alternative, myopic (looks only one step ahead)
version of the SDP algorithm. This heuristic extended the
original minimize-loss heuristic to account for reserve fail-
ure probabilities, but directed funds to the region that
would yield the greatest expected increase in biodiver-
sity years in the following year rather than at the terminal
time.

We evaluated the unmodified heuristics and the heuris-
tics that incorporated performance uncertainty relative
to the optimal SDP solution for two regions. In doing so,
we evaluated the performance of the heuristics over a
range of combinations of biodiversity value and rates of
habitat loss, which were informed by the relative range
of these measures from ecoregions within the Mediter-
ranean Basin. In each case, region 1 was assigned higher
or equal levels of performance uncertainty than region
2 and lower or equal levels of biodiversity and habitat
loss. We ran 10,000 simulations with 30 parcels of land
in each region and an available budget that allowed one
parcel to be acquired each year. Contour plots were gen-
erated to present the variation from the optimal SDP solu-
tion in terms of average percentage of biodiversity years
acquired across the range of data values explored.

We considered a one to sixfold increase for variation in
biodiversity values between regions on the basis of the
combined richness of plants and vertebrates within the
Mediterranean Basin (assumed to be a surrogate for bio-
diversity value), which ranges from 668 in the southeast-
ern Iberian shrubs and woodlands ecoregions to 4387 in
the southern Anatolian montane conifer and deciduous
forests ecoregion (Kier et al. 2005; World Wildlife Fund
2006). Relative differences of between 1 and 10 were
used for the predicted rates of habitat loss, which were
obtained by predicting changes in human-footprint val-
ues on the basis of predicted rates of human population
growth. The lowest predicted rate of population growth
was 0.002 in the forest ecoregions of northeastern Spain
and southern France, and the highest predicted rate of
population growth was 0.02 in the eastern Mediterranean
conifer-sclerophyllous-broadleaf forests (E. Underwood
et al., unpublished data). We did not consider relative
differences in costs because the effects scale with the
relative effects of biodiversity value and threat (Wilson
et al. 2006).

We based our measure of performance uncertainty (i.e.,
the average annual rate of reserve loss) on the average an-
nual percentage of protected areas experiencing forest
loss over 20 years (DeFries et al. 2005). The performance
uncertainty levels of DeFries et al. ranged from 0% to
approximately 2%, with an average of 1.24%. This study
did not extend to the Mediterranean Basin; nevertheless,
an assessment of forested protected areas within the Basin
suggests that levels of management ineffectiveness in Eu-
ropean countries reflect the overall average across non-
European regions (World Wildlife Fund 2004).
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Figure 1. The average total number of species reserved over time across two regions for the optimal resource
allocation strategy (SDP) and maximize-gain and minimize-loss heuristics under funding uncertainty when the
probability of cessation of funding is (a) 0, (b) 0.001, (c) 0.01. (d) Comparison of the difference in final outcomes
for the heuristics at each time point in terms of average number of species reserved if a funding increase occurs
and all remaining available land can be reserved. In each case two hypothetical regions with biodiversity levels
and rates of habitat loss drawn from typical values of ecoregions in the Mediterranean Basin are evaluated, with
3000 vertebrate and plant species in region 1 and 1500 in region 2, rates of habitat loss each of 1%/year, and
equal costs of land acquisition. We assumed that no reserves already existed in the region.

Results

Impact of Transaction Uncertainty on Investment
Strategies

When there is no transaction uncertainty, the minimize-
loss heuristic outperformed the maximize-gain heuristic.
Nevertheless, with an increasing probability that funding
would cease, the optimal solution provided an allocation
schedule consistent with the maximize-gain approach
(Figs. 1a-c). Alternatively, when there was a probability
that all remaining available land could be acquired imme-
diately, performance of the heuristics was almost identi-
cal. The minimize-loss heuristic was only marginally more
effective than the maximize-gain heuristic at any time step
during the acquisition process (Fig. 1d). Increases in the
number of ecoregions being considered for land acquisi-
tion did not alter these overall results.

When the level of transaction uncertainty differed be-
tween regions, the optimal strategy was precautionary

and opportunistic. Investment was prioritized in the more
uncertain region (region 1) when investment was still
possible, and the optimal strategy differed from both the
maximize-gain and minimize-loss approach (Figs. 2a &
2b). Nevertheless, when differences in transaction uncer-
tainty were less extreme, the relative vulnerability or the
biodiversity value of each region remained more influen-
tial on the optimal approach. The minimize-loss heuris-
tic again underperformed relative to the maximize-gain
heuristic, delivering final outcomes that differed from the
optimal solution by up to 20% (Fig. 2c). The performance
of the maximize-gain heuristic under uncertainty was in
most cases relatively robust. The impacts of transaction
uncertainty on the performance of the heuristics were
reduced significantly when the loss of funding was not
final, and there was a chance that funding would resume
at some time in the future (Fig. 2d). The heuristics’ per-
formance under such circumstances remained within 5%
of the optimal solution at the terminal time.
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Figure 2. The average total number of species reserved across two regions (panels a, c, d) and number of parcels
reserved in each region (panel b) over time for the optimal resource-allocation strategy (SDP) and maximize-gain
and minimize-loss heuristics under different scenarios of funding uncertainty. In (a) and (b), the probability that
funding will cease is 0.14 in region 1 and 0.0 in region 2, and the probability of funding resuming is 0 for both
regions. Biodiversity levels are equal in each region. (c) The probability that funding will cease is 0.05 in region 1
and 0.01 in region 2; the probability of funding resuming is 0 for both regions, and regions 1 and 2 have
biodiversity levels of 2000 and 3000 species of vertebrates and plants, respectively. In (d), the probability that
funding will cease is 0.05 in region 1 and 0.01 in region 2; the probability of funding resuming is 0.2 in each
region; and regions 1 and 2 have biodiversity levels of 2000 and 3000 species of vertebrates and plants,
respectively. In each case, the rate of habitat loss is 1%/year in each region and costs of land acquisition are equal.
We assumed that no land is initially reserved.

Impact of Performance Uncertainty on Investment
Strategies
When performance uncertainty was incorporated, the op-
timal solution became a complex trade-off between the
immediate biodiversity benefits of acting in a region and
the perceived longevity of the investment. In general,
variation in the probability of reserve failure was more
influential in determining the optimal solution than ei-
ther the regional rate of habitat loss or biodiversity value,
and the optimal SDP solution almost always favored the
region with the greatest performance certainty, even if
the alternative region was highly threatened or had higher
biodiversity value (Fig. 3). The unmodified heuristics pro-
duced outcomes ranging from 5% to >20% from the op-
timal solution when the range of biodiversity value and
rates of habitat loss exhibited in ecoregions across the
Mediterranean Basin were used (Fig. 4). Both heuristics

were least effective when large differences in perfor-
mance uncertainty were coupled with small differences
in biodiversity value (Figs. 4a & 4b). The performance
of the myopic SDP solution was on average comparable
to the two unmodified heuristics and differed from the
optimal solution by up to 15% (Fig. 4c).

The performance of the heuristics significantly im-
proved when they were modified to account for region-
specific probabilities of reserve failure (Fig. 5). In this
case, the heuristic that minimized loss differed from the
optimal solution by <4% (Figs. 5a & 5b). The minimize-
loss heuristic underperformed when there were high rela-
tive differences in performance uncertainty coupled with
high relative differences in biodiversity value or rates
of habitat loss, which resulted in it directing all invest-
ment toward a region that might have high instability.
The maximize-gain heuristic differed from the optimal
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Figure 3. Average number of parcels reserved through
time in two regions for two examples of the optimal
investment strategy under performance uncertainty.
(a) Region 1 has a biodiversity value of 400 and
performance uncertainty level of 0.03. Region 2 has a
biodiversity value of 100 and performance
uncertainty level of 0.01. Rates of habitat loss in both
regions are 1%/year. (b) Region 1 has a habitat loss
rate of 2%/year and performance uncertainty level of
0.02. Region 2 has a habitat loss rate of 1%/year and
performance uncertainty level of 0.01. For biodiversity
levels, the number of vertebrate and plant species in
each region is 3000. Variation in the probability of
reserve failure generally has greater impact on the
optimal solution than either regional rates of habitat
loss or biodiversity values, with the region with
greatest performance certainty favored for investment.

solution by <3% over much of the parameter space, but
underperformed when the relative difference in the rate
of habitat loss was high compared with the level of per-
formance uncertainty (Figs. 5c & 5d). This was because
the maximize-gain heuristic did not account for rates of
habitat loss.

Discussion

In societies that too often value short-term profits over
long-term gains, it is important to look beyond the
quick fix and focus conservation efforts on achieving

lasting benefits for biodiversity. Current priority-setting
approaches typically neglect the range of economic, po-
litical, and social factors that affect the likelihood of in-
vestment success. We incorporated aspects of investment
uncertainty into an explicitly defined resource allocation
framework and formulated resource allocation schedules
that will optimize biodiversity outcomes despite this un-
certainty. We have assessed two sources of investment
uncertainty that are likely to affect the conservation-
resource allocation process: transaction uncertainty and
performance uncertainty.

Losing the ability to acquire new land in a region (i.e.,
cessation of funding) had considerable impact on the
optimal resource allocation strategy. The optimal strat-
egy changed if there was even a small chance that fund-
ing would cease. Under such uncertainty, strategies that
maximize short-term gains are the most robust in the
long term. For countries within the Mediterranean Basin,
where the probability that funding would cease was ap-
proximately 14%, an allocation schedule that focuses pri-
marily on maximizing gain is likely to be the optimal ap-
proach. In comparison there was little variation in the
performance of the heuristics when there was a possi-
bility that future funding levels would increase. In this
instance one might expect the minimize-loss heuristic to
outperform the maximize-gain heuristic because by abat-
ing loss, this heuristic effectively maximizes the amount
of land remaining available to be acquired. Nevertheless,
diminishing returns and comparatively small rates of loss
mean this advantage remains quite small. These results, al-
though intuitive, highlight the importance of considering
the sensitivity of funding strategies over time to system
dynamics and uncertainties.

When the level of transaction uncertainty differed
greatly between regions, the value of an opportunistic
approach to conservation investment became evident.
The regions with relatively high transaction uncertainty
had a higher relative priority for conservation investment
because in the future the ability to protect biodiversity
in these regions could be lost. Interestingly, the effects
of this future uncertainty depended largely on how per-
manent or irreversible the loss of investment ability was
likely to be: the potential for transactions to resume con-
siderably reduced their impact on the optimal investment
strategy. Nevertheless, these results must be interpreted
within the bounds of the associated assumptions because
regions with high levels of transaction uncertainty are of-
ten subject to performance uncertainty, and we did not
explicitly consider such interactions here. The presence
of multiple sources of funding or management within a
region may also reduce the impacts of transaction uncer-
tainty. Regardless, our results highlight the pragmatic im-
portance of a precautionary and opportunistic approach
(i.e., Noss et al. 2002; Knight & Cowling 2007), which
would likely be further emphasized under both sources
of uncertainty.
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Figure 4. A comparison of the performance of the maximize-gain and minimize-loss heuristics relative to the
optimal resource allocation solution (SDP) over a range of biodiversity values and performance uncertainty
values: (a) maximize-gain heuristic ( for a full definition of the maximize-gain and minimize-loss heuristics refer
to the Basic Resource-Allocation Framework section in Methods), (b) minimize-loss heuristic, and (c) the myopic
(looks only one step ahead) version of the SDP solution. The relative differences depicted are between regions 1
and 2 and range from equal (at the origin) to sixfold differences in levels of biodiversity and performance
uncertainty. Shading represents the relative performance of each heuristic in terms of the percent difference in
average number of biodiversity years (number of years a given species is present in a reserved parcel) acquired
relative to the optimal (SDP) solution. Performance levels with differing threat and performance uncertainty levels
are similar to the differing biodiversity levels and performance uncertainty shown in panels a, b, and c for each of
the maximize-gain, minimize-loss, and myopic SDP solutions.

When we included a measure of performance uncer-
tainty—a possibility that investments fail to protect biodi-
versity assets—our resource-allocation strategies changed
drastically. Resources were directed away from regions
with high levels of performance uncertainty, particularly
during the early years of an investment term. Because it af-
fected the length of time reserves were able to contribute
to biodiversity conservation, the level of performance
uncertainty was the regional characteristic that had the
greatest influence in determining where and when re-
sources were allocated. As a result, both of the unmod-
ified heuristics performed poorly. This is in contrast to
previous results in systems without performance uncer-
tainty, where these heuristics differed by less than 3%
from the optimal solution (Wilson et al. 2006). The un-
modified heuristics should therefore not be applied in
situations where the performance of investments is un-
certain.

Modifying the heuristics to account for region-
specific probabilities of investment failure considerably
improved their performance. The modified heuristics
approximated within 3% the optimal solution over a wide
range of investment scenarios. These findings demon-
strated the benefits of explicitly incorporating perfor-
mance uncertainty into the conservation-resource alloca-
tion process. The underperformance of the myopic SDP
algorithm further highlighted the importance of making
decisions based on long-term expected outcomes, as op-
posed to decisions that optimize only in the short term.

Our results demonstrated the importance of account-
ing for the likely success and longevity of conservation

investments when prioritizing the allocation of conser-
vation resources at the interregional scale. Our results
confirmed commonly held beliefs that, in systems such
as the Mediterranean Basin, the exclusion of social and
political factors may preclude the efficient allocation of
conservation funds. These factors (and their potential in-
fluences on conservation outcomes) remain largely ne-
glected within the field of systematic conservation assess-
ment.

Lack of research into the effects of sociopolitical uncer-
tainties on conservation priorities is likely to be driven by
the paucity of empirical data on the relationships between
the characteristics of conservation investments and their
performance outcomes. An important component in ap-
plying our conservation-resource allocation framework
that is robust to uncertainty is the development of em-
pirical measures of performance uncertainty. This is im-
portant for regions outside as well as within the tropics,
where the limited data currently available on protected-
area performance have been primarily based. The index
of performance uncertainty should incorporate informa-
tion on a range of economic, social, and political factors
derived from the perceived impacts of these factors on
conservation investments (Robertson & van Schaik 2001;
Smith et al. 2003; Cowling et al. 2004; Laurance 2004).
Before such an index can be developed, research is re-
quired into the complex interdependencies between po-
litical and economic institutions and the performance of
conservation investments (Barrett et al. 2006). The devel-
opment of empirical measures of performance and trans-
action uncertainty across a range of biomes would allow
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Figure 5. A comparison of the performance of the modified maximize-gain and minimize-loss heuristics relative to
the optimal resource allocation solution (SDP) over a range of relative biodiversity value, threat, and performance
uncertainty levels ( for a full definition of the modified maximize-gain and minimize-loss heuristics refer to the
Performance Uncertainty section in Methods). Performance of the modified minimize-loss heuristic over (a) a
range of biodiversity value and performance uncertainty levels and (b) a range of threat and performance
uncertainty levels. Performance of the modified maximize-gain heuristic over (c) a range of biodiversity value and
performance uncertainty levels and (d) a range of threat and performance uncertainty levels. The relative
differences depicted are between regions 1 and 2 and range from equal (at the origin) to sixfold differences in
levels of either biodiversity or threat and performance uncertainty. Shading represents the relative performance of
each heuristic in terms of the percent difference in average number of biodiversity years (number of years a given
species is present in a reserved parcel) acquired relative to the optimal (SDP) solution.

the relationship between both forms of uncertainty to be
assessed. We anticipate a positive correlation across re-
gions, but exploration of these complex connections will
require input from both the social and natural sciences.

Given the influence of performance uncertainty on
conservation strategies, it is clear that more proactive
approaches are required to secure conservation invest-
ments. One course of action is to avoid countries with low
management effectiveness, but such a course of action
should only be considered after the opportunity costs,
in terms of risks to biodiversity, are determined. With
such information, the conservation community and the
public at large will have the option to carefully evaluate
what may be lost if more stable regions are targeted. An-
other course of action is to facilitate reserve management
(Bruner et al. 2001) or the investment of resources in al-
ternative projects, such as policy reforms, education, or
community-development projects (Barrett et al. 2001).

Without the development of complementary programs
for enhancing and empowering conservation practition-
ers and local land managers, achieving effective conserva-
tion outcomes in important areas for biodiversity conser-
vation seems unlikely. Indeed, if the relationship between
investment per unit area in either acquisition or man-
agement and conservation outcomes can be determined,
then a foreseeable extension of this research would be to
determine the optimal trade-off between the allocation of
resources in acquiring land and improving existing land-
management capacity.

We applied our framework for conservation-resource
allocation, which is robust to uncertainty at a regional
scale. Although we restricted our analysis to global con-
servation funds, the presence of additional country-based
funding could be incorporated by constraining the alloca-
tion of a certain proportion of funds to particular ecore-
gions. With information on factors such as market prices
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for land, community support, future demand for land use,
and landowner’s willingness to sell, our framework could
also be applied to a systematic conservation assessment
at the property scale. This would assist local planners
to more directly weigh the risks, opportunity costs, and
conservation outcomes associated with investments in
particular properties.

Our comprehensive framework for conservation-
resource allocation effectively integrates the effects of
multiple, region-specific factors: biodiversity value, ex-
isting protected area, costs, threats, and investment un-
certainty. The framework has four main simplifications
(1) spatial heterogeneity within each priority region was
ignored; (2) reservation is assumed to be the only pos-
sible investment option and once developed, land can-
not be restored; (3) regional rates of habitat loss, costs,
and levels of investment uncertainty are assumed to be
constant through time; and (4) performance and transac-
tion uncertainty are assumed independent. Each of these
simplifications can be relaxed within this framework
and should be explored. We have recently extended the
conservation-resource allocation problem to deal with
multiple threats and conservation actions (such as land ac-
quisition, predator control, invasive plant control) (Wil-
son et al. 2007), and the approaches to dealing with un-
certainty are equally applicable in this more realistic prob-
lem formulation. To evaluate our rules of thumb against
an optimal solution, we considered only three land states
(available, reserved, and destroyed), but with confidence
in our heuristics for this simple case, one can extend our
problem formulation to applications that involve multiple
land-use types that provide different contributions to bio-
diversity conservation. Furthermore, additional dynamics
such as changes in land cost with changes in the availabil-
ity of land can be incorporated (Armsworth et al. 2006).

Our results show that the ability to invest and the per-
formance of investments should significantly alter invest-
ment strategies and long-term conservation outcomes. It
is clear from these results that the impact of investment
uncertainty must be accounted for explicitly when prior-
itizing the allocation of conservation resources. By shift-
ing the focus to achieving longer-term outcomes and by
accounting for investment uncertainty when prioritizing
the allocation of conservation funds, the ability to maxi-
mize conservation returns from every dollar invested im-
prove substantially.
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