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Abstract

The conservation benefit of a management action depends on what would have happened in
absence of an intervention, and whether the conservation objective is to maintain existing
biodiversity values, or to restore those that have been lost. How this benefit is calculated and
considered in spatial prioritisation analyses could influence the expected cost-effectiveness of
management, although this has not previously been explored. Here, we use a comprehensive
decision theoretic approach to identify management priorities in a region of ecological, cultural
and economic significance, the Great Western Woodlands (GWW) of south-western Australia.
To demonstrate how cost, condition and conservation benefits affect prioritisation outcomes, we
consider two different conservation objectives: the maintenance of native vegetation
communities, and the restoration of natural fire regimes. We compare the results from (1) our
comprehensive approach, to priorities identified using two alternative approaches: (2) consider

generic management costs (travel, labour) and assume that landscape condition is homogenous,
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or; (3) use landscape condition as a surrogate for the cost of management, i.e. areas in poor
condition are assumed to have high costs. We demonstrate that prioritisation outcomes differ
substantially depending on how the benefits and costs of a management action are calculated.
Using landscape condition as a surrogate for management costs resulted in priority areas that
were least cost-effective. To avoid misspent conservation funding, we argue that care must be
taken to incorporate the most appropriate cost and condition metrics into spatial prioritisation

analyses, and that conservation benefits must be derived from a clearly specified objective.
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Introduction

Decisions about where to implement conservation management across a landscape need to take
into account both the likely benefits of a implementing an action and its associated costs.
Conservation planning tools can solve a range of spatial prioritisation problems by identifying
priority areas where biodiversity could most efficiently and effectively be protected or managed
to ensure its persistence (Moilanen et al., 2009). These tools focus on the principles of
cost-effectiveness and representativeness of conservation features, as it is well understood that
explicitly considering both the costs and benefits of conservation is essential when making
decisions about where to prioritise investments, in order to identify the most cost-effective
options for conserving biodiversity. Despite this knowledge best practice approaches are rarely
followed (Armsworth, 2014; Joseph et al., 2009; Maron et al., 2013; Naidoo et al., 2006).

The benefit derived from a particular management action depends on what would have happened
in the absence of an intervention (Ferraro and Hanauer, 2014; Maron et al., 2013; Possingham et
al., 2015). Often, the expected benefit of an intervention is simply calculated as the present-day
conservation value of a site — for example, the current presence or distribution of species or
ecosystems. The assumption behind this approach is that in absence of the intervention, all of the
conservation value of a site would be lost in the future. This would only be reasonable in the case
where existing values are likely to diminish without the security provided by a particular

intervention, such as a protected area. This was a key assumption in many early conservation
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planning analyses which focussed on representation in protected area networks (Possingham et
al., 2000; Pressey et al., 1994) and the legacy of this simplifying assumption persists (Maron et
al, 2013).

In recognition that land and seascapes are rarely in a pristine state, several studies have sought to
include measures of landscape condition into spatial prioritisation exercises (Fraschetti et al.,
2009; Game et al., 2008; Harris et al., 2014; Heiner et al., 2011; Kiesecker et al., 2009; Klein et
al., 2009; 2013; Linke et al., 2012; Tallis et al., 2008). Often, the objective of such exercises has
been to identify areas where biodiversity should be protected — that is, to maintain existing
values into the future. In order to achieve this objective, it has been common to identify sites for
protection that have a low degree of anthropogenic impact, i.e. sites in ‘good condition’. This has
been achieved in several studies by considering landscape condition as a proxy for the cost of
management (Ban and Klein, 2009). For example, Heiner et al. (2011) identified priority areas
that met representation targets for threatened and endemic fish species by minimising the total
‘cost’; where cost was an index of cumulative anthropogenic impacts representing landscape

condition.

However, considering condition as a proxy for the cost of management could generate
misleading results (Armsworth, 2014). The condition of a site does not reveal the type of
management action that should be implemented, or who should bear the costs (Adams et al.,
2010). The condition of a site is unlikely to adequately capture variation across a full range of
cost types, such as transaction, implementation, maintenance and opportunity costs (Armsworth,
2014; Naidoo et al., 2006). Furthermore, combining multiple types of costs (such as condition as
a cost proxy and monetary costs) into an analysis is only feasible where each cost has the same
unit of measurement (Ban and Klein, 2009). There is currently limited scope to comprehensively
incorporate estimates of both condition and cost in a spatial prioritisation exercise (but see
Moilanen et al., 2011). Game et al. (2008) and Klein et al. (2013) are two studies that
simultaneously consider estimates of condition alongside monetary costs, but they focus only on
minimising selection of sites in poor condition, which may not always be the desired

conservation objective.

The focus of conservation planning is shifting from solely prioritising for protected areas, and

towards new objectives of identifying areas for targeted management to ameliorate negative
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impacts and to improve ecosystem health (Budiharta et al., 2014; Moilanen et al., 2011; Wilson
et al., 2010). This includes targeting control of invasive species (Auerbach et al., 2014; Evans et
al., 2011), reduction of poaching (Plumptre et al., 2014), or management of fire (Richards et al.,
1999; Wilson et al., 2007). In many cases, the objective may be not only to protect existing
values, but also to restore lost values through improving the condition of the system (Law et al.,
2015; Possingham et al., 2015). In such cases, conservation management actions may be more
efficient and effective if directed toward areas that are currently in poor condition, assuming that
the degrading processes can be addressed and condition improved as a consequence. This
requires a clear understanding of the conservation objective, and how costs should be considered

alongside estimates of condition.

Incorporating condition estimates into spatial prioritisation analyses without explicit
consideration of the conservation objective, and the management action(s) that will deliver that
objective, could have profound implications for the estimated expected benefits from
management. For example, the analysis conducted by Kiesecker et al. (2009) identified priorities
for conservation in areas with high ‘landscape integrity’, by minimising the selection of sites in
poor condition. Landscape integrity was estimated by combining eight factors, including roads,
mines, oil and gas pipelines, oil and gas wells, residential development, agricultural lands, as
well as invasive species, and fire condition class (Copeland et al., 2007; Kiesecker et al., 2009).
While it makes sense to identify sites for protection that are currently not affected by existing
developments, invasive species and inappropriate fire regimes are two pressures that can be
reduced through active management; hence a larger conservation benefit (Maron et al. 2013)
may have been achieved by prioritising areas affected by these for active management. In the
absence of a clearly articulated conservation objective and knowledge of the relevant
management actions to meet that objective, there is a risk that condition may be incorrectly
accounted for in spatial prioritisation analyses, and the resulting conservation priorities may not

deliver the benefits to conservation as expected.

Given this history of confusion, we need an approach to clearly and consistently account for both
condition and cost simultaneously in spatial prioritisation — in order to identify where the greatest
conservation benefit can be achieved with respect to a particular objective, and at the least cost.

Decision science can assist in framing and solving complex problems such as this by: defining



clear objectives and constraints related to the problem, evaluating the consequences of
management actions with respective to the objectives, and selecting the best option (Gregory et
al., 2012; Polasky et al., 2011; Tulloch et al., 2015). A comprehensive decision-theoretic
approach would allow the conservation benefit of a given management intervention to be
correctly formulated and considered within a spatial prioritization exercise, along with data on

the monetary costs of such an intervention.

In this study, we explore three approaches for incorporating costs, condition and conservation
benefits into spatial prioritisation analyses, and discuss their implications for the resulting
conservation priorities using a case study of the Great Western Woodlands in south-west
Western Australia. We define two different conservation objectives: maintaining native
vegetation in its current condition, and restoring natural fire regimes through improving
landscape condition. We develop and apply a comprehensive decision-theoretic approach for
incorporating condition by using information on the condition of sites to calculate the
conservation benefit of particular management actions (Maron et al. 2013). We then compare the
results from our (1) comprehensive approach, to spatial priorities identified using two alternative
approaches commonly applied in conservation planning: (2) consider generic management costs
(travel, labour) and assume that landscape condition is homogenous, and; (3) landscape condition
is used as a surrogate for the cost of management, i.e. areas in poor condition are assumed to

have high costs.
Methods
Study region

Our study region is the Great Western Woodlands (GWW) of south-western Australia, which
stretches east from the agricultural wheatbelt of Western Australia towards the western edge of
the semi-arid Nullarbor Plain (Figure 1). Covering an area of almost 16 million hectares, the
GWW is the world’s largest remaining Mediterranean woodland. The eucalypt-dominated
woodland is contained within a mosaic of shrubland and mallee which supports a globally
significant diversity of flora and fauna (Figure 2, Judd et al., 2008; Watson et al., 2008). The
Mediterranean-style climate of low and variable rainfall coupled with infertile soils has

historically prevented the incursion of intensive agriculture and livestock grazing, leaving the



GWW in a largely intact state. Although the region escaped the historical large-scale clearing for
intensive wheat and sheep farming, approximately a third of it is under pastoral lease for cattle or
sheep. In addition, historical logging to support the expansion of mining operations from the late
1800s till the mid-1900s has influenced vegetation structure and terrestrial carbon stocks (Berry
et al., 2010). Present threats to biodiversity in the region include changes in fire regimes,
ongoing mining operations and exploration activity, as well as introduced herbivores, carnivores
and weeds (Figure 3, Watson et al., 2008). Climate change is expected to result in a general
warming trend with drying from the north to south, with further impacts on rainfall and fire
frequency (Prober et al., 2012). We divided the study region into 1 km? square planning units
(162,163 in total) which we employed as sites available for management.

Conservation features

We employed 39 broad floristic formations as a surrogate for biodiversity across the GWW
(Table 1), represented in a state-wide pre-European vegetation map (Department of Agriculture
Western Australia, 2005). Areas where native vegetation had been removed (agricultural areas,
towns and built up areas, infrastructure) were excluded from the analysis. Available data on
threatened fauna and flora localities compiled from State Government agencies (Judd et al.,
2008) are of coarse resolution, inconsistent in spatial extent, and biased towards roads and major
towns due to limited ecological surveys of the region (Duncan et al., 2006; Watson et al., 2008),
hence they were not included in the spatial prioritisation analysis. We also included key
biophysical features in the landscape identified as important determinants of the distribution of
biodiversity: salt lakes, granite outcrop formations, 16 priority ecological communities and the
distribution of old growth woodland (see Supplementary Material S1). In total, 60 conservation

features were considered.
Conservation objectives

We considered two conservation objectives relevant to our study region. The first objective was
to maintain the existing (i.e. present-day) condition of native vegetation through ground-based
management activities. The second objective was to restore condition, in terms of the natural fire
regime, of currently degraded areas. We aimed to either maintain or restore 30% of each

conservation feature for each case.



‘Maintain’ objective: A key defining feature of the study region is the overall integrity of the
landscape (Prober et al., 2012; Watson et al., 2008), with over 79% of its geographical area
classified as containing ‘intact’ vegetation (Thackway and Lesslie, 2006). Maintaining ecological
intactness has been identified as a key focus of conservation efforts in the region (Prober et al.;
2012). Under this conservation objective, we assumed that ground-based management would
maintain current landscape condition and that without such management the condition will
gradually degrade over time. For the sake of this example, we consider any on-ground
management activity as contributing to this conservation objective. Such activities may include
weed control, invasive animal management, and managing impacts from mining and exploration
(remediating exploration lines and drill pads, filling in exploration pits, removing discarded
exploration refuse, and plugging open drill holes). The costs of such activities would vary
considerably, and in a real situation the differences in cost would need to be factored into the
prioritisation exercise. However, in order to facilitate a clear comparison between this ‘maintain’
scenario and the 'restore' conservation scenario, we calculate only indicative costs based on the
cost of travel to the management site; with travel to site likely to be a) a key component of

activity costs and b) the main component that is likely to vary depending on site location.

‘Restore’ objective: Changed fire regimes are also considered to be a key threatening process in
our study region, with substantial increases in woodland areas burnt in recent decades, likely
attributable to a combination of increased human ignitions from mining and tourism, as well as
increased lightning frequency and days of extreme fire danger (Prober et al., 2012; Watson et al.,
2008). Active fire control, commonly carried out aerially, is required to control fires and reduce
the departure of the fire regime from what is considered to be ‘natural’ for the area. Under this
objective, we assumed that aerial-based management activities would restore landscape
condition and that without such activities the condition will remain in its existing degraded state.
As is the case with the ‘maintain’ conservation objective, we considered only fairly generic
travel costs (see next section for details) for the purposes of this example. However, it would be
straightforward to expand our work to capture more specific actions and their associated costs,

and indeed this would be necessary to do in real-life prioritisation exercise.

We present the ‘maintain’ and ‘restore’ conservation objectives here as separate and independent

analyses, whereas in practice it may be desirable to pursue multiple objectives simultaneously



(Cattarino et al., 2015). Indeed, departure from the natural fire regime would affect the intactness
of vegetation, hence trade-offs and synergies between these objectives are likely. Although we
recognise the possibility of interactions between the threats and actions considered in our
conservation objectives, for simplicity we do not consider them in the present study since our

key purpose is to demonstrate the derivation and application of our comprehensive approach.
Management costs

For the maintain objective, we assumed ground-based management via car travel (Law, 2010).

Costs were calculated spatially using a 100m raster grid. Return travel cost was calculated as:
TrRoad; =2 Dist; (Lab; +Vehicle,), (1)

where Dist;j is the distance in kilometres from each 100m pixel (i) to the nearest road type (j),
and then along roads to the nearest main town. Labj is the cost of labour for travel on each road
type j per kilometre. Vehicle;j is the cost of vehicle use and fuel for travel on each road type j per
kilometre. Travel costs were based on the use of a mid-size diesel 4WD, and we assumed that
on-ground management was conducted twice-per year (Supplementary Material S2). The final
costs varied from $0/km?/year (in the centre of the largest regional town Kalgoorlie) up to
$3,544/km?/year, with an average of $979/km?/year + 557.

For the restore objective, we assumed that aerial fire management would be undertaken. To
determine a spatial representation of aerial management, we assumed a fixed-wing aeroplane
would be hired from Perth and fly to Kalgoorlie, which is the key base for aerial management
operations in the study region (Supplementary Material S2, Ryan Butler, pers. comm.) The final
costs varied from $3,347 (management of fire in the location of Kalgoorlie) up to
$327,176/km?/year, with an average of $127,272/km? /year + 53,102.

Condition

We considered two alternative spatial metrics as surrogates for the condition of vegetation at
each site. For the maintain objective, we represented the relative intactness of vegetation using
the Vegetation Assets, States and Transitions (VAST) framework (Lesslie et al., 2008;

Thackway and Lesslie, 2006). VAST describes the state of vegetation across Australia according



to the degree of human modification, by incorporating spatial information describing land use,
remoteness and native vegetation cover. Vegetation is classified into one of a seven states (0-V1),
where the benchmark is based on an estimate of pre-European conditions (Lesslie et al., 2008).
We combined classes 0 (‘naturally bare’) and I (‘residual’) into a single category to represent
intact areas, and classes IV (‘replaced - adventive’) and V (‘replaced - managed’) into one
category (‘replaced’) to represent where native vegetation had been cleared for non-native
pasture or crops. We converted our five VAST classes into a continuous condition variable

ranging from O (poor condition) to 1 (good condition; Figure 4a).

For the restore objective, we developed a spatial metric to represent the condition of a site with
respect to its natural fire regime. Previous studies have demonstrated a methodology that
quantifies the dissimilarity between an ecological system’s current condition and its natural range
of variability, with respect to a pre-European benchmark (Hann and Bunnell, 2001; Provencher et
al., 2008; Rollins, 2009). However, this approach measures ‘departure’ from natural ecological
conditions for an ecological system in its entirety, and is unable to spatially differentiate between
parts of an ecological system that are in good or poor condition. To derive a spatial analogue of this
metric, we developed a method that estimates the difference between the observed and expected
fire-affected proportions of each vegetation type in each planning unit. We assumed fire intervals
modelled by O’Donnell et al. (2011) for the Lake Johnston region, a relatively undisturbed
landscape in the south-west of the study region, to represent the ‘natural’ regime (frequency) for
key vegetation types, and subsequently calculated the ‘departure’ from this natural regime across
the landscape. We used a spatial database of fire history information (Department of
Environment and Conservation Western Australia, 2012), which details the spatial extent and

date of fires for the study region between 1941 and 2012.

The Weibull probability distribution is commonly used to represent the probability of fire in a
landscape as a function of time since last fire (Johnson and Gutsell, 1994; McCarthy et al., 2001,
Moritz, 2003). The cumulative probability of a fire occurring (also known as the mortality

function) can be written as:

F(t) =Pr(T <t) =1-e"?", )



where T is a random variable denoting the time or interval at which a fire occurs, t is time, c is

the Weibull shape parameter, and b is the Weibull scale parameter.

We determined the year since last burn (YLB) for each 100 m pixel in the study region. We then
calculated the proportion of 100 m pixels contained in each vegetation structural type s
(shrubland, mallee, thicket and woodland) that were burnt in the most recent fire, and plotted this
observed distribution against the theoretical distribution as informed by O’Donnell et al. (2011).

Departure (D) for each pixel q was then calculated as:
D, = abs[P(t), - F(t),], ©)

where P(t). is the observed proportion of vegetation structural type s burnt in year t, and F(t),

is the expected proportion of vegetation structural type s burnt in year t under a natural fire
regime. The absolute value was taken to ensure D is always a positive number, and to also
represent that departure from landscape condition is two-sided: an area could be burnt too
frequently, or too infrequently. To generate the final condition layer, we calculated average
departure for each planning unit i (1 km?), and subtracted from 1; resulting in a continuous
variable from 0 (poor condition) to 1 (good condition) (Figure 4b). A site where there is
complete departure from natural fire regime therefore has a departure value of 1 (see

Supplementary Material S2 for further information).
Spatial prioritisation approaches

We used the conservation planning tool Marxan (Ball et al., 2009) to identify priorities for
management. Marxan seeks to minimize the total cost of sites in a reserve network, whilst

meeting a set of targets for conservation features. The basic problem that Marxan solves is:

N
minimize )’ xc, ()

S
subjectto Y x;r; =T, forall j, (5)

where x; is a control variable indicating if a planning unit (i =1, ..., N) is selected (X, = 1) or not
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(x; =0)and c; isthe cost of the planning unit. Equation (1) is minimized subject to the target
T, being met for all conservation features (j = 1, ..., S), where r; is the conservation benefit for
feature j in planning unit i.

We used Marxan to evaluate three alternative approaches to spatial prioritisation (Table 2): (1) a
comprehensive approach that calculates the conservation benefit of implementing management at
each site using estimates of landscape condition, alongside monetary costs of management most
relevant to the chosen conservation objective (Figure 5); (2) ignoring condition, with the cost of
management calculated according to estimated monetary costs of management based on
accessibility via road or aerial travel; and (3) condition as a cost surrogate, in which the cost of

implementing management is inversely related to landscape condition, and we seek to minimise

selection of sites in poor condition. Details of each of these approaches are below.
1. Comprehensive approach

The comprehensive approach incorporates the conservation benefit as defined by Maron et al.
(2013) into spatial prioritisation analyses: that is, the difference in value between what would

occur with management action, and what would occur without management. Here, », isa

continuous variable bounded between O (poor condition) and 1 (good condition). We scaled the

conservation benefit r; in each site for each feature with respect to the condition of the site

such that:
rij:aij(yM,i_}/O,i)I (6)

where g is the area within planning unit i which contains feature j, y,,; is the condition of
site i that would occur with management action, and y,; is the condition of site i that would

occur without management action. This allows us to include both information on condition and

management costs (asc; ) in the problem formulation.

For the maintain objective, we assume that conservation values contained within sites selected

for management action y,, ; will neither improve nor degrade from its current condition, but will

be maintained in its current state, y,. Sites not selected for management are assumed to degrade
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over time such that condition in absence of management action y,; isequal to O (Figure 6a).

Where the objective is to restore landscape condition, we set y,,; asequal to 1, indicating that

management would successfully restore the site back to good or ‘pristine’ condition. Restoration

is rarely 100% effective, hence there might be cases where y,, ;is less than 1. Sites not selected

for restoration would remain in their existing condition state y; (Figure 6b).

The assumed trajectories for landscape condition with management and in absence of
management under our two conservation objectives (Figure 6) are by necessity simplified for the
purposes of this study. However, in a situation where better information exists on the
effectiveness of particular management actions and on the expected ecological response to
management, this detail could easily be incorporated into the analysis framework we present

here.
2. Ignore condition

In contrast to the comprehensive approach, a simpler formulation of the benefit of implementing

management is:

rr=a., @)

This formulation considers only whether a conservation feature is represented in a particular site,
and does not account for how a feature may respond given the presence or absence or a

management activity.

The second approach considers the benefit of managing a site i as in equation 7, and identifies
priorities by minimising the total monetary cost of management according to equations 4 and 5
for both the maintain and restore conservation objectives (Table 1).

3. Condition as cost

The third approach ignores management costs, and considers the current condition y, of a
planning unit i to inform the value of c;, the cost of the planning unit. In the case where the

conservation objective was to maintain existing condition, the selection of sites currently in poor
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condition is minimised. Here, c, is therefore inversely related to landscape condition, and

scaled from 1 (good condition) to 5 (poor condition):
¢ =5-47, ®)

In the case where the conservation objective is to restore lost condition, the selection of sites

currently in good condition is minimised. In this case, c, is positively related to landscape

condition, and scaled from 5 (good condition) to 1 (poor condition):
c =4y, +1 9)
Mis-specified objective

If a conservation objective is not clearly specified prior to undergoing a spatial prioritisation
analysis, there is a risk that cost may be considered in a way which is incompatible with the
intended planning goal. For example, if the intended goal is to identify spatial priorities for
restoration, but site cost is calculated according to equation 8, the Marxan algorithm will actively
minimise the selection of sites in poor condition, and so will not prioritise sites where the
greatest conservation benefit could be delivered through restoration. We explored the
consequences of a mis-specified conservation objective in a hypothetical scenario where the
‘condition as cost’ approach was used to meet the ‘restore’ objective, but considered the

incorrect formulation of cost (equation 8).

Marxan analyses were calibrated, and all scenarios were run with 100 repetitions and 10 million
iterations. The boundary length modifier (BLM) is used in Marxan analyses when there is a
desire to influence the degree of connectivity between planning units selected as conservation
priorities. The higher the BLM, the more connected the priority sites will be (Game and
Grantham, 2008). Given that our interest in this study was to understand how spatial priorities
were influenced by different derivations of conservation costs and benefits, we set the BLM

equal to 0 such that it did not influence the results.

Comparing results
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Each of the three approaches we use to identify conservation priorities incorporate condition in
different ways, and consider alternative calculations of cost and benefit (Table 2). Our
comprehensive approach considers the value of the site in terms of the conservation benefit being
delivered (equation 6), whereas the remaining two approaches use a simple formulation of
benefit (equation 7). To enable comparison of results from our three approaches, we consider the
sites identified as priorities using the monetary cost only and condition as cost approaches, and
then report on the total conservation benefit (equation 6) that would be delivered as summed
across all sites in the study area. Similarly, the condition as cost scenario does not consider
monetary costs to identify priorities, but we draw upon our cost layers to determine the total cost

of targeting these priority sites for management.

For each set of Marxan analyses (two conservation objectives, three spatial prioritisation
approaches = 6 analyses), 100 near optimal solutions were identified, with the ‘best’ solution
being the solution which meets all conservation targets for the lowest score (equations 4 and 5).
The selection frequency is measure of how frequently a planning unit is selected out of the 100
near optimal solutions for each analysis. We examined the congruence between solutions derived
using each of our three approaches by calculating the Pearson correlation coefficient (p) using
the ‘stats’ base package in the R statistical software (R Development Core Team, 2014). Where
there is a high correlation between the selection frequencies of solutions, this indicates that the
spatial priorities identified by the two approaches considered are broadly similar. We do not
consider significance values, and report only on the correlation coefficients, as these are
unaffected by spatial autocorrelation (Nhancale and Smith, 2011). The level of spatial agreement
between the best solutions found using each approach was determined by calculating the
Cohen’s kappa coefficient of agreement (k) between pairs of scenarios, using the ‘psych’
package (R Development Core Team, 2014). If pairs of solutions are in complete agreement then
k value equals one. If k value is less than 1, it means less than perfect agreement between pairs
of solutions. If k is negative, it indicates that the pair of solutions agrees less than would be

expected by chance (Cohen, 1960).
Results

‘Maintain’ conservation objective
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Using our comprehensive approach, in order to meet the 30% target for the maintenance of
conservation features in our study region, we found that 27% of the planning units were selected
for management, at a cost of approximately $32 million per year (Table 3). The comprehensive
approach accounted not only for the monetary cost of ground-based management, but also the
conservation benefit gained from implementing management accounting for the condition of

each planning unit.

Using the ‘ignore condition’ approach, we found that the estimated cost required to implement
management actions in the planning units selected was similar to the comprehensive approach
(4% less, Table 3), and the total conservation benefit was also very similar (3% less). There was
a strong positive correlation between the selection frequency of planning units identified using
the ‘ignore condition’ compared to the comprehensive approach (p = 0.90), but poor to moderate

spatial agreement in their respective best solutions (x = 0.28).

When monetary costs were ignored and landscape condition was incorporated as a cost layer
(‘condition as cost”), we found that the total monetary cost of meeting conservation targets was
56% greater relative to when the comprehensive approach was taken. That is, by considering
landscape condition as a surrogate for management cost, the true monetary cost of achieving the
‘maintain’ objective would be far greater than anticipated. In comparison, the total conservation
benefit achieved would be only slightly greater (8%, Table 3). There was no correlation and no
spatial agreement between the solutions found by the comprehensive and ‘condition as cost’

approaches (p = 0.04, « = 0.01).
‘Restore’ conservation objective

In order to meet the 30% target for restoring natural fire regimes, the best solution identified

using the comprehensive approach selected 28% of all planning units for management (Table 3).
The total cost incurred to meet the ‘restore” objective would be far greater than when seeking to
achieve the ‘maintain’ objective, as the cost of implementing aerial management exceeds that of

on-ground management by several orders of magnitude.

Similar to as found with the ‘maintain’ objective, when the ‘ignore condition’ approach was
used, the total cost and conservation benefit delivered were similar to that achieved using the

comprehensive approach (Table 3). Again, there was a strong positive correlation between the
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selection frequency of solutions identified using the comprehensive and monetary cost only
approach (p = 0.90), but poor to moderate spatial agreement in their respective best solutions (k
=0.25).

When landscape condition as informed by departure from the natural fire regime was used as a
surrogate for cost (‘condition as cost’), the total cost of meeting conservation targets was 36%
higher relative to the comprehensive approach, yet the additional conservation benefit delivered
was negligible (Table 3). There was a low positive correlation and no spatial agreement between

the solutions found by the comprehensive and condition as cost approaches (p = 0.14, x = 0.03).

There was a moderate positive correlation between the priority locations identified using the
comprehensive approach for ground-based management under the maintain objective, and
priorities for aerial-based management to meet the restore objective (p = 0.30, Supplementary
Material S3). However, there was no spatial agreement between the two best solutions (k =
0.03).

Mis-specified objective

Lastly, to evaluate the importance of correctly specifying the conservation objective, we
considered a situation where the conservation objective may be mis-specified (Table 3). Here,
we found that as a result of the incorrect formulation of cost (equation 8), there was severe
underachievement in meeting the conservation target: a 63% target shortfall occurred as a result

of mis-specifying the conservation objective (168% difference in conservation benefit, Table 3).
Discussion

In order to identify the most cost-effective options for conserving biodiversity, we need to be
able to estimate the expected benefits of a management action relative to what would happen in
absence of management (Ferraro, 2009; Maron et al., 2013). The most appropriate management
action(s) to implement in a particular situation will vary depending on whether the conservation
objective is to maintain existing values or to restore lost values, and where the greatest
conservation benefit can be achieved for the least cost (Polasky et al., 2011; Possingham et al.,
2015; Wilson et al., 2009). Although this is intuitive, only a small number of studies have
explicitly accounted for the conservation benefit of a management intervention when identifying
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spatial priorities (Game et al., 2008; Klein et al., 2013; Maron et al., 2013). This is because most
studies have assumed that biodiversity is in a pristine state. Few, if any, land or seascapes are
devoid of anthropogenic impacts (Halpern et al., 2008; Sanderson et al., 2002), and so it is
necessary to account for the location, magnitude, and implications of these disturbances when
identifying priorities for management (Tulloch et al., 2015). A comprehensive approach is
needed to provide clarity over how the conservation benefit should be calculated with respect to
a specific conservation objective at hand, alongside information on management costs and

landscape condition.

Aided by the principles of decision theory, we demonstrated the application of a comprehensive
approach to identifying cost-effective priorities for conservation in degraded landscapes. By
clearly articulating the conservation objective, the expected conservation benefit of
implementing management, and the specific actions to deliver those benefits, it is possible to
devise a conservation plan that will provide a more robust and cost-effective guide for
management. When we considered two alternative approaches commonly used to identify
conservation priorities, namely, considering the monetary costs of conservation and ignoring
landscape condition (Carwardine et al., 2010; Januchowski-Hartley et al., 2011), and using
landscape condition as a proxy for the cost of management (Heiner et al., 2011; Kiesecker et al.,
2009; Klein et al., 2009), we found that priority locations for management and/or the total
expected costs of implementing management differed substantially to what was found using our

comprehensive approach.

When we assumed that landscape condition was homogenous and considered only the monetary
costs of management, a similar total conservation benefit was collectively delivered by the
identified priority sites relative to those identified by our comprehensive approach, but there was
low spatial overlap in the locations of priority sites identified by each approach. We found that
this was true in our case study region for both the ‘maintain’ and ‘restore’ conservation
objectives (Table 3). Under a circumstance where the locations of priority areas selected for
conservation are not important, then our results suggest that considering monetary costs alone
could deliver a similar total conservation benefit compared to using a comprehensive approach
that considers both costs and condition. In this case, further criteria may be needed to

differentiate between alternative solutions. Although we have not considered spatial connectivity
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in the present analysis, this is factor which would further differentiate the solutions derived from
alternative approaches. The spatial configuration of priority areas can be a key concern for
planners (Beger et al., 2010; Linke et al., 2012; Magris et al., 2014), as there may be a preference
for larger and more connected conservation areas for ecological reasons (to facilitate dispersal,
reduce edge effects), as well as to gain economies of scale from management (Game et al.,
2011).

When we ignored monetary costs and prioritised sites for management using condition as a cost
proxy, the total costs of meeting targets under the maintain and restore conservation objectives
were found to be 56% and 36% more expensive, respectively, compared to priorities identified
using our comprehensive approach. These findings indicate that substituting condition for cost in
spatial prioritisation analyses can have adverse consequences for the cost-effectiveness of land
management. The most common justification for the use of condition as a cost metric in
conservation planning is to minimise the selection of sites in poor condition, in order to ensure
areas of higher ecological integrity are protected within a reserve network (Heiner et al., 2011;
Kiesecker et al., 2009; Klein et al., 2009). However, this approach overlooks two key issues.
First, sites currently in good condition will not necessarily require the least financial resources to
manage. For example, areas of high vegetation intactness (and therefore good condition) in our
study region were further away from roads and major cities, making it more costly to travel to for
management (p = 0.25). There was a weak positive correlation between aerial travel cost and
sites requiring restoration of fire regimes (p = 0.10, Supplementary Materials S3). Second, areas
in good condition may not be located where the greatest conservation benefit could be achieved
through a management intervention, as this requires consideration of the conservation objective
(maintain or restore) and of the counterfactual scenario — what would have happened in absence

of management (Ferraro et al., 2009; Maron et al, 2013; Figure 6).

We recognise that a target-based planning approach may not be appropriate in all situations (Di
Minin and Moilanen, 2012; Laitila and Moilanen, 2012). Our comprehensive approach could
easily be incorporated into a non-target based planning framework such as Zonation. Our 30%
target is arbitrary, but we chose to keep this component of the analysis constant to ensure that the
effects of different calculations of costs and benefits could easily be seen in the results. We

tested the sensitivity of our findings to target selection by considering a 10% target, and found
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the results were broadly consistent with those of the 30% target analysis (Supplementary
Materials S4). The only difference we found under the 10% target was that the total monetary
cost of meeting conservation targets using the ‘condition as cost’ approach relative to the
comprehensive approach was even higher than found under the 30% target (100% greater cost
for ‘Maintain’, and 68% greater for ‘Restore”). Hence, our finding regarding the inefficiency of
using condition as a surrogate for cost was amplified when a lower conservation target was

considered.

Our findings also expose the consequences of incorporating condition into conservation planning
analyses without first clearly defining the planning objective (Game et al., 2013) — whether it is
to maintain existing values, or restore lost values. We found that when we naively incorporated
fire departure as a surrogate for cost using our ‘condition as cost’ approach, sites already in
‘good’ condition were prioritised for restoration. As a result, there was a significant target
shortfall (63%) compared to when we applied our comprehensive approach to meet our ‘restore’
conservation objective. This discrepancy in the benefits achieved using the ‘condition as cost’
approach is a result of a mismatch between the conservation objective (in this case, restoration),
and how condition is incorporated into the analysis. Imposing a cost on areas where active
management is required to deliver outcomes for conservation simply directs action away from
areas where the conservation benefits would be highest. Our comprehensive approach provides a
clear framework which, if followed, could better inform decisions for incorporating cost and/or
condition into conservation planning in a way that is consistent with the conservation objective
(Copeland et al., 2007; Kiesecker et al., 2009).

Previous studies have incorporated estimates of condition into spatial prioritisation analyses as a
probability of a site being lost in the absence of a management intervention (Game et al., 2008;
Klein et al., 2013), and have considered what we have termed the simple formulation of benefit
(eq 7). Whereas in this study, condition has been incorporated into the calculation of
conservation benefit (eq 6), and we have implicitly assumed that the probability of achieving this
conservation benefit with a management intervention, and the total loss of conservation benefit
in absence of the intervention, is 100%. The advantage of our approach is that we have been able
to account for the conservation benefit with respect to different conservation objectives (maintain

or restore), and two alternative management actions (ground based vs aerial based management),
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rather than simply the probability of the loss of a site as a result of a lack of protection (Game et
al., 2008; Klein et al., 2013). Our results also clearly showed that the locations of priority sites
differed depending on which conservation objective and management action was considered

(Supplementary Material S3).

In this study, we considered the dilemma of how to robustly integrate both monetary costs and
landscape condition into spatial prioritisation analyses. Our main focus was on proof of concept,
and to demonstrate the derivation and application of our comprehensive approach rather than to
capture the full range of complexities associated with prioritising conservation management
actions. Although we have made considerable effort to develop spatially explicit representations
of landscape condition and the monetary costs of management, there are some limitations. First,
we considered only travel and labour costs as an indicator of the cost of implementing
conservation management, whereas the true cost is likely to be higher once the cost of equipment
and other materials are considered. The cost layers used in our analyses for the ‘maintain’ and
‘restore’ conservation objectives were sufficiently distinct (in terms of spatial variation, and
difference in magnitude of costs) to demonstrate that the most appropriate management action(s)
and their associated costs will vary depending on the conservation objective at hand, and thus
will affect prioritisation outcomes. Further refinements could be made to more accurately reflect
the true costs of specific management activities, and these could easily be incorporated into the

approach we have presented here.

Second, we have assumed that our spatial estimates of condition are an accurate reflection of
reality, and that condition will improve with management, or decline if no intervention occurs
according to an assumed trajectory (Figure 6), consistently across the landscape. Our portrayal of
particular management actions being associated with our ‘maintain’ (weed and feral animal
control) and ‘restore’ (fire management) conservation objectives is also quite specific to the
GWW. However, these conservation objectives are generalizable, with differences in condition
baselines, management trajectories, and the most appropriate management actions needed to
meet conservation objectives likely to vary from place to place. Our comprehensive approach is
sufficiently general such that it could easily be applied in other environments and planning

conditions.
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Additionally, we considered only two generic management approaches in a study region
threatened by multiple degrading processes, including invasive species, mineral exploration and
extraction, agricultural expansion and climate change (Prober et al., 2012; Watson et al., 2008).
The management approaches considered, and the presence of other threatening processes, will all
influence the ways in which landscape condition is incorporated into planning, but we have not
considered how to mitigate more than one threat simultaneously here. Future studies could
account for both multiple objectives and multiple conservation actions with tools such as Marxan
with Zones (Hermoso et al., 2015; Law et al., 2015; Tulloch et al., 2014)

Conclusions

Our findings show that failing to appropriately incorporate the monetary costs of management
alongside landscape condition, or incorrectly calculating conservation benefits can lead to
sub-optimal conservation plans with compromised efficiency and effectiveness. Our study
demonstrates the importance of clearly defining conservation objectives, and ensuring that data
most relevant to the specific conservation objective being considered are used to explore the
consequences of alternative management actions. There are logical ways to integrate condition
and cost into the spatial prioritisation of conservation actions — we hope that this paper provides
clarity over how this can be done - by calculating the benefit of an actions as the improvement in
condition above and beyond what would have otherwise occurred, and considering the cost of a

site as the cost of actions that could be taken at that site.
Acknowledgements

We wish to acknowledge the contributions of several colleagues who greatly assisted throughout
this project: Keith Bradby, Amanda Keesing and Paula Deegan from Gondwana Link; lan Kealy,
lan Steward, Damian Shepherd, Meg Porter, Ryan Butler and Glen Daniel from the Western
Australian Department of Environment and Conservation who provided expert input and data;
Joe Kiesecker, Mike Heiner and Kei Sochi from the Nature Conservancy for helpful discussions;
Suzanne Prober and Michael McCarthy for advice on the fire condition layer; and the
participants of a workshop funded by the Australian Centre for Ecological Analysis and
Synthesis (ACEAS) in November 2012. This research was conducted with the support of funding

from an Australian Research Council Linkage Grant, the Australian Government’s National

21



Environmental Research Program and an Australian Research Council Centre of Excellence for
Environmental Decisions. K.A.W was supported by an Australian Research Council Future

Fellowship. H.P.P. was supported by an ARC Laureate Fellowship.
Literature Cited

Adams, V.M., Pressey, R.L., Naidoo, R., 2010. Opportunity costs: Who really pays for
conservation? Biological Conservation 143, 439-448. doi:10.1016/j.biocon.2009.11.011

Armsworth, P.R., 2014. Inclusion of costs in conservation planning depends on limited datasets
and hopeful assumptions. Annals of the New York Academy of Sciences. 1322, 61-76.
doi:10.1111/nyas.12455

Auerbach, N.A., Tulloch, A.L.T., Possingham, H.P., 2014. Informed actions: where to cost
effectively manage multiple threats to species to maximize return on investment.
Ecological Applications 24, 1357-1373. doi:10.1890/13-0711.1

Ball, I.R., Possingham, H.P., Watts, M., 2009. Marxan and relatives: software for spatial
conservation prioritisation. Spatial Conservation Prioritisation: Quantitative Methods and
Computational Tools 185-195.

Ban, N.C., Klein, C.J., 2009. Spatial socioeconomic data as a cost in systematic marine
conservation planning. Conservation Letters 2, 206-215.
d0i:10.1111/j.1755-263X.2009.00071.x

Beger, M., Grantham, H.S., Pressey, R.L., Wilson, K.A., Peterson, E.L., Dorfman, D., Mumby,
P.J., Lourival, R., Brumbaugh, D.R., Possingham, H.P., 2010. Conservation planning for
connectivity across marine, freshwater, and terrestrial realms. Biological Conservation
143, 565-575. doi:10.1016/j.biocon.2009.11.006

Berry, S.L., Keith, H., Mackey, B., Brookhouse, M., Jonson, J., 2010. Green carbon : the role of
natural forests in carbon storage Part 2. Biomass carbon stocks in the Great Western
Woodlands. ANU E Press, Canberra.

Budiharta, S., Meijaard, E., Erskine, P.D., Rondinini, C., Pacifici, M., Wilson, K.A., 2014.
Restoring degraded tropical forests for carbon and biodiversity. Environmental Research
Letters. 9, 114020. doi:10.1088/1748-9326/9/11/114020

Carwardine, J., Wilson, K.A., Hajkowicz, S.A., Smith, R.J., Klein, C.J., Watts, M., Possingham,
H.P., 2010. Conservation Planning when Costs Are Uncertain. Conservation Biology 24,
1529-1537. doi:10.1111/j.1523-1739.2010.01535.x

Cattarino, L., Hermoso, V., Carwardine, J., Kennard, M.J., Linke, S., 2015. Multi-Action
Planning for Threat Management: A Novel Approach for the Spatial Prioritization of
Conservation Actions. PLoS ONE 10, e0128027. doi:10.1371/journal.pone.0128027

Cohen, J., 1960. A coefficient of agreement for nominal scales. Educational and Psychological
Measurement 20, 37—46. doi:10.1177/001316446002000104

Copeland, H.E., Ward, J.M., Kiesecker, J.M., 2007. Assessing tradeoffs in biodiversity,
vulnerability and cost when prioritizing conservation sites. Journal of Conservation
Planning 3, 1-16.

Department of Agriculture Western Australia, 2005. Pre-European Vegetation - Western
Australia.

Department of Environment and Conservation Western Australia, 2012. DEC Fuel Age.

22



Di Minin, E., Moilanen, A., 2012. Empirical evidence for reduced protection levels across
biodiversity features from target-based conservation planning. Biological Conservation
153, 187-191. doi:10.1016/j.biocon.2012.04.015

Duncan, S., Traill, B.J., Watson, C., 2006. Vertebrate Fauna of the Honman Ridge - Bremer
Range district, Great Western Woodlands, Western Australia. The Wilderness Society,
Perth.

Evans, M.C., Possingham, H.P., Wilson, K.A., 2011. What to do in the face of multiple threats?
Incorporating dependencies within a return on investment framework for conservation.
Diversity and Distributions 17, 437-450. doi:10.1111/j.1472-4642.2011.00747.X

Ferraro, P.J., 2009. Counterfactual thinking and impact evaluation in environmental policy. New
Directions for Evaluation 2009, 75-84. doi:10.1002/ev.297

Ferraro, P.J., Hanauer, M.M., 2014. Advances in Measuring the Environmental and Social
Impacts of Environmental Programs. Annual Review of Environment and Resources 39,
495-517. doi:10.1146/annurev-environ-101813-013230

Fraschetti, S., D’Ambrosio, P., Micheli, F., Pizzolante, F., Bussotti, S., Terlizzi, A., 2009. Design
of marine protected areas in a human-dominated seascape. Marine Ecology-Progress
Series 375, 13-24. doi:10.3354/meps07781

Game, E.T., Grantham, H.S., 2008. Marxan User Manual: For Marxan version 1.8.10. University
of Queensland, St. Lucia, Queensland, Australia, and Pacific Marine Analysis and
Research Association, Vancouver, British Columbia, Canada.

Game, E.T., Kareiva, P., Possingham, H.P., 2013. Six Common Mistakes in Conservation
Priority Setting. Conservation Biology 27, 480—485. d0i:10.1111/cobi.12051

Game, E.T., Lipsett-Moore, G., Saxon, E., Peterson, N., Sheppard, S., 2011. Incorporating
climate change adaptation into national conservation assessments. Global Change
Biology 17, 3150-3160. doi:10.1111/j.1365-2486.2011.02457.x

Game, E.T., Watts, M.E., Wooldridge, S., Possingham, H.P., 2008. Planning for persistence in
marine reserves: A question of catastrophic importance. Ecological Applications 18, 670-
680.

Gregory, R., Failing, L., Harstone, M., Long, G., McDaniels, T., Ohlson, D., 2012. Foundations
of Structured Decision Making, in: Structured Decision Making: A Practical Guide to
Environmental Management Choices. John Wiley & Sons, Ltd, pp. 21-46.

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F., D’Agrosa, C., Bruno, J.F.,
Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., Madin,
E.M.P., Perry, M.T., Selig, E.R., Spalding, M., Steneck, R., Watson, R., 2008. A global
map of human impact on marine ecosystems. Science 319, 948-952.

Hann, W.J., Bunnell, D.L., 2001. Fire and land management planning and implementation across
multiple scales. International Journal of Wildland Fire 10, 389-403.

Harris, L.R., Watts, M.E., Nel, R., Schoeman, D.S., Possingham, H.P., 2014. Using multivariate
statistics to explore trade-offs among spatial planning scenarios. Journal of Applied
Ecology 51, 1504-1514. doi:10.1111/1365-2664.12345

Heiner, M., Higgins, J., Li, X., Baker, B., 2011. Identifying freshwater conservation priorities in
the Upper Yangtze River Basin. Freshwater Biology 56, 89-105.
d0i:10.1111/j.1365-2427.2010.02466.x

Hermoso, V., Cattarino, L., Kennard, M.J., Watts, M., Linke, S., 2015. Catchment zoning for
freshwater conservation: refining plans to enhance action on the ground. Journal of
Applied Ecology 52, 940-949. doi:10.1111/1365-2664.12454

23



Januchowski-Hartley, S.R., Visconti, P., Pressey, R.L., 2011. A systematic approach for
prioritizing multiple management actions for invasive species. Biological Invasions 13,
1241-1253. doi:10.1007/s10530-011-9960-7

Johnson, E.A., Gutsell, S.L., 1994. Fire Frequency Models, Methods and Interpretations, in: M.
Begon and A.H. Fitter (Ed.), Advances in Ecological Research. Academic Press, pp.
239-287.

Joseph, L.N., Maloney, R.F., Possingham, H.P., 2009. Optimal Allocation of Resources among
Threatened Species: a Project Prioritization Protocol. Conservation Biology 23, 328-338.
d0i:10.1111/j.1523-1739.2008.01124.x

Judd, S., Watson, J.E.M., Watson, A.W.T., 2008. Diversity of a semi-arid, intact Mediterranean
ecosystem in southwest Australia. Web Ecology 8, 84-93.

Kiesecker, J.M., Copeland, H., Pocewicz, A., Nibbelink, N., McKenney, B., Dahlke, J.,
Holloran, M., Stroud, D., 2009. A Framework for Implementing Biodiversity Offsets:
Selecting Sites and Determining Scale. BioScience 59, 77-84.
d0i:10.1525/bi0.2009.59.1.11

Klein, C.J., Tulloch, V.J., Halpern, B.S., Selkoe, K.A., Watts, M.E., Steinback, C., Scholz, A.,
Possingham, H.P., 2013. Tradeoffs in marine reserve design: habitat condition,
representation, and socioeconomic costs. Conservation Letters 6, 324-332.
doi:10.1111/conl.12005

Klein, C.J., Wilson, K.A., Watts, M., Stein, J., Carwardine, J., Mackey, B., Possingham, H.P.,
2009. Spatial conservation prioritization inclusive of wilderness quality: A case study of
Australia’s biodiversity. Biological Conservation 142, 1282-1290.
doi:10.1016/j.biocon.2009.01.035

Laitila, J., Moilanen, A., 2012. Use of many low-level conservation targets reduces high-level
conservation performance. Ecological Modelling 247, 40-47.
doi:10.1016/j.ecolmodel.2012.08.010

Law, E., 2010. Spatial costs of priority biodiversity management options in the Great Western
Woodlands, Western Australia. The University of Queensland.

Law, E.A., Meijaard, E., Bryan, B.A., Mallawaarachchi, T., Koh, L.P., Wilson, K.A., 2015.
Better land-use allocation outperforms land sparing and land sharing approaches to
conservation in Central Kalimantan, Indonesia. Biological Conservation 186, 276-286.
doi:10.1016/j.biocon.2015.03.004

Lesslie, R., Thackway, R., Smith, J., 2008. A national-level Vegetation Assets, States and
Transitions (VAST) dataset for Australia. Technical Report.

Linke, S., Kennard, M.J., Hermoso, V., Olden, J.D., Stein, J., Pusey, B.J., 2012. Merging
connectivity rules and large-scale condition assessment improves conservation adequacy
in river systems. Journal of Applied Ecology 49, 1036-1045.
d0i:10.1111/j.1365-2664.2012.02177.X

Louis Provencher, Campbell, J., Nachlinger, J., 2008. Implementation of mid-scale fire regime
condition class mapping. International Journal of Wildland Fire 17, 390-390.
doi:10.1071/WF07066

Magris, R.A., Pressey, R.L., Weeks, R., Ban, N.C., 2014. Integrating connectivity and climate
change into marine conservation planning. Biological Conservation 170, 207-221.
doi:10.1016/j.biocon.2013.12.032

Maron, M., Rhodes, J.R., Gibbons, P., 2013. Calculating the benefit of conservation actions.
Conservation Letters 6, 359-367. do0i:10.1111/conl.12007

24



McCarthy, M.A., Gill, A.M., Bradstock, R.A., 2001. Theoretical fire-interval distributions.
International Journal of Wildland Fire 10, 73-77.

Moilanen, A., Leathwick, J.R., Quinn, J.M., 2011. Spatial prioritization of conservation
management. Conservation Letters 4, 383-393. d0i:10.1111/].1755-263X.2011.00190.x

Moilanen, A., Wilson, K.A., Possingham, H., 2009. Spatial Conservation Prioritization:
Quantitative Methods and Computational Tools. Oxford University Press.

Moritz, M.A., 2003. Spatiotemporal analysis of controls on shrubland fire regimes: age
dependency and fire hazard. Ecology 84, 351-361.
doi:10.1890/0012-9658(2003)084[0351:SAOCO0S]2.0.CO;2

Naidoo, R., Balmford, A., Ferraro, P.J., Polasky, S., Ricketts, T.H., Rouget, M., 2006.
Integrating economic costs into conservation planning. Trends in Ecology & Evolution
21, 681-687.

Nhancale, B.A., Smith, R.J., 2011. The influence of planning unit characteristics on the
efficiency and spatial pattern of systematic conservation planning assessments. Biodivers
Conserv 20, 1821-1835. d0i:10.1007/s10531-011-0063-7

O’Donnell, A.J., Boer, M.M., McCaw, W.L., Grierson, P.F., 2011. Vegetation and landscape
connectivity control wildfire intervals in unmanaged semi-arid shrublands and woodlands
in Australia. Journal of Biogeography 38, 112-124.
d0i:10.1111/j.1365-2699.2010.02381.x

Plumptre, A.J., Fuller, R.A., Rwetsiba, A., Wanyama, F., Kujirakwinja, D., Driciru, M.,
Nangendo, G., Watson, J.E.M., Possingham, H.P., 2014. Efficiently targeting resources
to deter illegal activities in protected areas. Journal of Applied Ecology 51, 714-725.
doi:10.1111/1365-2664.12227

Polasky, S., Carpenter, S.R., Folke, C., Keeler, B., 2011. Decision-making under great
uncertainty: environmental management in an era of global change. Trends in Ecology &
Evolution 26, 398-404. doi:10.1016/j.tree.2011.04.007

Possingham, H., Ball, 1., Andelman, S., 2000. Mathematical Methods for Identifying
Representative Reserve Networks, in: Quantitative Methods for Conservation Biology.
Springer New York, pp. 291-306.

Possingham, H.P., Bode, M., Klein, C.J., 2015. Optimal Conservation Outcomes Require Both
Restoration and Protection. PLoS Biol 13, €1002052. doi:10.1371/journal.pbio.1002052

Pressey, R.L., Johnson, I.R., Wilson, P.D., 1994. Shades of irreplaceability: towards a measure
of the contribution of sites to a reservation goal. Biodiversity and Conservation 3, 242—
262. doi:10.1007/BF00055941

Prober, S.M., Thiele, K.R., Rundel, P.W., Yates, C.J., Berry, S.L., Byrne, M., Christidis, L.,
Gosper, C.R., Grierson, P.F., Lemson, K., Lyons, T., Macfarlane, C., O’Connor, M.H.,
Scott, J.K., Standish, R.J., Stock, W.D., Etten, E.J.B. van, Wardell-Johnson, G.W.,
Watson, A., 2012. Facilitating adaptation of biodiversity to climate change: a conceptual
framework applied to the world’s largest Mediterranean-climate woodland. Climatic
Change 110, 227-248. doi:10.1007/s10584-011-0092-y

R Development Core Team, 2014. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.

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

Rollins, M.G., 2009. LANDFIRE: a nationally consistent vegetation, wildland fire, and fuel
assessment. International Journal of Wildland Fire 18, 235-249.

25



Sanderson, E.W., Jaiteh, M., Levy, M.A., Redford, K.H., Wannebo, A.V., Woolmer, G., 2002.
The human footprint and the last of the wild. Bioscience 52, 891-904.

Tallis, H., Ferdafa, Z., Gray, E., 2008. Linking terrestrial and marine conservation planning and
threats analysis. Conservation Biology 22, 120-30.
doi:10.1111/j.1523-1739.2007.00861.x

Thackway, R., Lesslie, R., 2006. Reporting vegetation condition using the Vegetation Assets,
States and Transitions (VAST) framework. Ecological Management & Restoration 7,
S53-S62. doi:10.1111/j.1442-8903.2006.00292.x

Tulloch, A.L.T., Tulloch, V.J.D., Evans, M.C., Mills, M., 2014. The Value of Using Feasibility
Models in Systematic Conservation Planning to Predict Landholder Management Uptake.
Conservation Biology 28, 1462-1473. doi:10.1111/cobi.12403

Tulloch, V.J.D., Possingham, H.P., Visconti, P., Halpern, B.S., Watson, J.E.M., Evans, M.C.,
Auerbach, N.A., Barnes, M., Beger, M., Chades, 1., Giakoumi, S., McDonald-Madden,
E., Murray, N.J., Ringma, J., Tulloch, A.I.T., 2015. Why do we map threats? Linking
threat mapping with actions to make good decisions for biodiversity conservation.
Frontiers in Ecology and the Environment 13, 91-99. doi:10.1890/140022

Watson, A., Judd, S., Watson, J., Lam, A., Mackenzie, D., 2008. The Extraordinary Nature of the
Great Western Woodlands. Wilderness Society of W.A.

Wilson, K.A., Carwardine, J., Possingham, H.P., 2009. Setting Conservation Priorities. Year in
Ecology and Conservation Biology 2009 1162, 237—264.
doi:10.1111/j.1749-6632.2009.04149.x

Wilson, K.A., Meijaard, E., Drummond, S., Grantham, H.S., Boitani, L., Catullo, G., Christie, L.,
Dennis, R., Dutton, I., Falcucci, A., Maiorano, L., Possingham, H.P., Rondinini, C.,
Turner, W.R., Venter, O., Watts, M., 2010. Conserving biodiversity in production
landscapes. Ecological Applications 20, 1721-1732. doi:10.1890/09-1051.1

Wilson, K.A., Underwood, E.C., Morrison, S.A., Klausmeyer, K.R., Murdoch, W.W., Reyers,
B., Wardell-Johnson, G., Marquet, P.A., Rundel, P.W., McBride, M.F., Pressey, R.L.,
Bode, M., Hoekstra, J.M., Andelman, S., Looker, M., Rondinini, C., Kareiva, P., Shaw,
M.R., Possingham, H.P., 2007. Conserving biodiversity efficiently: What to do, where,
and when. Plos Biology 5, 1850-1861.

26



