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Abstract: Marxan is the worlds most widely used conservation planning software for solving complex planning problems in landscapes and seascapes. We describe an extension of this software called Marxan with Threat Probability which applies a site destruction approach to enhance the utility of the software to act as a decision support tool. Planners can utilize the optimization algorithm to minimize the sum of costs and connectivity costs of the configuration of planning units, subject to meeting the areal representation targets, and subject to meeting the threat avoidance targets. A planning unit configuration states which of the planning units is placed in a protected area network. 
An additional term for the Marxan objective function is required that predicts the probability a feature contained in a protected area network will be exposed to threatening processes. This probability is summed across all features to obtain a threat measure for the protected area network as a whole. Our objective is to minimise the probability that a feature in a protected area network will be exposed to threatening processes. Similarly, our objective is to maximise the probability that a feature in a protected area network will not be exposed to threatening processes.
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INTRODUCTION

The Marxan software and it's predecessors were designed to solve a variation of the minimum set reserve design problem (Cocks and Baird 1989; Moilanen et al. 2009) by using a simulated annealing algorithm to find good solutions to this intractably large problem (Kirkpatrick et al. 1983). Marxan has evolved over more than a decade, and is now used to solve a range of spatial prioritization problems beyond the selection of reserves (Ball et al. 2009). The original software aimed to minimize the sum of the site-specific costs and connectivity costs of the selected planning units, subject to the conservation features reaching predetermined targets in the reserve system (Watts et al. 2009). In this paper, we build upon this mathematical formulation to additionally meet explicit threat avoidance targets in the selection of planning units for inclusion in a protected area network.
The aim of the Marxan with Threat Probability software (Site destruction approach) is therefore to minimize the sum of costs and connectivity costs of the configuration of planning units, subject to meeting the areal representation targets, and subject to meeting the threat avoidance targets. A planning unit configuration states which of the planning units is placed in a protected area network.
The Marxan with Threat Probability software is available freely for download from the Marxan website in Marxan versions 2.43 and above. The Marxan website is located at http://www.uq.edu.au/marxan. Sample datasets illustrating the use of the software are available from the authors on request.

1. mathematical formulation of marxan with threat probability
1.1. Probabilistic treatment of threats
An additional term for the Marxan objective function is required that predicts the probability a feature contained in a protected area network will be exposed to threatening processes. This probability is summed across all features to obtain a threat measure for the protected area network as a whole. Our objective is to minimise the probability that a feature in a protected area network will be exposed to threatening processes. Similarly, our objective is to maximise the probability that a feature in a protected area network will not be exposed to threatening processes.

The planning unit dependent parameter, ppi, is the probability of planning unit i being exposed to a threatening process that destroys all feature value. From this probability, we derive the expected amount (or mean amount) of a feature contained in a protected area network (equation 1).
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Similarly, we derive the variance in the expected amount (or standard deviation) of a feature contained in a protected area network (equation 2):
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We compute the standard score (or Z-score) of a feature contained in a protected area network (equation 3):
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We assume the population is normally distributed, and thus determine the percentile rank from the standard score and statistical tables by applying a function probZUT (equation 4):
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The function probZUT applies statistical tables to compute a percentile rank from a standard score. The feature dependant parameter pfj is thus the estimated probability that the elements of feature j captured in the protected area network are not exposed to threatening processes.
1.2. The minimum representation problem
This is the Marxan with Threat Probability minimum representation problem, formally defined as (equation 5):

minimize 
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The feature dependant parameter tj is the areal representation target for feature j in the protected area network. Watts et al. 2009, uses a representation shortfall penalty equation in their equation 3 to implement the target constraint in the Marxan objective function (equation 6):
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(6)

The feature dependant parameter ptj is the threat avoidance target for feature j in the protected area network. The parameter ftw is referred to as the feature target weighting: it can be varied for more or less emphasis on target capture in reserve systems. We use a shortfall penalty equation to implement the threat avoidance target constraint in the Marxan objective function (equation 7):
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(7)

The parameter ppw is referred to as the planning unit probability weighting: it can be varied for more or less emphasis on threat avoidance in reserve systems. The shortfall penalty is zero if every feature j has met its threat avoidance target in a reserve system. It is greater than zero if the threat avoidance targets are not met, and gets larger as the gap between the threat avoidance target and the estimated probability of threat avoidance increases. The shortfall pstj is the gap between the percentile rank for feature j to not be exposed to threatening processes in our reserve network configuration, and the threat avoidance target for feature j in our reserve network configuration, and is given by: 
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. The Heaviside function, H(pstj), is a step function which takes a value of zero when 
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 and 1 otherwise. The Heaviside step function ensures the penalty for each feature becomes zero when the predicted probability of threat avoidance is greater than the threat avoidance target. The expression 
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 is a measure of the shortfall in achievement of the threat avoidance target for feature j. It equals 1 when the threat avoidance target for feature j is not met within the configuration and approaches 0 as the predicted probability of threat avoidance approaches the threat avoidance target. In other words, once we reach the threat avoidance target for a feature in a reserve network configuration, we stop trying to further increase its threat avoidance.

1.3. The objective function
Substituting equations 6 and 7 into equation 5 gives the objective function for Marxan with threat probability:
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Similarily as to Marxan described in Watts et al. 2009, Marxan with Threat Probability uses the simulated annealing algorithm (Kirkpatrick et al. 1983) to minimise the objective function score (equation (8)) by varying the control variables, xi, which tells which planning unit is in, or out, of the reserve system.

2. additional information requirements for marxan with threat probability

2.1. Planning Unit Probability Weighting
The Marxan input parameter file (input.dat) has an additional parameter called PROBABILITYWEIGHTING that indicates the relative emphasis on threat avoidance in reserve systems. This is ppw in equations 7 and 8, referred to as the planning unit probability weighting.
2.2. Probability of Threatening Processes Destroying Sites
The Marxan planning unit file (pu.dat) has an additional field called prob. This is ppi in equations 1 and 2, and it indicates the probability of planning unit i being exposed to a threatening process that destroys all feature value.
2.3. Threat Avoidance Targets
The Marxan species file (spec.dat) has an additional field called ptarget1d. This is ptj in equations 5, 7 and 8 and it indicates the threat avoidance target for feature j in the protected area network.
3. additional output information generated by marxan with threat probability

3.1. Missing Values file
The Marxan missing values file has 8 additional fields compared to the previous versions of Marxan. The 8 additional fields are defined below;
	Field Name
	Description
	Equation

	ptarget1d
	Threat avoidance target, as specified by the user in spec.dat    
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	EA1D
	Expected Amount    
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	VIEA1D
	Variance in Expected Amount    
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	Z1D
	The Standard Score or Z-score
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	rawP1D
	Probability of feature capture as returned by probZUT    
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	heavisideSF1D
	Binary value for the Heaviside function    
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	shortfallP1D
	Shortfall in the probability (ptarget1d - rawP1D)
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	P1D
	Probability term of the objective function for this feature    
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4. CASE STUDY: minimizing the impact of large-scale coral bleaching events on a reserve system for the Great Barrier Reef, Australia
4.1. Problem definition
Game et al. 2008 used a pre release version of the Marxan with Threat Probability software to solve the problem of minimizing the impact of large-scale coral bleaching events on a reserve system for the Great Barrier Reef, Australia. We briefly summarise the problem definition here for purposes of illustrating a case study of the enhanced software and refer readers to Game et al. 2008 for a complete description of the study.
4.2. Conservation targets and costs

The Great Barrier Reef contains 30 distinct reef bioregions based on biophysical data, species distribution, and expert opinion. The bioregions are sufficiently distinct from their surroundings to represent animal and plant assemblages and physical features, and 20% of the area of each bioregion was targeted for inclusion in no-take reserves. The cost of including each reef in a reserve network is a weighted function of the area of each reef, assumed to reflect the cost to society of protecting that resource, and an estimate of the loss of commercial fishing revenue.
4.3. Bleaching risk assessment

The likely condition of each reef in the year 2100 in the context of catastrophic coral bleaching events due to elevated water temperatures is defined here as the mean probability of sea surface temperature exceeding 28 degrees celcius in at least one year prior to 2100. This risk of catastrophic coral bleaching is considered to be conservative and is used for ppi, the probability of planning unit i being exposed to a threatening process that destroys all feature value.
4.4. Results

Considering the threat of catastrophic events as part of the reserve design problem makes it possible to substantially improve the likely persistence of conservation features within reserve networks for a negligible increase in cost. Specifically, it was found that a 2% increase in overall reserve cost was enough to improve the long-run performance of our reserve network by 60%. This very dramatic finding highlights the utility of the enhanced software for conservation planning in the face of climate change.
[image: image28.emf]
FIG. 1. (a) Mean annual probability (present through to 2100) of catastrophic bleaching events occurring on coral reefs in the

northern section of the Great Barrier Reef (GBR). (b) Change in conservation priority for coral reefs on the northern GBR when the risk of catastrophic bleaching is considered during conservation planning.

5. DISCUSSION and Conclusions
This software extends the utility of Marxan to solve a range of new problems where probabilistic threat information for sites is available. The case study illustrated in Game et al. 2008 illustrates how the enhanced software has potential for being an important tool for conservation planning in the face of climate change.
Furthermore, the authors are extending this conceptual approach to another variant of the Marxan software; Marxan with Species Probability software (Habitat modelling approach). With the habitat modelling approach, planners can directly incorporate probabilistic species distributions into the objective function framework.

A pre-release version of this habitat modelling approach software shows promise for solving a range of additional problems relating to conservation planning in the face of climate change. It has been used by Carvalho et al. 2011 to analyze how uncertainty in distributions of Iberian herptiles affect decisions about resource allocation for conservation in space and time. Sets of sites robust to uncertainty in global warming could be identified for conservation, and species that require extra investment in light of this uncertainty could also be identified. Furthermore, scenario analysis coupled with return on investment analysis was found to give more efficient conservation investments than investment in a "worst case scenario" option.
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