Appendix A
Model Description
1
MODEL DESIGN

The following sections outline the model of forest concessions used in this study, using the ODD protocol 


(Grimm et al. 2006, Grimm et al. 2010) ADDIN EN.CITE .

1.1
Purpose

This model is intended to investigate the economic impacts on concession holders, and environmental impacts on the land cut within the concession, of increased effort into monitoring and sanctioning operations.

1.2
State variables and scales
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Figure A.1: Model actors and actions.  Solid lines indicate actions; dashed lines indicate information flow.
The model includes three main components: (1) a forest patch, (2) a logging concession-holder agent with rights to cut trees in the patch and (3) a monitor agent, representing government or independent efforts to observe cutting infractions and levy fines (Figure A.1).
The forest patch consists of discrete cells. Each grid cell in the forest patch contains a volume of legal timber (LT), a volume of illegal timber (IT), and may contain a road (Figure A.2); these constitute the three state variables for the forest.  IT can be broadly interpreted to include trees of protected species, of insufficient diameter, and for areas where only IT is present, trees in areas where cutting is not permitted.

The concession holder pays to build roads, to cut timber, and pays when fines are levied for cutting illegal timber; revenue is earned by cutting both LT and IT.  While not strictly a state variable, the net earnings for cutting LT is a relevant variable for the concession holder, as it is used to make the decision between meeting capacity by cutting LT or cutting IT local to the road (see cutting sub-model).  The concession holder also maintains a list of grid cells for which it has observed volumes of LT and IT.  As well, in the case of random spot monitoring, it maintains a count of the number of times it has cut IT and the number of times fines have been levied, from which the likelihood of being sanctioned is calculated.  Also in the case of random spot monitoring, the monitor maintains a list of grid cells for which it has observed volumes of IT.

There are two spatial scales of relevance in this model: 1) the scale of the forest patch, an area of 1600ha, over which concession holders survey random locations and choose the most valuable locations toward which to build roads, and over which the monitor observes illegal cutting, and; 2) the areas close enough to roads to cut, over which on cutting days the concession holder chooses between meeting capacity with LT, or instead cutting IT where it is close to the established road.
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Figure A.2: Typical road and deforestation pattern over the same model patch (4km x 4km) under conditions of A) no monitoring and B) strict monitoring of illegal cutting.  Brown lines depict roads, while the green shading indicates potential revenue for the logging company; the darker shades in B) reflect the lower expected return from cutting illegal timber due to strong sanctions.  The road network in (B) is denser, with lower average distance of forest grid cells to the nearest road.
1.3
Process Overview and Scheduling

In the model, the concession holder and monitor act on a forest space representing the area allocated for cutting in a single year (Figure A.1); there are k cutting days in each year.  The concession holder has a defined capacity Vcap that can be cut from the space, and this capacity is spread evenly across k cutting days into Vcap,k; between cutting days the concession holder builds the necessary roads to access timber of interest.  On each cutting day the monitor has the opportunity to observe cutting and administer fines.  This monitoring occurs in one of two ways: 1) a random spot monitoring approach, analogous to the idea of the monitor visiting a set of randomly-selected locations within the site and checking tree stumps, and 2) a checkpoint monitoring approach, analogous to a monitor waiting at a roadside checkpoint and inspecting timber loads leaving the site at the end of each cutting day.  Each year the concession holder moves to a new forest patch; the knowledge that the concession holder and monitor have about the patch is reinitialized, although the concession holder’s accumulated wealth and expectation for the rate of sanctioning is preserved.  In pseudo-code, the set of model processes is as follows:

FOR all timesteps t
IF (mod (t, k) == 0) (meaning it is the beginning of a new year)

· Initialize new forest space

· Concession holder performs initial survey

END (IF)
· Concession holder builds roads necessary to cut up to Vcap,k of LT

· Concession holder cuts LT (and possibly IT) local to built roads

· Monitor surveys cutting, either through 1) spot or 2) checkpoint monitoring, and 
administers fines

END (FOR)
1.4
Design Concepts

1.4.1
Emergence

The aggregate features of the forest standing biomass, the road network, and the profitability of cutting emerge in this model from the individual decisions by the concession holder to build road segments and cut trees, and by the monitor to sanction observed illegal cutting.

1.4.2
Adaptation

By observing how often their cutting of IT is sanctioned (in the case of random spot monitoring), the concession holder learns the expected sanctioning rate; in the case of checkpoint monitoring, in this simulation, the concession holder is aware of the likelihood of being caught and there is no learning.  The development of a net revenue estimate for cutting LT also informs the concession holders decision of when to fill capacity with LT and when to choose to cut IT.

1.4.3
Prediction

The calculation of expected sanctioning rates and average net earnings by the concession holder imply an expectation that future conditions will continue to reflect observed conditions (which is true for this model).

1.4.4
Sensing

Both the concession holder and the monitor (in the case of random spot monitoring) are given an opportunity to survey the forest space.  Additionally, previously unobserved cells encountered while building roads are observable by the concession holder.  Knowledge of the volumes of IT and LT in the forest spaces guide concession holder decisions to cut, and the decisions by the monitor to levy fines.

1.4.5
Interactions

The levying of fines on the concession holder for cutting IT is the only interaction between agents in this model.

1.4.6
Stochasticity

Tree volume in the cells in the forest space is derived stochastically according the relationship in section 1.5.  The cells surveyed by the concession holder, and monitored in the random spot monitoring, are chosen randomly.  Additionally, whether IT is discovered or not during the checkpoint monitoring process is decided probabilistically by comparing a random number to a likelihood of being caught that is proportional to the amount of IT cut during the current cutting day.  

The use of random numbers in these instances substitutes for specific causal processes of tree growth and dispersal, for any specific process of choosing sites for inspection by either the concession holder or monitor, and for any particular techniques the monitor may employ to discern illegal cutting in the checkpoint monitoring case.

1.4.7
Observation

Economic and environmental outcomes are observed in the model by calculating the net wealth and average return on cutting, in the case of the concession holder, and by calculating the fraction of initial LT and IT standing, the fraction of the space that has been paved, the number of road branching points, and the average distance of a given cell in the forest space to a road, in the case of the environmental variables for the forest.

1.5
Initialization

The forest space is initialized at the beginning of the simulation and at every k time step, indicating the passage of a year and the move to a new patch of forest. Surveys of the forest patch by the concession holder and monitor are reinitialized every k time-steps, but other knowledge (expected sanction rate, wealth, etc.) are preserved in the new patch.

Each patch is modeled as an 81 x 81 grid of cells ¼ hectare in size, for a total space of 1600ha, a typical area allotted for cutting within a single year in a concession (Kieffer 2004).  The distribution of trees is drawn from the power distribution:
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where Vx,ij is the volume in m3 of timber of type x (IT or LT) in grid cell ij, Vx,0 is the nominal volume of timber of type x in any given cell, U[0,1] is a uniform distribution between 0 and 1, and ( is a scalar, set in these experiments to 2.5.  The resulting distribution is smoothed using a kernel smoothing with a radius of 5 grid cells, and weighting such that:
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where wd is the weight given to the contribution of grid cells that are a distance d cells away from the cell being smoothed.  The resulting smoothed distribution departs from a true power distribution (Figure A.3) but captures qualitatively the features of real forest patches that i) trees of economic value are often sparsely distributed, while at the same time ii) there is some spatial autocorrelation of biomass (McMahon 1973, Enquist et al. 1999).  Trees do not grow in the simulation, since over the relatively short period of the concession (15 years, renewable once) the re-growth of trees is not economically relevant and the concession holder acts more as a miner of natural resources than a harvester. 
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Figure A.3: Distribution of biomass in a typical patch in the simulation.

1.6
Input
The set of constraining parameters and inputs to model experiments is described in the list of model parameters (Appendix B) and the introduction to the model results (Main Article).
1.7
Submodels
The model incorporates five important decision making processes by the two model agents: the concession holder carries out land surveying, road building, timber cutting, while the monitor carries out either random spot monitoring or checkpoint monitoring.

1.7.1
Land Surveying

A selection of cells equal to the area fsurv of the cells in the current forest patch is drawn using a uniform random distribution; the concession holder then knows information on the volume of LT and IT in each of these cells.  This survey is carried out at the beginning of each year, when a new forest patch is initialized.
1.7.2
Road Building

The road building algorithm is inspired by personal communications with foresters and independent monitors, and available reporting (e.g., FAO 1997) which indicate that minor roads cut in the concessions are motivated by the location of specific high-value trees or areas, but are not planned using sophisticated optimization algorithms.  

The concession holder sorts the list of surveyed sites in order of decreasing volume of LT, such that (xLT,1, yLT,1 ) indicates the coordinates of the cell with the highest LT volume.  If there is not currently a road that allows access to (xLT,1, yLT,1 ), a road is then built that spans the shortest distance between the pre-existing road network and the farthest cell from which (xLT,1, yLT,1 ) can be accessed, noting that timber can be dragged a distance of ddrag to the nearest road.  By building this road, the concession holder gains access to all LT within a distance of ddrag of the entire road built, and observations of all cells within a distance of ddrag of the road built are added to the list of observations, which is then re-sorted.  The concession holder then continues down the ordered list of grid cells, building roads where necessary until there is access to at least Vcap,k of LT to cut.
1.7.3
Timber Cutting

The concession holder sorts the list of cells that can be accessed by the current road network in order of decreasing volume of LT, such that (xLT,1, yLT,1 ) indicates the coordinates of the cell with the highest LT volume; the concession holder then moves down the list, cutting until Vcap,k of timber has been cut.  In each cell, the concession holder first cuts LT, and then makes the following decision: if it would be more profitable, on average, to continue to the cell with the next lower LT, only cutting LT, it does so; however, if it is worthwhile to cut the IT that is also in the current cell, then this IT is cut.  Because the costs of reaching this cell have already been paid, the marginal access costs for IT in the cell are 0, while the average return on LT incorporates road costs, so that depending on the expected sanction to be paid there are circumstances under which (given the concession holder’s expectation) it is worthwhile to cut IT.  Specifically, IT is cut whenever
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where EIT,ij is the expected return from cutting IT in the cell (i, j) and ELT,avg is the average return for cutting LT, which incorporates cutting costs associated with cutting LT as well as all road-building costs.  The estimation of EIT,ij is different under each of the two monitoring regimes, random spot and checkpoint monitoring.  

Under random spot monitoring, it is given by
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where RIT,ij is the revenue, CL,IT,ij is the labor cost associated with cutting the volume VIT,ij of IT, nfines and ncuts,IT are the number of times fines were levied and the number of times IT was cut, FIT is the unit fine per m3 of IT cut, and VIT,ij is the volume of IT cut in m3.  With this monitoring method, EIT,ij will be less than ELT,avg for all (i, j), or not, for all (i, j).  

Under checkpoint monitoring, EIT, ij is given by 
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where pIT,max is the maximum probability that an infraction is detected (i.e., when the entire cut on the current day is IT and no LT), VIT,cut is the volume of IT cut up to this point on cutting day k, and (R,IT,ij reflects the extent to which cutting IT in the current cell would shift the likelihood of being caught (and thus lead to sanctions being levied against all IT in the load), given by
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where VLT,cut indicates the total LT cut to this point on the current cutting day and incorporates VLT,ij.  Under this regime, whether IT in a particular cell will be cut depends on how much IT has already been cut, relative to how much LT has been cut, and will be different depending on the cell and what has previously been done.

1.7.4
Random Spot Monitoring

This approach is analogous to random site visits by the monitor, where areas within the site are selected and trunks and tree stumps are inspected (REM 2010).  The monitor selects a random fraction of cells equal to the fraction fsurv, enf of all cells in the forest patch, with all cells equally likely to be selected, and records VIT,ij for all cells (i, j) in this set, adding to a list of previous observations.  The monitor then sorts the list of observations in order of decreasing VIT,ij and, starting from the top of the list, revisits a set of cells equal to the fraction fmon, enf of all cells in the forest patch to monitor them again (i.e., the monitor focuses on ‘hotspots’ where there is significant IT present). Where the monitor has recorded VIT,ij on a previous day and where the current VIT,ij is less than that value, the monitor levies a fine equal to 
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1.7.5
Checkpoint Monitoring

This approach is analogous to the inspection of timber leaving the site on trucks at the end of cutting days, at checkpoints along access roads (REM 2010).  At the end of the cutting day k, the monitor observes the volume of timber cut during the current cutting day and discovers the cutting of IT with probability proportional to the fraction of IT in the total volume of timber cut.  Specifically, a fine is levied if
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where U[0,1] is a number drawn from a uniform random distribution between 0 and 1.  If levied, the fine is given by
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