The Tragedy of the Commons
On completing this module, students are expected to be able to:
· Create quantitative models that combine natural and human systems. 
· Demonstrate the connections between human decision-making and resource availability.
· Compare different models of resource management in the context of sustainability.
In this lab activity, we will do some experiments with a simple STELLA model that simulates the parable of the tragedy of the commons. The basic idea of the model is that there is a village green with nice grass growing on it; the grass is open to everyone with no restrictions — anyone can graze their sheep there. The sheep eat the grass and convert the grass into milk, which is then sold at the market. The money from the sale of milk is then compared to the cost of maintaining and milking the sheep to figure out if there is a net profit or benefit. But the sheep consume the grass, which then has to grow back, and it can only grow back at a certain rate. The grazing area (the commons) has a maximum amount of grass that can possibly exist given the size of the area, so the growth of new grass is dependent on both that upper limit and the amount of grass present at any time. In addition, the amount of grass a sheep consumes is related to how much milk it can produce, so as the grass resource becomes depleted, the sheep will produce less and less milk, which will cut into the profits.
To build your model, consider the following information about your hypothetical sheep and grass. The field can hold a maximum of 1000 kg of grass at a time (this is also the starting value, since no one has grazed the field yet). Grass growth is linearly proportional to a fixed growth rate (0.2) and the current mass of grass, as well as to the fraction of ground (really mass) that has been made empty by grazing. Note that you will want to cast your grass growth flow equation such that no grass can grow when the field already contains 1000 kg of grass and no grass can grow when the field has become so overgrazed that the amount of grass has fallen to 0 kg. This does not require if-then-else logical statements, but is a little tricky, so if you cannot figure it out, consult with me.  
Our model will begin with no sheep and then add one sheep each day. The sheep eat the grass, and for every kilogram of grass they consume, they produce 0.4 liters of milk (this is a very rough approximation), which is sold at 10 dollars per liter. The total amount of grass a sheep eats is linearly proportional to how much grass exists in the field at any given time. When the grass is at its maximum extent (1000 kg), each sheep can consume 5 kilograms of grass per day, and this ratio of consumption to total grass mass holds true at lower levels of grass. For example, if there were 900 kg of grass available, each sheep would be able to consume 5 kg of grass per day * 900 kg/1000 kg = 4.5 kg of grass per day. For the purposes of our model, we will assume that the sheep do just fine at lower levels of grass. In other words, we will not include in this model any sort of feedback that would cause the sheep to become malnourished or die as the amount of grass declines.  
If we examine the values above, we find that each sheep could produce 2 liters of milk per day if the grass was at its maximum extent (0.4 L/kg grass consumed * 5 kg grass consumed = 2 L). Every sheep costs 0.5 dollars/day to milk and maintain, and these costs must be subtracted from the daily sales of milk to get the daily net profit from the whole field. 
Readings:
Hardin, Garrett. "The Tragedy of the Commons," Science 162, no. 3859 (1968): 1243–1248.
Exercises: Think about what your reservoirs and flows are, given what you have just read, and create your model. Pay particular attention to whether flows should be represented as uniflows or biflows. It may make sense to use a combination in this model, depending on which reservoir you are looking at. Once you have constructed your model, paste a copy of it in here so I can see what you have done.
1. Make predictions about what you think will happen to a) the mass of grass, b) daily milk production, and c) net daily profit over time as sheep are added to the field. While you may not be able to predict specific numerical values, think about the shapes of the curves for these quantities, and how the timing of changes in one reservoir will compare with changes in the others.
2. Now, let us see what happens as more and more sheep are allowed to graze the commons. Run your model for 150 days. 
Describe and graph changes in the mass of grass, daily milk production, and daily net profit over time. Include a copy of your graph (Note: consider whether the multi-scale feature of STELLA might be useful in this model). 
3. Explain the similarities and/or differences between the daily net profit and milk production curves — you may want to analyze other variables as you do this.
4. What happens to the Consumption per Sheep over time? Note: if you did not already create a converter to hold this value, do so now and run your model again. Which other variable does consumption per sheep most closely resemble? Why is this so?

5. At what number of sheep is the Daily Net Profit greatest?
Save your model.  Then save it again with a new name that appends the word permits on it. Now let us imagine that you are in charge of giving out grazing permits for the village commons and that you want to find the number of sheep that maximizes the profit from the land over the long term. Alter your model to include a limit on the maximum number of sheep such that, if you set the limit to, say, 50 sheep, then one new sheep will be added each day until 50 is reached, and then the number of sheep will remain constant from that time on. You are going to want to use a converter to hold the sheep limit so that you can do sensitivity analyses on the value.  Explain how you have modified your model to incorporate a limit in the number of sheep and paste in a copy of your model graphic. 
6. Based on the first part of the lab, what limit value do you expect will generate the most long-term profit? 
7. Carry out a sensitivity analysis with a range of limits for sheep (each time for 150 days) and plot your results on a comparative graph (see your previous exercises if you do not remember how to do this). Briefly describe your experiments and results, pasting your graphs in here as part of your analysis. What number of sheep results in the highest steady state daily net profit over the long term? What is the value of daily net profit at that limit?
8. Describe what happens to the mass of grass in the commons for your profit-maximizing scenario (include a graph in your answer). Do you consider this to be a sustainable outcome? Why or why not?
9. Was the profit-maximizing limit consistent with what you predicted in question 6? If not, use your model to explain why not. Note:  if you have not already done so, you should add a reservoir to your model that will allow you to sum up the total amount of money made over the model run and compare a run with unlimited sheep additions (the first model you made) to a run with your limit from question 8. When determining how to feed this reservoir, think carefully about whether the daily profits will always be positive or if they might become negative, as these will determine how you specify the inflow to the reservoir.
Now we explore a case where there is no outside manager setting a limit on the sheep, but where you as the farmer control the addition of new sheep based on your profits. If your profits for one day are greater than or equal to the previous day, then things are looking good and you add another sheep. But if the profits are lower than the previous day, you do not add any more sheep. Make changes to your model to reflect this new scenario. Note:  To do this, you will want to consult the STELLA help on the previous Built-in function and figure out how to apply it in your model. Also, save your modified model with a new name in case you want to go back to the previous model configuration. Paste a copy of your modified model in here so I can see what you have done and explain your modifications.
10. Do you predict that the steady state number of sheep will be higher or lower than in the previous (capped/limited) scenario? Why?
11. Run the model for 150 days. How does the steady state number of sheep here compare with your optimum number from question 7 (the previous model)?
12. Use your models to explain the difference in total long-term profit between the capped (number of sheep limited via permits) and profit-based (individual farmer decision) management approaches. Use at least three variables from the models in your explanation. 
Now we will treat this little economic model to an analysis like that applied to more complex models, by summing the profits over time and subjecting them to what economists call “discounting.” Recall from your InTeGrate reading that the discount rate is a percentage by which future profits are discounted so that the profits through time are comparable to the present time. 
Many economists use the 4% figure (plus or minus a bit) as a typical discount rate and assume that the economy will always grow at that rate.  In our little tragedy of commons model, however, the resource upon which the whole economic enterprise is based — the grass — has a finite area and maximum mass and a limited growth rate, so there are clearly some limits to the economic outputs from it. In other words, the notion of a discount rate is based on some assumptions about unlimited growth that may not always be reasonable. Nevertheless, we will throw caution to the wind and see what effects discounting might have on our model.
Adjust the model to 1) keep track of total, undiscounted profit over time, 2) discount the net profit at every time step, and 3) keep track of the sum of all discounted profits over time. The idea is that a sheep management model with the greatest summed, discounted profit is the best one in purely economic terms. We will be testing out various optimal levels of sheep, so you can remove the component of your model that adjusted sheep based on previous profit. In addition, you can get rid of the sheep change flow since we will just be doing sensitivity analyses on the total number of sheep (e.g. on the total sheep reservoir). Paste a copy of your modified model in here so I can see what you have done and explain your modifications.
13. With the discount rate at 4%, what number of sheep gives the greatest total discounted profit? (This number would be the optimum number from an economic standpoint.) How does this number compare with the number of sheep that gives the greatest total undiscounted profit? 
Make a graph to hold both your total discounted and your total undiscounted profits and run the model for just the number of sheep you identified as giving you the maximum discounted profit above. Paste the graph in here and the use the discounting equation to explain the difference in the shape of the graphs of the two outputs over time.
14. Now change the discount rate to 10% and find the optimum number of sheep based on total discounted profit. 
With this number of sheep, what is the milk production in terms of liters per day after 75 days? 
Use the discounting equation (and concepts) to explain your result. 
Is this a sustainable model?
15. Finally, ignore the discount rate and find the optimum number of sheep in terms not of profit, but of cumulative amount of milk from the commons.
16. If we want a sustainable system, do you recommend following a model that uses a discount rate on profits, or one based on finding the optimum steady state in terms of resources (i.e., grass) and products (i.e., milk)? Use at least two graphs from your lab to support your answer, and include the criteria that you’re using to determine “sustainability.”
17. There is great debate among climate change economists about which discount rate to use in analyses of the costs and benefits of any potential action to prevent future global warming. Given that we would pay the costs of any action in the near term and accrue the benefits in several decades (or longer), use what you have learned in this lab to briefly explain why the choice of discount rate is so important, and what would be the policy implications of choosing both a relatively high and relatively low rate.
18. The topic of this lab is quite different from the others we have done in this course. Reflect on two ways in which modeling this system was similar to other models you have built, and two ways in which it required you to think differently about modeling. 
[bookmark: _GoBack]19. Choose a part of the model that we have not experimented with much in this lab. Propose a hypothesis about the relationship between this part of the model and the sustainability of your commons, and describe the model experiments that you would run to test this hypothesis. 
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