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The containing and sustaining ecosystem: the WHOLE
The economic system is a subsystem of the global subsystem and one of the major goals of ecological economics is to determine when the benefits of continued growth in the economic subsystem are outweighed by the increasing opportunity costs of encroaching on the sustaining ecosystem. 
In addition to determining when economic growth becomes uneconomic, ecological economists must provide the policies necessary to keep the economy within its ‘optimal’ size range! This document starts with the divisions demanded for understanding scarce resources (biotic & abiotic, stock-flow & fund-services, rival-nonrival, excludable & non-excludable. 

Stock-flow and fund-service
In the academic literature, there are many distinct definitions for stocks, flows, funds and services. To make it clear we are discussing the specific definitions given here. Future references will be to stock-flow and fund-service resources
Stock-flow resources
· Are materially transformed into what they produce (material cause)
· Can be used at virtually any rate desired (subject to the availability of fund-service resources required for the transformation), and their productivity is measured by the number of physical units of the product into which they are transformed
· Can be stock-piled
· Are used up, not worn out
Fund-service resources: 
· Are not materially transformed into what they produce (efficient cause)
· Can only be used at a given rate, and their productivity is measured as output per unit of time
· Cannot be stock-piled
· Are worn-out, not used up

Excludable & Non-excludable
Excludability is the legal concept that, when enforced, allows an owner to prevent others from using his or her asset. 
Examples
Excludable: Ownership of a bicycle, land: An excludable resource is one whose ownership allow the owner to use it while simultaneously denying others that privilege

Non-excludable: A street-light, protection from UV-Light radiation. If there is no feasible institution or technology that could allow one person to deny all other access, we are speaking of a nonexcludable resource. 

Rival and non-rival resources

Rivalness is an inherent characteristic of certain resources whereby consumption or use by another person reduces the amount available for everyone else. A rival resource is one whose use by one person precludes its use by another person. 
Examples
Rival resources: A pizza (a stock-flow resource) is clearly rival, because if you eat it, it is no longer available for me to eat! A bicycle (a fund-service resource that provides the service of transportation) is also rival because it is worn-out
Non-rivalness: A non-rival resource is one whose use by one person does not affect its use by another: again, the street-light is a good example. If I use the ozone layer to protect from skin-cancer, there is just s match left for you to use for the same purpose. Of course, my use of chlorofuorocarbons may reduce the ozone for both of us but depletion does not come upon usage for some purpose. 
Observation: All stock-flow resources are rival and all non-rival goods are a fund-service. 
Goods and services provided by the sustaining system: 
Clearly, earth supplies an abundance and of abundantly (due to interaction, perhaps) complex resources but we pick eight to describe their fundamental importance to economic policy. 
· ABIOTIC RESOURCES
1. Fossil fuels. For practical purposes, fossil fuels are a nonrenewable source of low-entropy energy. They are also very important as material building blocks
2. Minerals. The earth provides fixed stocks of the basic elements in varying combinations and degrees of purity, which we will refer to hereafter simply as minerals. This is the raw material on which all economic activity and life itself ultimately depends. Rocks in which specific minerals are found in relatively pure from we refer to as specific minerals are found in relatively pure form we refer to as ores. Ores in which minerals are highly concentrated are a nonrenewable source of low-entropy matter. We will refer to mineral resources and fossil fuels together as nonrenewable resources and the first five goods and services in this list as abiotic resources
3. Water. The Earth provides a fixed stock of water, of which fresh water is only a miniscule fraction. All life on earth depends on water and human life depends on fresh water
4. Land. The earth provides a physical structure to support us that is capable of capturing the solar radiation and the rain that falls upon it. Land as a physical structure, a substrate, or a site has economic properties unrelated to the productivity of the soil, and is thus distinct from land as a source of nutrients and minerals. To capture this distinction, we will refer to land as a physical structure and location as Ricardian land. The quantity and quality of soil available on a given peace of Ricardian land will be grouped with minerals discussed below
5. Solar energy. The sustaining system provides solar energy, the ultimate source of low-entropy upon which the entire system depends
· BIOTIC RESOURCES
6. Renewable resources. Life is able to harness solar energy to organize water and basic elements into more useful structures (from the human perspective) that we can use as raw materials in the economic process. Only photosynthesizing organisms are capable of achieving this directly, and virtually all other organisms, including humans, depend on these primary producers. These biological resources are traditionally referred to as renewable resources but they are only renewable if extracted more slowly that the rate at which they produce. Clearly species can be exploited to extinction, so as we shall see, biological resources are exhaustible in a way that mineral resources are not. 
7. Ecosystem services. Living species interact to create complex ecosystems and those ecosystems generate ecosystem functions. When functions are of use to humans, we refer to them as ecosystem services. Many of these ecosystem services are essential to our survival
8. Waste absorption. Ecosystems process waste, render it harmless to humans, and, in most cases, again make it available to referred renewable resource stocks as new raw material input. This is really a specific type of ecosystem service, but one whose economic characteristics make it worth classifying on its own!

Abiotic resources
Abiotic resources are fundamentally different from each other, and it is the their even greater dissimilarity from biotic resources that binds them together. Perhaps their most important distinction is that biotic resource are simultaneously stock-flow and fund-service resources that are self-renewing, but human activities can affect their capacity to renew. Abiotic resources are either non-renewable (fossil-fuels) or virtually indestructible (everything else)
Grouping attempted: Fossil fuels and mineral resources are grouped together under the classification of: “non-renewables. Grouping failure: energy from fossil-fuels cannot be recycled while minerals, at least partially, can. Water is the most difficult to classify because of its many uses. Sometimes it’s like mineral resources (used up-then degraded\less useful) while at others (rivers, lakes & streams) it is more similar to biotic resources. 
FOSSI FUELS
In 1995 fossil fuels accounted for 85% of our global energy needs: 
Crude oil: 38%, Coal: 25%, Gas: 22%
We normally deal with only recoverable reserves for such a discussion, which can be defined as: those for which total extraction costs are less than sales revenues. However fossil fuel prices fluctuate widely! So, another definition, using entropic terms, would be useful: a hydrocarbon is recoverable if there us a net energy gain from extraction, that is: it takes less than a barrel of oil to recover a barrel of oil. This measure must include all the energy costs, including those of exploration, machinery, transportation, decommissioning and so on. While technological change can reduce these, there is a certain irreducible limit to the energy costs of extracting fossil fuels. It takes 9. 8 joules of energy to life 1Kilogram 1 meter and no amount of technology can change that!
On the one hand such energy constraint might be cheaper with new technology, but on the other, the quantity and quality of left reserves might make depending on them, an unfeasible path in the future at a point that cannot be defined. 
Still, under wither the economic or the entropic definition the ‘recoverable’ part of the recoverable reserves, might change among countries and companies, with frequent changes often based on political or economic motives. 
Of course, meaningful extraction is one component of the debate of use of fossil fuels. Used fuel does not disappear, it must return to the ecosystem as waste: acid rain, global warming, carbon monoxide, heat pollution, and oil spills are unavoidably associated with the use of fossil fuels. If waste products from fossil fuels diminish the ability of the ecosystem to capture energy the indirect costs might be even greater than the direct ones mentioned above. However, these are difficult to measure and, sadly, ignored. 
The rea; equation should be: 
Net Recoverable Energy From Oil = (Initial total stock of entropically recoverable reserves)
				--- (Energy cost of extraction)
				--- (loss of solar energy due to loss of capacity to capture)
				--- (cost of disasters brought on by oil returning as waste)

Points made: 
1. Once fossil fuels are used, they are gone forever – they are rival goods
2. While fossil fuel stocks are finite, they are stock-flow resource that can be extracted at a set rate… and we got to regulate\manipulate throughput
3. Current population depends on them for survival: not only energy; fertilizers, herbicides, pesticides feed 6 bn people
4. It is uncertain that we can exchange them with renewables before the negative impacts force us to, or before the resources re depleted
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MINERAL RESOURCES

Minerals resources are typically grouped together with fossil fuels in economics textbooks and labelled non-renewable resources. However, there are differences
But let’s start from similarities They are treated like stock-flows, their total stock is finite and, according to the first law of thermodynamics, this imposes a physical limit on their contribution to the material growth of the economy Again It is feasible that technology, like a solar-powered machine that extracts ores, decreases extraction and\or processing costs
As in fossil fuels total stock is not actually known but geologist can assign reasonable probabilities to different estimates. As in fossil fuels there is degree of purity which plays the role of entropy measure as low-entropy fuels are preferred all others, including easiness and cheapness to extract, constant. 
Now to the differences: For minerals resources it’s easier to create substitutes. Although we have already developed some substitutes it is still unimaginable to create substitutes for all minerals in order to sustain existing populations or levels of economic production in the absence of specific mineral resources. 
. Mineral deposits are sufficiently large and recycling has the potential to become sufficiently efficient (Using polymers from atmospheric CO2 we may be able to achieve 100% recycling) and with careful use, by minimizing waste and substituting where possible, we could sustain a steady state economy for a very long time. 
Also, mineral resources are considered as rival goods within a generation but partially nonrival goods between generations depending on how much is extracted and how much is wasted rather than recycled. (fossil fuels are rival in both cases). Then, we can control the level we extract but also the level we waste. 
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Eventually, stocks become scarcer, the costs of extraction become greater than the benefits and extraction ceases. With 100% recycling the two curves converge. The rate of increase in the aboveground stocks is equal to the net annual mineral extraction minus entropic dissipation; that is aboveground stocks are equal to minerals currently in use plus those that can be recycled




WATER
Earth is a water planet! Though the stock of water is finite, fully 70% of the earth’s surface is covered in water. Freshwater, however, is less abundant, accounting for less than 3% of the total, of which less than one third of 1% is in the form of readily exploitable lakes (0, 009%), rivers (0, 0001%), and accessible groundwater (0, 31%). Another 0, 01% is found in the atmosphere, 0, 31% is deep groundwater, and over 2% is in the polar ice caps and glaciers. Humans are composed mostly of water and in addition to drinking we depend on it for agriculture, industry, hydroelectricity, transportation, recreation, waste disposal and for sustaining the planet’s ecosystem services. Water for different uses has different relevant characteristics that make generalizations difficult. 
Water can be a stock-flow resource or a fund-service. Perhaps the best way to look at flowing water is to distinguish it from the hydrologic cycle; The water itself is a stock-flow resource that is rapidly renewed by the hydrologic cycle service (provided solar energy which is stored in the water). However, we store it in dams but that effect is limited and temporary. 
When used for transportation, recreation or sustaining all other ecosystems on the planet, water functions as a fund – service resource. Atmospheric moisture, as part of the hydrologic cycle, is essentially a fund-service resource. Like biotic resources, water can be stock-flow and fund-service simultaneously. Unlike biotic resources, however, humans cannot affect the total stock of water in the planet. We can, and do, reduce the stock of usable water, and while it is possible to restore the usability of water there are no substitutes available for its most important uses. 
That said, water as a stock-flow is rival, as a fund-service, non-rival and intergenerationally non-rival when considering the ever-going hydrologic cycle

RICARDIAN LAND
Ricardian land, land as physical substrate and location, distinct from its other productive qualities, is also a fund that provides the service of a substrate capable of supporting humans and our infrastructure, and of capturing solar energy and rain. (Ricardian land does not include soil and nutrients in the soil). 
A hectare of land may be capable of producing 1000 tons of wheat over 100 years, but one cannot produce the wheat from the same land in an appreciably shorter period, nor would it be possible to accumulate a land’s capacity as a substrate. 
The services provided by land are certainly excludable, and at any given point in time, they are also rival. For example, if used for farming, land provides the service of a substrate for crops. If one farmer uses that service, no one else can in the same time period. Economists often use the term ‘depletable’ as a synonym for ‘rival’ but I the case of land suggests that this is inappropriate. Using Ricardian land does not deplete it. While rival within a generation, it is intergenerationally nonrival and absolutely nondepletable

SOLAR ENERGY
Earth shines with 19 trillion tons of oil equivalent per year and it is non-rival and non-excludable but it is not easy to capture for and by humans. 
As fossil fuels run out, we will need an alternative source of low entropy to maintain our economy at its current level of thermodynamic disequilibrium. Global energy consumption is about 9 billion toe (tons of oil equivalent – burnt crude oil – per year). Biomass, hydroelectricity, wind, photovoltaics and wave\ocean thermal energy are all forms of solar energy we could potentially capture 
While solar energy will bathe the Earth in more energy than humans will ever use, for practical purposes it is a fund-service resource thar arrives at earth’s surface at a fixed rate and cannot be effectively stored for later use. As humans have negligible ability to directly allocate solar energy, the fact that it is essentially nonrival and non-excludable is not particularly important


BIOTIC RESOURCES
Biotic resources include the renewable resources upon which economic production and human life depend, the ecological services that create a habitat capable of supporting human life, and the absorption capacity that keeps us from suffocating in our own waste. As non-renewable resources are exhausted, human society will come to rely more and more on the self-renewing capacity of biotic resources. It is therefore critically important that we understand the nature of these resources. 
The basic difference lies in complexity and unpredictability: 
Ecosystem structure, the subject of natural resource economics, is about the processes responsible for the sustained reproduction of individuals, population and species are highly complex and poorly understood. What scientists have learned is that when enough separate elements are thrown together, form a complex system where emergent phenomena and nonlinear behaviors occur. When removing 40% of the population of such a system is the effect of removing 20% doubled. 
The subject of environmental economics, deals with ecosystem function where populations and species interact with other individuals, populations and species, as well as abiotic resources to create an ecosystem. Ecosystems are extraordinarily complex and dynamic changing over time in inherently unpredictable ways. Ecosystems, the whole as compared to the sum of parts is much more as seen in the ecosystem functions produced. For example: energy transfer, nutrient cycling, gas regulation, climate regulation and hydrologic cycle. 
And it is more uncertain as it is more: Estimating stocks of natural resources, or reproductive rates for cultivating species is basically a question of risk (a quantifiable expected value of outcomes with probabilities). Estimating reproductive rates of wild species is a question of uncertainty, since we cannot accurately predict the multitude of factors that affect these reproduction rates. Estimating ecological threshold, conditions beyond which ecosystems may flip into alternative states, is a question of pure uncertainty, or ignorance. (partly because it also has to account for evolutionary and technological change)
An example will illustrate the interdependency of ecosystem structure and functions: 
The amazon forest canopy filters about 98% of the sunlight at ground level reducing daytime temperatures. It traps air and insulates increasing night temperatures & It maintains high & constant humidity (created by evapotranspiration and tropical storms which are 50% generated by itself in the case of amazon). Trees absorb the energy of tropical storm, aerate the soil to allow water absorption and slow water flows – all of which prevent soil and nutrients from being washed out of the system. Trees create the microclimate and habitat essential to the soil fauna that help recycle nutrients, facilitating their reabsorption by the system. In a global scale forests trap 90% of solar energy that strikes the canopies. Much of this is released through evapotranspiration and carried high up into the atmosphere, where it is carried into the temperate zones, helping stabilize the global climate. But the feedback loop can turn from positive to negative as for example some computer models predict. Deforestation of 50% of amazon could lead to no rainfall at all during parts of the year. The forest will enter a state of decline and also will be, then, susceptible to fires
RENEWABLE RESOURCES

For simplicity, we can treat biological resource as material stock-flow resources, that is, as elements of ecosystem structure, Like non-renewable resources biological stocks can be extracted as fast as humans desire, but they are capable of reproduction thus they can be studied through a maximum sustainable yield equilibrium as in the graph. 
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In the graph, X-axis depicts the stock, Y-axis depicts the flow
The 45o or X=Y line is the maximum rate at which we can harvest or Flow=Stock. Actual extraction must lie beneath this line. The curve shows the fast-following relationship: for every population of a resource, there is an associated average rate of population increase, and that increase represents a sustainable harvest that can be removed every year without affecting the base population. If we harvest at R this will reduce stock to S’’ and if a harvest at S’ will allow the stock to increase to R’’. 
Carrying capacity K acts as equilibrium where there is just enough food and habitat to maintain the existing population, and the rate of grow in biomass is zero or birth rates=death rates
. If the population is below it, abundant desirable places will be there for fish to lie their eggs and the population will grow in the next period. Or in the case of forest: if we clear some trees, light water and nutrients will be available for the remaining forest. Tha maximum yield thus happens at a specific stock-level!!!
The critical depensation (CD) or minimum viable population is a point where growth rate also equals zero. Below this point population enter into spontaneous decline and enters negative territory where new recruits are needed for the survival of the species. Note that we can still harvest but this will only lead the population to extinction even faster. 

A note on practice versus theory. while with careful study and census techniques we can assign reasonable probabilities, thus assessing risk, to population of resource stocks, there is uncertainty in the flows due to reproduction rates being affected by numerous external factors; human impact included. Even carrying capacity deviates from the mean enough to cause problems to researchers. 

ECOSYSTEM SERVICES

An ecosystem service is an economic function that has value to humans, Here too lies a lot of uncertainty: before 1970s most people were unaware that the ozone layer played a critical role in making our planet habitable. If we also take into account the tightly interlocking nature of ecosystems, it’s safe to say that humans benefit in some way from almost any ecosystem function. 
The main differences among ecosystem stock-flows and ecosystem services are pointed out with examples. A stock of trees can be harvested at any rate chosen by humans and also stockpiled and used at any rate. Also, if you use timber to create a chair the timber will be embodied in it. On the other hand. you cannot control the flow of an ecosystem service of, say, climate stability nor is it embodied in produced crop. 
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Attention!: While flows are used up, ecosystem services can worn-out and there are no signs of when and why that might happen. We can say with reasonable confidence that the larger and healthier an ecosystem, the more services it is likely to generate but we are anthropocentric and value the ecosystem services produced to humans as more important. For example, an ecosystem service produces by a degraded forest near populated areas as more important to us than a pristine forest further away and Of course we are Ignorant and do not take into account the full effect at regional and global levels
Finally, ecosystem services have no substitutes and are non-rival, we all benefit without a zero-sum effect. Also, when we deplete a stock flow, due to the fact that it creates a fund which in turn creates ecosystem service, we degrade these services too. 

WASTE ABSORPION CAPACITY

Until now, with ecosystem services and renewable resources we covered the half part. The laws of thermodynamics ensure that raw materials once used by the economic system do not disappear but instead return to the ecosystem as high entropy waste. They also ensure that the process of producing useful (ordered) products also produces a more than compensating amount of disorder, or waste. 
Waste absorption capacity, as a fund-service, occurs at a fixed rate but amount of waste does occur at a rate we choose. 
The removal of ecosystem structure also affects the ability of the ecosystem to process waste. If we discharge waste beyond the ecosystem’s capacity to absorb it, we can reduce a rate at which an ecosystem can absorb waste, which makes the waste accumulate even more quickly. In time, the waste builds up will affect other ecosystem functions, though we cannot always predict which services will be affected and when
Extra point made about biotic resources: Since they have no substitutes, they have a particularly large impact on scale Their characteristics are summarized below: 
[image: ]


Market failures
Characteristics of market goods
Excludability
An excludable good is one for which exclusive ownership is possible; that is, a person or community must be able to use the good or service in question and prevent others from using it. Excludability is the result for institutions. 
Rivalness
A second characteristic that a good or service must have if it is to be efficiently produced and distributed by markets is rivalness. A rival good is one whose use by one person prohibits use of the same unit at the same time by another. Rivalness can be qualitative quantitative or spatial in nature. All stock-flow resources are quantitatively rival

Non-Rival but congestible
There are two types of non-rival goods: Congestible (full roads) and non-congestible (Ozone layer). Congestibility is an issue of scale – as scale increases, as the world becomes fuller, congestion leads some nonrival goods to acquire attributes of rival goods. 
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Public goods
Pure public goods (pure is emphatic) are both non-rival and non-excludable. As we move from individual demands to aggregation of all persons’ individual demands or social demand there arise problems. Consider the social demand for a forested park. It costs $100 million and society is willing to pay (preference) $150 million. Therefore, if everyone in the city contributed 2/3s as much money, building the park is worthy. But who is going to undertake that project? Would that be the private sector led by market forces? Assume a corporation builds the park, fences it and charges admission. Knowing that society values the park at $150 million and that in the city has 1 million residents, company decides to charge $15o for a lifetime pass to recoup investment. Problems arise: Not all people value the park the same. All those that value it less will not purchase the pass and investment is proves non-lucrative. Corporation faces a similar dilemma: if it charges entrance one dollar people will not use it as often\at all as if it were free. Thus its value to society would be less. 
Consider another example to demonstrate issues in the clash between markets and public goods. global society values (and the numbers are research produced) values ecosystem services of rainforest at $1660\hectare per year. A land-owner kicks of a sharecropper out of his land to produce soybeans that pay 150$ a year, The share cropper colonizes an hectare in the amazon, deforests it for timber to pay in order to fertilize in order to secure a revenue stream of 33$ a year from slash and burn farming. Now on aggregate paying the farmer anything between $150 (for less he would not accept) and $1660 (for more socially unworthy) would be of benefit. But no efficient allocation and/or institutions exist for all non-market goods especially when stakeholders are of different scope (individual, local, national, international, intergenerational). 
A third example comes from the price of information. Patents are, in essence, limited-time virtual monopolies of information. They are motivated by partially profits and partially by government transfers or subsidies. It was when they were after a drug for tuberculosis.  (70s-80s) when budgets were slashed and finally, they had to pay more after a second wave of casualties. 

Externalities

Another important type of market failure is known as an externality. An externality occurs when an activity or transaction by some parties causes an unintended loss or gain in welfare to another party, and no compensation for the change in welfare occurs. If the externality results in a loss of welfare it is a negative externality and if it results in a gain, it is a positive externality. The marginal external cost is the cost to society of a negative externality that results from one or more “unit” of activity by the agent. 
The classic example of a negative externality is that of Ronal Coase: a coal-fired utility plant that moves in next door to a laundry service that air-dries its wash!
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In the most widely cited article ever written on externalities, Coase argues that it doesn’t matter whether the utility is assigned the right to pollute or the laundry is assigned the right to clean air: equilibrium E is likely to be reached t. More on that later. 
Economic efficient demands that MNPB=MEC. Let’s assume initially that there are no laws preventing the coal-fired utility from polluting. The utility will produce until MNPB of additional pollution is zero, which occurs at point Pw
However, at pollution level Pw, the laundry service suffers very high costs from the soot – the area EWPW measures the net loss to society. The laundry service could increase its profits by paying the coal utility anything less than PWW to reduce pollution by one unit from point W. The coal utility will increase its profits as long as the laundry service pays it anything at all to reduce pollution (?). If the laundry pays the coal utility to reduce pollution to PB, there is still room for mutually beneficial exchanges. At this point, if the laundry pays any sum less than PbG it will benefit, and if the utility receives any amount greater than PbB it will benefit. The possibility for mutually beneficial exchanges (payments from the laundry service to the coal utility to reduce pollution) continues until we reach point E, where MNPB=MEC and we have achieved a socially efficient outcome in the absence of government intervention. The same result applies if the laundry has the right to clean air, and we start at pollution level Pn. In this case the coal utility will keep paying the laundry service for the right to pollute until reaching point E. 
A serious problem arises with the assumptions of the Coase’s theorem: 
No transaction costs: if pollution is created at a pin in the map but affects areas at a wider (than national) level transaction fees can be high and include legal fees, the cost of gathering information, located interested parties, the time and cost of bargaining and so on. High transaction costs could justify government intervention. When externalities affect future generation cost the cost is infinite
No wealth effects: A wealth effect example would occur if the laundry earns insufficient profits to pay the utility to decrease pollution and must go out of business when the utility is assigned the right to pollute. 
All economic production inevitably generates externalities. Indeed ‘externalities’ is a misnomer, since there is an unbreakable link (throughput) between resource depletion, production and waste emission, so these ‘externalities’ are actually 100% internal to the economic process. But imperfect information, uncertainty and ignorance are such ubiquitous obstacles to market efficiency that they can be considered market failures in their own right: how can we equate Marginal costs and Marginal benefits?

MISSING MARKETS

For a market to function optimally, everyone who would want to produce or consume the goods being marketed must be able to participate. For example, if the Mina Lisa were to be auctioned off and only people from Waco, Texas were allowed to participate, it might not fetch as high a price as it would on the international market. Yet the fact is that future generations to certain resources, such as the ecosystem responsible for generating life-support functions, are inalienable – much like human and political rights where entitlements are decided by efficiency criteria. 
As we deplete nonrenewable resources, we could invest a sufficient percentage of the profits in renewable substitutes. For renewable resources we could certify that we balance our harvest to reach and maintain at least the MSY level. 
Some extreme opinions may argue: What have future generations ever done for us? Neoclassical economists would most probably react. Yet they still allow for Intertemporal discounting to lead them astray from incorporating non-rival non-excludable goods into their theories and stick to ones for which market efficiency actually works. Their view of the future value of everything might well be based on the formula: 


…And, even when the formula is useful, the interest r is chosen with a narrow view of human value being equalized with self-interest. 
Aside from future generations markets fail even within a generation because they only balance supply (possibility) and demand (desirability), and they do so under a very restrictive range of assumptions. Among others: goods and resources must be both excludable and rival, market actors must be able to make transactions with zero costs (which would automatically eliminate most transactions), and people must have perfect information concerning all the costs and benefits of every good. 

Market failures and abiotic resources

Fossil fuels
Fossil duels are both rival and excludable, and thus can be allocated by market forces. If we ignored resource scarcity (or the future generations) and market failures, the optimal allocation of fossil fuels would simple be the intersection of the demand curve with the supply curve, where the supply curve would equal Marginal Extraction costs (MEX) as depicted in figure 11. 1. 
But that would be oversimplification. Second curve MEC in figure 11. 3 includes externalities and curve MUC includes user costs: 
User cost is the opportunity cost of nonavailablity of a natural resource at a future date that results from using up the resource today rather than keeping it in its natural state
Marginal user cost is the value of one more unit of the resource in its natural state. In a perfectly competitive economy, marginal user cist would in theory equal the price of a resource minus its marginal extraction cost. 
In simple terms a user cost is the value if not extracted. This value increases as the scarcity of the resource increase. However, here too, market failure allows for companies to profit just by paying for extraction costs. (ignoring MEC + MUC)
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More complexity arises since public bads, associated with fossil fuels, are produced at different levels
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Mineral resources

Mineral resources are also rival and excludable and amenable to market allocation. As in the case of fossil fuels, their production and consumption generate serious externalities. In fact, mining accounts for nearly half of all toxic emissions from industry in some countries, such as the US. As many of these negative externalities are less well known than those associated with fossil fuels use, we have summarized them in table 11. 2. 
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A basic difference though is that: 
Mineral resources, to the extent they can be recycled, are rival within a generation, but less so between generations. Thus, if mineral resources were efficiently recycled and had no negative externalities associated with their production and consumption, market allocation could be both intergenerationally efficient and intergenerationally fair. 
Prices and scarcity
How do we explain the major anomaly between empirical fact of falling prices of non-renewable resources and the theoretical prediction rising prices? Because prices do not reflect true scarcity
Consider the following facts: Oil discoveries peaked in 1962, production surpassed new discoveries in 1982, and consumption currently (2004) exceeds new discoveries by a factor of two to six. plus, we have been developing more complements than substitutes. 
While prices cannot effectively equilibrate unknown in-ground supply with demand, they can equilibrate the available aboveground supply with demand. Available aboveground supply is determined solely by the rate of extraction, which depends on known deposits, existing infrastructure and technology, as well as the resource owner’s decision of how much to extract. Hotelling suggested that a rational producer will limit current production to take advantage of higher prices in future years. However, if real prices are not increasing, the owner has no incentive to leave the fossil fuels in the ground, and would extract the resource as long as marginal extraction cost remains lower than the price, essentially ignoring MUC. 
Even if the producer ignores MUC, we would still expect MEC to increase. 
For economic reasons, the purest and easiest to mine resources will be mined first. And as we move on new discoveries are expected to mess with that order but the trend cannot be offset. If resource owners are optimists, they believe new discoveries will be made and substitutes invented. This means that their resource will not become scarce and its prices will not go up (and may even go down). Under such circumstances, it makes sense to extract the resources as fast as possible and invest the returns. If the resources are being extracted quickly, above ground supply is large and the price is low. This reduces the incentives for exploration and development of substitutes. The problem is that developing substitutes requires technology, technological advance requires time, and the less warning we have of impending resource exhaustion, the less time there is to develop substitutes. Perversely, then, in a world of optimists, the pessimist is most likely to be correct, and vice versa. 
Fresh water
Here we will address the water as a stock-flow resource. Specifically, we address the facts that water is 100% essential to human survival, that it has no substitute, and that water distribution systems generally show substantial economies of scale. 
Water, traditionally supplied by the public sector, is a rival good that can be made excludable under most circumstances and therefore technically amenable to market allocation. However, in the name of efficiency, that changes and that has indeed many pitfalls. 
When\Where water is abundant, we use it even for unimportant activities. However, since water is essential for survival when scarcer price becomes inelastic. (See diagram below)
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This situation leads to two very serious problems. 
‘Perfect ‘ market allocation of water could easily lead to circumstances in which a rich person could pay more to water a lawn than a poor family could pay to water the crops it needs to survive
Efficiency: Markets are rarely perfect, and, in the case of water, they are likely to be less perfect than the most. Providing water requires substantial infrastructure that would be very costly to duplicate. For that reason, it makes sense to have only one provider as in ‘a natural monopoly’ even when privatized. That provider knows that a 10% increase in price will lead to less than a 10% decrease in quantity demanded, leading to higher revenue and lower costs. Plus, end-users can’t get out of the market no matter how inefficient and expensive the provider is. Thus, the rational provider will lean to short-term profits rather and delay needed improvements to the infrastructure. In the end, without competition to drive down prices and no regulation to control costs, the private sector might be less efficient than the public sector, as well as less just. 
Ricardian Land
Ricardian land is land simply as a physical space capable of capturing sunshine and rainfall, and not the various productive qualities inherent to the land itself. these- like soil fertility- are classed as ecosystem services. Within a generation, Ricardian land is both rival and excludable, and hence can be allocated by markets. Between generations, it is non-rival, which suggests the market allocation of land might meet the criterion for both efficiency within a generation and fairness between generations. 
Before we reach that conclusion, however we must ask: what is that make Ricardian land valuable and thus pinpoint market failures. Land throughout the ages, gained value by people proximity and site connectivity. Government projects like roads and highways may sky rocket the price of land and another government action like marking the land as a protected habitat take away a large chunk of its price (true story). Still there are many investors that seek to purchase Ricardian land for speculative purposes, adding complexity to the price itself. 
Solar energy
Primarily for completeness, the final abiotic resource we will consider is the flux of solar energy that continuously warms the earth and turns its biogeochemical cycles. Obviously neither human institution nor human invention can directly change the allocation of sunlight on the earth nor the supply. Indirectly however, market forces can have significant impacts on the scale, distribution and allocation of solar energy. 
In terms of scale, human impacts on ecosystems appear to be degrading their capacity to capture solar energy – for example forests sickened by acid rain capture less solar energy than healthy ones. In terms of distribution, land is an essential substrate for the capture of solar energy in most forms other than heat, and markets thus determine indirectly who can utilize the solar energy striking the Earth. Allocation – to what uses sunlight is put- is also determined in part by who owns the it strikes. 
In this sense, solar energy is both rival and excludable. Also, something of an allocation issue, land use affects the spatial distribution of solar energy – recall how the evapotransportation from the amazon transports solar energy in the form of heat to the temperate zones. In terms of policy considerations, however these issues can be treated as attributes of externalities of the use of other resources

Market failures and biotic resources

Renewable resource stocks and flows are rival and potentially excludable depending on whether or not institutions exist that can regulate access to them. If depleted at a rate no faster than they regenerate they are nonrival between generations. Unfortunately, unless we explicitly take future generations into account, economic incentive quite likely will lead us to deplete many of these resources faster than they can regenerate, and may eventually threaten them with extinction. What’s more, as we have pointed out repeatedly, the use of renewable resource stocks and flows unavoidably deplete ecosystem funds and services as an externality of their production. This dramatically complicates economic analysis of these resources. 
In our earlier discussion of renewable resource stocks and flows, we looked at their physical properties with little ff any discussion of the economics involved. 
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At first glance, it would appear that the goal of economists would simply be to make the resource as productive as possible. If this were the case, we should simply strive to maintain a population that produces the maximum sustainable yield, or MSY. However, this ignores two major issues. First, there are costs to harvesting, which we will call PEE (price of effort times effort, where effort includes all the resources required to harvest a stock), and these costs are likely to increase per unit harvested as the population in question grows smaller. Obviously, the smaller the population of fish that remains, the harder they are to catch. Even for forests, the most accessible timber will be harvested first, and as forest stocks decrease, it will cost more to bring the less accessible stocks to market. Second, and even more important, if we were to consider all resources substitutable, as many economists do, and money is the perfect substitute to any resource, then the economic goal would not be to maximize the sustainable harvest of any specific resource, but rather the monetary sum of annual profits yielded by the resource. But even that is incomplete; a rational individual actually seeks to maximize the monetary sum of discounted future profits. 
To simplify analysis, we can assume a linear relationship between effort, stock and harvest, known as the catch-per-unit of effort hypothesis. 

Complexity level 0: Natural equilibrium behavior as a response to some harvest Q
Using simple algebra we could assume that Y=qXE where Y is harvest, X is stock and E is effort, and q is a constant we can think of as the ‘ catchability coefficient’. As those of you at all familiar with the math will recognize that this is the equation for a line starting at the origin with slope equal to effort, E. In figure 12. 1, we have drawn lines Y=qXE, Y=qxE’ and Y=qxE’’, where E’’>E’>E. Say the stock in year 0, and effort is E. Our harvest then is Q. Of this harvest Q’’Q’ corresponds to the annual growth for that year, and Q’Q must therefore reduce the stock to R’’. (Note that this figure is not drawn with the same scale on both axes; i.e. resource flows are in smaller units than resource stocks. )At R’’ and effort E, the harvest will be at point R, reducing the stock b R’R. As long as effort remains constant, the process continues until we reach stock S’’ and point S on the sustainable yield curve

Now imagine an external shock, such as El Nino, pushes populations down to I’’ in a given year. As long as effort remains the same, the annual harvest will now be less than the growth increment, or net recruitment and the stock will gradually recover, until we again reach S’’. S is therefore a stable equilibrium point. However, if another El Nino year occurs before the fish population has recovered, it could push the population down to V’’. At V’’ the same effort will lead to a harvest greater than the growth increment, and the population will not recover. Harvest below MSY leads to a higher stock in the following year and any harvest above MSY leads to a lower stock in the following year. The arrows on the diagram illustrate this dynamic. Thus, point U, where the catch per unit effort curve intersects the MSY, is an unstable equilibrium. 


Complexity level 1: When we seek to maximize annual profits rather than yield
Suppose the goal is to maximize sustainable annual profits (π) from exploiting the fishery. This requires that we figure out where on the sustainable yield curve profits are maximized. Unfortunately, our graphical analysis using the effort curve does not directly show profit. To analyze the question from the perspective of annual profit is worthwhile and we will require a somewhat different graph: 
Figure 12. 2
The axes and the yield curve are the same, except that we multiply the vertical (flow) axis by a constant: PF the price of fish. This converts the yield curve into a total revenue curve (TR) without changing its shape, since we multiply by a constant. Since profit (π) is equal to TR-TC we need to add the total cost curve. If we define effort as all equipment, labor, and other resources that go into fishing, then TC is equal to the amount of effort times the price of effort, and therefore can be derived form a series of catch-per-unit-of-effort curves. We may think of TC as a curve starting at maximum population and rising to the left as more fish are caught, TC will increase as more fish are caught both as a result of stock depletion and as a result of harvesting a larger sustainable yield (at least up to MSY)…But even beyond MSY the TC will probably still rise because stocks have become so sparse that the fish have become hard to find. 
Focusing on the flow dimension only, Π=TR-TC and π is located at N1 where MR=MC (MR being the tangent line to TR). Remember that we have left the stock dimension out of concept of total revenue – we are analyzing profit as a sustainable flow, not as the result of unsustainable stock reduction. Some stock reduction is necessary to arrive at the profit maximizing stock, but ignore that for now; just assume for now that the stock reducing, one – time catch of fish are thrown away. 
In figure 12. 2 we can see that the maximization of annual profit AB occurs at N1, which is larger than the stock corresponding to MSY. In other words, in this analysis the profit-maximizing capitalist will not even reach MSY, much less drive the population into extinction! If total costs were zero or constant marginal costs would be zero and profit maximization would dictate that we harvest at MSY where the MR = 0
Complexity level 2: More than one decision makers we seek to maximize annual profits 
We have assumed a single capitalist exploiting the fishery, a single owner or decision maker. Instead of private property with excludability, suppose the fishery were open access, as most are. Under an open access regime (in which you’ll recall the resource is nonexcludable), new fishermen will enter as long as there are profits to be made. New entrants will push the stock down to N2 at which π=zero or TR=TC. At N2 many more resources go into fishing, but the sustainable catch is less than at N1 and no one makes a profit (perfect competition)
Curve TC’ depicts lower harvest costs, which might come about from a technological advance such as sonar devices for locating fish schools. At these lower costs, in an open access fishery it would be profitable for new fishermen to keep entering the fishery even after harvests become unsustainable. This is the case where tragedy of the commons\open access resources may well lead to extinction, and may be a realistic depiction of what was happening in north Atlantic cod and many whale populations before regulation become
Complexity level 2: When we seek to maximize Net present value and when profits can be re-invested. 
Returning to the higher cost scenario (TC), suppose that we make sure that there is a single owner, not open access. Are we then sure that we will end up at N2? Unfortunately, not, because of the troublesome issue we swept under the rig initially. What happens to those fish that are part of the stock reduction rather than the annual recruitment? They are not thrown away, and their number is large relative to annual growth. Those fish are sold. Stock reduction fish have the advantage of being available now – you don’t have to wait for them to be hatched and grow. But the more you reduce the stock of fish today, the fewer fish you will have tomorrow, and the more difficult it would be to catch those fish. The population of fish is like the proverbial goose that lays golden eggs in perpetuity. Surely, no rational capitalist would give such a productive goose. Or would she?
If the capitalist wanted to maximize the sum of golden eggs from now till the end of time, the obviously she would not kill the goose. But the goose also has a liquidation value as a cooked goose. Suppose the capitalist could kill the goose, cook it, and sell it for a sum of money, which when put in the bank at the going interest rate would yield an annual sum greater than the value of the golden eggs? Then it’s goodbye goose, hello bank! The population growth rate of the goose (it’s egg-producing fecundity) is in direct competition with the interest rate, the ‘fecundity’ of money. Neo-classical economists argue that money itself may have no reproductive organs, but it is a surrogate for many other things that can reproduce, and on average those other things can reproduce faster than the goose. So, the goose-killing, re-investing capitalist has converted a slow-growing asset into a fast-growing one, and we are all therefore better off. According to economists, cooking the goose in this case maximizes Net Present Value – the value to us today of all cost and benefit streams from now into the future. Economists calculate NPV by using a discount factor to give less weight to costs and benefits the farther in the future they occur. 
Let’s take the story a bit further as a thought experiment. Suppose an economy consists only of renewable resources. The interest rate is equal to some weighted average of the growth rates of all renewable resource populations. Everything that grows more slowly than the average (the interest rate) is a candidate for extinction (i.e. if timber grows at a 3. 5% rate and interest rate is 7% as is on average during the last 70 years). But something is always below average. When the below average is eliminated, what happens to the average in the next period? It goes up of course. The tendency, it seems, would be to end up with only the fastest growing species. Bio diversity would entirely disappear. In a world to which everything is fungible that would not matter. We could all eat algae, if that were the fastest growing species!
But we have forgotten prices. Surely prices would rise as particular slow-growing species became scarce and the rising price would compensate for low biological growth rate, so that the value of the species would grow at a rate equal to rate of interest before it became extinct. Yes, but remember that when the price goes up, the price of the existing stock rises as well as the price of the flow of recruits. As the price increases, the incentive to liquidate the now more valuable remaining stock rises, along with the incentive to reduce current offtake to allow an increase in the more valuable new recruits. The bluefin tuna is an excellent example of this argument. In 2001, a single 444-pound bluefin tuna sold in japan for nearly 175000$, or #95/lb. Although this was an anomaly, restaurants in Japan regularly pay up to $100\lb. for a blue fin tuna. Admittedly, this occurs under a regime of imperfect property rights, but how confident are you that private ownership of the blue fin would solve the problem? The higher price means larger liquidation value, as well as higher future revenue from new tuna
How do we decide whether or not to harvest a (marginal) ton of fish that if left in the water reproduces (giving us a flow of golden eggs) and if harvested (giving us a cooked goose) yields interest on the profit?
The neo-classical approach is to ask: What are all the opportunity costs of harvesting the fish today? Obviously if we harvest the fish today, that some ton of fish is not there to harvest tomorrow. Unlike oil and iron, however, we lose not only the opportunity to harvest that ton of fish, but also the offspring of those fish would have had, as well as the increase in biomass they would have experienced, if left in the water. In addition, as the economy grows, people demand more fish and growing human populations further increase the demand for fish. Greater demand means a higher price, and we lose that additional profit if we harvest today. Moreover, if we leave the fish in the water, they will reproduce, and the greater population means that it will be cheaper and hence more profitable to catch a ton of fish next period that this period. 
In contrast, the benefit of catching the fish this period rather than the next is that the profits from their harvest can be invested that is the opportunity cost of not catching the fish is the money forgone from not being able to invest the profits from that ton of fish between this period and the next. As we have harvest more and more fish, the growth rate (the annual increase in biomass/total biomass) increases, so the marginal costs of harvesting are increasing. 
The economist will therefore favor harvesting as long as the marginal benefits of catching then next ton of fish are greater than marginal costs, and will stop when they are equal. The tricky thing about it is the decision is that when we consume more stock today in exchange for less stock and less yield tomorrow, it is not just tomorrow, but in perpetuity. We must compare a one-time benefit with a perpetual loss. As we mentioned above, economists address this problem rather unsatisfactorily by the financial convention of discounting and present value maximization. 

Complexity level 3: Including resource funds and services produced as renewables are consumed
While natural resource stocks and flows have some characteristics of market goods, the services generated by funds typically do not. Such services are generally nonexcludable and for many, no feasible institutions or technologies could make them excludable. Thus, free markets will not produce them. They are also nonrival and non-congestible, and selling them in the market would not equate marginal costs with marginal benefits. To incorporate the services’ value (total external cost) to costs we produce the curve TSC for Total social cost adding services on top of Total Private Costs. We observe that when we do that the CD (for critical depensation cost) is never reached as total external costs rise exponentially while private costs rise linearly. 
[image: ] 
All economic production incurs externalities. All externalities must be incorporated and their value fluctuates with changes in quantity supplied and resulting scarcity. Not to mention risks, uncertainties and most common than not, ignorance. Unless we recognize the values of both the fund-service and the stock-flow, resource extraction rates will not be optimal. Figure 12. 5 summarizes the discussion of optimal stocks and harvests from renewable resources and figure 12. 6 introduces the concept of natural dividend which can be thought of as the value of the resource in the ground (or sea). While the natural dividend typically accrues to the owner of the resource, it is a purely unearned profit from production. To whom should the dividend belong? That is a political decision, more in the realm of distribution than efficient allocation. 
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Waste absorption capacity
Waste absorption capacity is the ability of the ecosystem to absorb and process pollution; a given flow of waste and it is a rival good: If I dispose my sewage in a wetland, there is less capacity subsequently for that wetland to process someone else’s wastes. Countries are trying to create institutions that make waste absorption capacity an excludable good. These can range from regulation that directly limit industrial emissions to mandatory catalytic converters in cars, to tradeable emissions permits. Tradable permits and quotas for pollution essentially make waste absorption capacity a private good but there are complications: Markets are widely extolled because they allow individual to choose what she produces and consumes so that her marginal benefit equals her marginal costs. Pollution, however, affects public goods, and all individuals must consume the same amount. It would be impossible to create a system in which each individual was paid by the polluter according to his own dislike of pollution
We have to recognize that waste absorption capacity is a dynamic process. If the waste flow exceeds the waste absorption capacity then waste will accumulate. As waste accumulates the ecosystem becomes less able to assimilate it, leading to even more rapid accumulation. Thus, in a dynamic analysis if the flow of waste into an ecosystem exceeds the ability of the ecosystem to assimilate that waste, the waste will build up indefinitely until virtually all services generated by the biotic processes in that ecosystem collapse. The system will thereafter be able to process only negligible amounts of waste. 
Figure 12. 7 is an appropriately modified version of the analysis of externalities from Figure 10.2. Note that economic output and waste output are measured in the same axis in recognition of the laws of thermodynamics, In reality, the relationship is not as fixed as figure 12.7 indicates; many technologies are available for producing different goods, some of which generate less pollution than others, though for any given technology the relationship will be fixed. 
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We assume here that the economic output under consideration is not essential – either substitute products and processes are readily available, or the good itself is simply not that important to human quality of life. Chlorine-bleached paper from wood pulp is a good example. Unbleached paper from kenal or hemp are excellent substitutes, and paper itself is important, but not essential to life. Among the many wasted emitted by paper mills are organochlorines, and paper mills are the largest emitter o organochlorines into the water supply. Organochlorines resist biodegradation, and hence the waste absorption capacity for these substance is quite small; it is indicated by the perpendicular point QA, WA in figure 12. 7 where cost is infinite according to exponential MEC curve. 
Organochlorines include some of the most toxic substances known, such as dioxins, which readily accumulate in the environment and in animals including humans. Health problems associated with dioxins include cancer, immune system disorders and developmental problems in children and fetuses. We assume that surpassing the waste absorption capacity for organochlorines for extended periods could make the affected areas essentially uninhabitable for humans, and on our crowded planet. This is an unacceptable high cost. 
Complexity accumulates also when MNPB (benefits of pollution is production of goods and services) is shifted upwards. Depending on the population level and the level of economic activity MNPB may become zero before or after reaching web absorption capacity of the environment. The more full our planet becomes – that is the larger the scale – the more likely that MNPB will still be positive when we reach the vertical part of MEC. Why? Goods and services are characterized by diminishing marginal utility. This means that for a given amount of goods, more people imply lower per-capita consumption, and hence higher utility from each unit consumed. 
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to assimilate the waste you dump in, Itis also fairly simple to establish in-
stitutions that make waste absorption excludable, and many such institu-
tions exist.

The bottom line is that the laws of thermodynamics tell us that natural
resources are economic throughputs. We must pay close attention to
where they come from, and where they go.

Table 6.2 summarizes some of the important characteristics of the three
biotic resources. We will discuss these characteristics and examine their
policy relevance in greater detail in Chapter 12 and Part VI.

The points to take away from this chapter desexve reiteration. First, hu-
mans, like all animals, depend for survival on the ability of plants to cap-
ture solar energy in two ways: directly as a source of energy, and indirectly
through. the life-support. functions generated by the global ecosystem,
which itself is driven by the net primary productivity of plants. There are
no substitutes for these life-support functions. Second, every act of eco-
nomic production requires natural resource inputs. Not only are these in-
puts being used faster than they can replenish themselves; when these
structural elements of ecosystems are removed, they diminish ecosystem
function. Third, every act of economic production generates waste. Waste
has a direct impact on human well-being and further diminishes ecosys-
tem function. While the removal of mineral resources may have little di-
rect impact on ecosystem function, the waste stream from their extraction
and use is highly damaging to ecosystems and human well-being in the
long run. As the economy expands, it depletes nonrenewable resources,
displaces healthy ecosystems and the benefits they provide, ahd degrades
remaining ecosystems with waste outflows.

Blotic resources are unique because they are simultaneously stocks and
funds, and their ability to renew themselves is a fund-service. This means

 OF BIOTIC RESOURCES
Can Be

Biotic Stock-Flow or Made Rival Between

Resource Fund-Service Excludable Rival Generations Substitutability

Renewable Stock-flow Yes Yes Depends on High at margin,

Resources : rate of use ultimately
nonsubstitutable

Ecosystem Fund-service “No Formost,no  No Low at.margin,

Services nonsubstitutable

Waste Absorption  Fund-service Yes Yes Depends on Moderate at margin,

Capacity rate of use nonsubstitutable
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the number of people using them. For other nonrival goods, use by too
many people can seriously diminish the quality of the good or service. For
example, if I drive my car down an empty road, it does not diminish your
ability to drive down that same road. However, if thousands of people
choose to drive down the same road at the same time, it results in traffic
jams, and the ability of the road to move us from point A to point B is se-
riously diminished. Such goods are monrival but congestible, and for
shorthand will simply be referred to as congestible. Note that con-
gestibility is an issue of scale—as scale increases, as the world becomes

> more full, congestion leads some nonrival goods to acquire attributes of
rival goods.

The Interaction of Excludability, Rivalness, and Congestibility

‘What happens when goods and services are nonrival, nonexcludable, or
both? The simple answer is that market forces will not provide them
and/or will not efficiently allocate them. However, we need to be far more
precise than this if we are to derive policies and institutions that will lead
10 the efficient allocation and production of nonrival and/or nonexclud-
able resources. Effective policies must be tailored to the specific combina-
tion of excludability, rivalness, and congestibility that characterizes a
particular good or setvice. The possible combinations are laid out in Table
10.1, and described in some detail next.

£ OF EXCLUDABILITY, RIVALNESS

Excludable Nonexcludable

Rival Market goods; food, clothes, cars, Open access regimes (“tragedy of the
houses, waste absorption capacity . commons”), e.g., ocean fisheries, logging of
when poliution is regulated unprotected forests, air pollution, waste absorp-

tion capacity when pollution is unregulated

Nonrivat Potential market good, but if so, Pure public good, e.g., lighthouses, streetlights,
people consume less than they should national defense, most ecosystem services
(i.e., marginal benefits remain greater
than marginal costs); e.g., information,
cable TV, technology

Nonrival but Market goods, but greatest efficiency Nonmarket good, but charging prices during
congestible would occur if price fluctuates according high-use periods could increase efficiency;
o usage; e.g., toll roads, ski resorts e.g., non-toll roads, public beaches, national
parks

Adapted from A. Randall, “The Problem of Market Failure.” In R. Dorfman and N. Dorfman, eds. Economics of the Environment, 3rd
ed, New York: Norton, 1993, pp. 144-161.
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Marginal costs/ benefits

PN Soot emissions PB Py Tt~

Figure 10.2 » “Optimal” pollution levels. “Optimal” pollution levels are theoret-
ically determined by the intersection of the marginal external cost (MEC) ctirve
and the marginal net private benefit (MNPB) curve.

ity issue requires no government intervention—market forces are per-
fectly capable of sorting it out. This is known as the Coase theorem.

A graphic analysis may help make this a bit clearer. Figure 10.2 shows
pollution on the X-axis and marginal costs and benefits on the Y-axis. The
coal-fired wtility benefits from polluting, while this pollution imposes
costs on the laundry service. There are several technologies available for
reducing pollution. If the problem is simply to reduce local pollution, the
utility can install higher smokestacks at a reasonably low cost. The higher
the smokestack, the more it reduces local pollution, but the more expen-
sive it is to install. To reduce pollution even further, it is necessary to in-
stall scrubbers, which are more expensive than higher smokestacks. To
really reduce polfution, the coal-fired utility would have to convert 1o nat-
ural gas at a very high cost, and to eliminate pollution, the plant would
have to close down,?® imposing yet higher costs. It is clear, then, that the
marginal cost of reducing poltution is increasing, which is the same as say-
ing that the marginal net private benefits (MNPB) of pollution are de-
creasing. This is depicted by the MNPB curve, the dashed line sloping
down to the right.

For the laundry service, the cost of a small amount of pollution is neg-
ligible. As the amount of pollution increases, however, drying the laundry
outside makes it noticeably dirtier. Initially, this might result in fewer

23R, Caoter, “Coase Theorem.” In The New Palgrave: A Dxcllonary of Economics, New York
Macmillan, 1987, pp. 457-459.

%Reducing pollution has real energy costs attached to it. For example, studies by Cutler
Cleveland have shown that unregulated coal-fired wility plants generate 9 units of energy for
every unit of energy required to build and maintain the plant, feed the workers, mine and trans-
port the ore, etc. Scrubbers and other antipollution devices consume considerable energy in man-
ulacturing, installation, and maintenance, and reduce the energy efficiency of plants from 9:1 to
2.5:1. Cited by C. Flavin in Worldwatch, January/February 2001, response to letter, p. 6.

The Coase theorem states that
the initial allocation of legal
entitlements does not matter
from an efficiency perspective
so long as they can be ex-
changed in a perfectly competi-
tive market.?s
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Q* Q
Figtire 11.1 » Optimal extraction (Q¥, P*) of fossil fuels in the absence of scarcity
and market failures.

B FossiL FUELS

Fossil fuels are both rival and excludable, and thus can be allocated by
market forces. If we ignored resource scarcity (or the future) and market
failures, the optimal allocation of fossil fuels would simply be the inter-
section of the demand curve with the supply curve, where the supply
curve would equal marginal extraction costs (MEX),! as depicted in
Figure 11.1.

External Costs

However, problems arise, First of all, the production and consumption of
fossil fuels generate serious externalities at the local, regional, and global
levels. Most of these externalities are in the form of public bads. Examples
of these externalities are categorized in Table 11.1 according to their spa-
tial and temporal characteristics.

Many of these externalities have different impacts at different spatial
levels. Optimal extraction of fossil fuels would need to include these mar-
ginal external costs, as shown in Figure 11.2, where MEC shows the cost
of extraction including externalities. Because these externalities are so
widespread, affecting not only virtually everyone in the world alive today
but future generations as well, transaction costs for resolving these exter-
nalities through the market would be infinite. Given the inability of the
unfettered market to address these externalities, extra-market institutions
(e.g., government regulation) will be required.? However, these institu-

IMEX include all costs, L.e., the costs of equipment and labor and the opportunity cost of
money invested.

2This is not 1o say that government regulations cannot create market incentives for reducing
externalities, as we will see in Chapter 17-18.
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Q . Q
Figure 11.2 * Optimal extraction of fossil fuels @', P?) in the presence of nega-
tive externalities (global marginal external costs), without scarcity.

marginal opportunity costs. The individual producer takes prices as given,
and therefore should produce up to the point where marginal benefit
(price) equals marginal cost (MEC + MEX + MUC), as shown in Figure
11.3. Of course, when the producer does not have to pay marginal exter-
nal costs, she is likely to ignore them.

User cost can also be thought of as the value of the resource in its natu-
ral state, the in-ground value before it has been extracted. Marginal user cost

Q Q

Figure 11,3 *» Optimal extraction (Q”, P”) of fossil fuels in the presence of scarcity
and negative externalities.
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- SPATIAL AND TEMPORAL CHARACTERISTICS ¢ OF SELECTED EXTERNALIT!ES Associatep witH Fossu Fur
| EXTRACTION AND CoNSUMPTION. (A SMALL X DENOTES RELATIVELY MINOR IMPACTS.)

Externality Locat Regional Globat Intergenerational
Global warming X X

Acid rain X X X

Oil spills X X X
Damage from extraction (see Table 11.2) X %

War? X X X

Water poliution X X X

Soil pollution X X

Air poliution (gaseous) X X X X

Air poliution (particulate) X

some wars, or at least some military expenditures, as an externality of fossil fuel production. See,
Paper 162: The Anatomy of Resource Wars. Washington, D.C.: WorldWatch (2002).

“The number of wars that have been fought and are currently being fought over the control of fossil fuels argues for the treatment of

for example, M. Renner, WorldWatch

tions must be on the scale of the problem they address, as there is little in-
centive for governments (generally the most relevant institutions) to deal
with externalities beyond their borders. At present, appropriate institu-
tions for addressing international externalities either do not exist or are
inadequate.

User Costs

Another problem is that fossil fuels are a nonrenewable resource upon
which the well-being and even the survival of future generations is highly
dependent. Even ignoring future generations, economists agree that the
use of a nonrenewable resource now increases scarcity (decreases supply)
in the future. As supply goes down, price should go up. Therefore, if the
owner of a nonrenewable resource extracts that resource today, she loses
the option of extracting it in the future when the price is higher.

The more of a resource we extract today, the greater the current supply
and the lower the current price. Also, greater extraction now means
greater scarcity in the future, and a higher future price. All else being
equal, the marginal user cost (MUC)—the opportunity cost of produc-
ing one more unit of the resource today instead of in the future—should
therefore be increasing with total production.3

The marginal user cost is a real cost of production, and it must be
added to MEC and MEX to give the full cost per unit that represents all

3We caution that some theoretical studies suggest that rising marginal extraction costs and/or
the presence of an inexhaustible substitate (a backstop technology) may lead to declining mar-
ginal user costs over time. Different sets of assumptions in mathematical models lead to different
results,

User costis the opportunity
cost of nonavailability of a nat-
ural resource at a future date
that results from using up the
resource today rather than
keeping it in its natural state.

Marginal user cost is the value
of one more unit of the re-
source in its natural state. In a
perfectly competitive economy,
marginal user cost would in
theory equal the price of a re-
source minus its marginal ex-
traction cost.
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 PRODUCTION EXTERNALITIES OF MINERAL Resource EXTRACTION, SPECIFICALIY FRom HARD Rock Mines.

Externality

What Is It?

What Does It Affect?

Acid mine drainage

Metal sulfides are common in mineral
ores and associated rocks, When these
rocks are mined and crushed, exposure
to air and water oxidizes these sulfides,
generating acids and toxic heavy metal
cations,

Water required by oxidation also washes
preducts into nearby surface water and
aquifers; in addition to acidification effects,
heavy metals buitd up in animat
populations and humans.

Erosion and
sedimentation

Heavy machinery, strip mines, and open
pit mines destroy surface vegetation
holding soils in place; water washes away
small particles from erosion and waste
materials, depositing it elsewhere,

Major impacts are on wetlands and other
aquatic habitats; soil organisms,
vegetation, and restoration efforts also
affected.

Cyanide and other
chemical releases

Cyanide and other toxic chemicals are
regularly used to help extract minerals.

Cyanide released into ecosystem has
adverse impacts on water, soil, aquatic,
organisms, wildlife, waterfowl, and humans.

Dust emissions

Ore crushing, conveyance of crushed ore,
loading bins, blasting, mine and motor
vehicle traffic, use of hauling roads,
waste rock pites, windblown tailings, and
disturbed areas all generate dust,

Dust can be an air poliutant, and may also
transport toxic heavy metals.

Habitat modification

Mining can have dramatic impacts on
tandscape and uses enormous amounts
of water.

Ecosystem structure and function are
affected.

Surface and
groundwater pollution

Mining uses massive quantities of water,
pumping water from mines affects water
tables, and mine wastes pollute water.

Altered surface and groundwater flows, with
accompanying impacts on wetlands and
other water-dependent habitats,

Source: EPA Office of Waste Water Management, Hardrock Mining: Environmental Impacts, Online: http://www.epa.gov/owm/
permits/hrmining/env.htm.

lien metric tons in 1998 in the U.S. alone), and substantial decreases in

real prices.®

Do Prices Reflect Scarcity?

How do we explain the major anomaly between the empirical fact of
falling prices of nonrenewable resources and the theoretical prediction of
rising prices? Conventional economic theory generally assumes that prices

8D, E. Sullivan, J. L. Sznopek, and L. A, Wagner, Twentieth Century U.S. Mineral Prices De-
cline in Constant Dollars. Open File Report 00-389, Washington, DC: U.5. Geological Survey U.S.
Department of the Interior, 2000,
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Figure 11.5 * The elasticity of water with respect to price (% change in quantity
demanded with respect to % change In price), for different quantities of water.

tutes and is essential to our survival, as water supplies become scarce or
prices increase, the demand for water becomes extremely inelastic with re-
spect to price.1 A 1% increase in price will lead to less than a 1% decrease
in demand (Figure 11.5). When water is abundant, we use it for
nonessential activities, and demand is price elastic. As water becomes
scarcer, we use it only for more important activities, and it becomes in-
elastic with respect to price. As water becomes still scarcer, it will be used
exclusively for essential activities, such as raising food and drinking, and
demand becomes perfectly inelastic.

This situation leads to two very serious problems. First is the distribu-
tion issue. In the market economy, the most “efficient” use is that use
which creates the highest value, and value is measured by willingness to
pay. In a world with grossly unequal income distribution and a growing
relative scarcity of water, many people have very limited means to pay.
“Perfect” market allocation of water could easily lead to circumstances in
which a rich person could pay more to water a lawn than a poor family
could pay to water the crops it needs to survive. While economically a
green lawn might be more efficient, ethically most people would probably
agree that survival of the poor should take precedence.

The second issue is efficiency. Markets are rarely perfect, and, in the case
of water, they are likely to be less perfect than most. Providing water

16This issue has played an important role in the history of economic thought, usually dis-
cussed under the heading of the “diamonds-water paradox.” See Box 14.1, footnote 1 for an ex-
planation in the context of distinguishing use value from exchange value.
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Figure 12.1 » The sustainable yield curve and catch-per-unit-effort curves. Recall
from Chapter 6 that the curved line represents the rate of growth of stock for
any level of stock, which is the same as sustainable yield. The straight lines Y =
gXE represent the harvest for a given effort at any level of stock. A steeper slope
indicates greater effort.

annual growth for that year, and Q'Q must therefore réduce the stock, to
R”. (Note that this figure is not drawn with the same scale on both axes;
ie., resource flows are in smaller units than resource stocks.) At R” and
effort E, the harvest will be at point R, reducing the stock by R'R. As long
as effort remains constant, this process continues until we reach stock S”
and point S on the sustainable yield curve.

Now imagine an external shock, such as El Nifio, pushes populations
down to T” in a given year. As long as effort stays the same, the annual
harvest will now be less than the growth increment or net recruitment,
and the stock will gradually recover, until we again reach $”. S is therefore
a stable equilibrium point. However, if another El Nifio year occurs before
the fish population has recovered, it could push the population down to
V”. At V”, the same effort will lead to a harvest greater than the growth in-
crement, and the population will not recover. Recall from Chapter 6 that
any harvest below the sustainable yield curve leads to a higher stock in the
following year, and any harvest above the curve leads to a lower stock.
The arrows on the Y = gXE curve illustrate this dynamic. Thus, point U,
where the catch-per-unit-effort curve intersects the sustainable yield
curve, is an unstable equilibrium. '

Maximizing Annual Profits

Suppose the goal is to maximize sustainable annual profits (%) from ex-
ploiting the fishery. This requires that we figure out where on the sustain-
able yleld curve profits are maximized. Unfortunately our graphical
analysis using the effort curve does not directly show profit. To analyze
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that annual profit maximization can be sustainable and efficient in the ab-
sence of open access, and with some limits on the biologically blind fi-
nancial logic of discounting and present value maximization.

B RENEWABLE RESOURCE FUNDS AND SERVICES

The analysis of optimal harvests of renewable resources so far has only
treated them as stocks and flows of raw materials. But, as we discussed in
Chapter 6, renewable resources are also funds that provide ecosystem
services, and we cannot ignore one when deciding how best to allocate the
other. While natural resource stocks and flows have some characteristics
of market goods, the services generated by funds typically do not. Such
services are generally nonexcludable and for many, no feasible institutions
or technologies could make them excludable. Thus, free markets will not
produce them. They are also nonrival and noncongestible, and selling
them in the market would not equate marginal costs with marginal
benefits.

Treating the destruction of ecosystem services as a negative externality
of aggregate economic production offers some insights into optimal har-
vest levels. Returning to the analysis of renewable resource stock-flows,
we would need to add all external costs to total private harvest costs. I
marginal external costs increased linearly as the fund-stock is reduced in
size, then total external costs would increase exponentially. In reality, mar-
ginal external costs are likely to increase at a greater than linear rate as we
near an ecological threshold, such as the critical depensation point, which
will inevitably be reached when harvest effort is too great to be sustained.
Figure 12.4 is similar to Figure 12.2 but relabels the TC curve as the total
private cost (TPC) curve and includes a total social cost (TSC) curve that
adds external costs to the TPC. The TSC curve approaches the vertical

=8

PN

g
Profit = 0 Profit = max Optimat
N = pounds of fish

Figure 12.4 * Optimal harvest of renewable resources when accounting for
ecosystem services.
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Figure 12.5 » Optimal harvest levels for renewable resources with respect to different
objectives and management regimes. From left to right, Noga is the open access equi-
librium, at which profit is zero. If total costs decrease over time; the Noy may become
unsustainable. Nypy is the stock at which net present value is maximized. At very high
discount rates, this will be the same as the open access equilibrium, and at a zero dis-
count rate will be equal to Napy. Napy is the annual profit-maximizing stock, Neg is the
objective of ecological economists, and strives for “satisficing” (seeking a sufficient,
rather than the maximum, amount) the joint benefits of both flow and service.

ply imply greater value for natural resources in the future, not less. Instead
of intertemporal profit maximization, we concur with Geoffrey Heal and
other environmental economists that we should seek to maximize well-
being from renewable natural resources for the current generation with-
out diminishing the capacity of future generations to benefit from those
resources. Heal and others have called this principle the Green Golden
Rule.!* Applied to the stock-flow alone, the Green Golden Rule corre-
sponds to our analysis of maximizing sustainable annual profit, as op-
posed to present value maximization.

In summary, the more we have of an ecological fund, all else being
equal, the more services we can expect it to provide. If we are concerned
only with the service provided by a fund, the optimal amount of the fund
is the carrying capacity, as measured on the X-axis in Figures 12.1 and
12.4. In contrast, optimal harvest of stocks is solely a function of flow (the
Y-axis in the same figures). Unless we recognize the values of both the
fund-service and the stock-flow, resource extraction rates will not be op-
timal. Figure 12.5 summarizes the discussion of optimal stocks and har-
vests from renewable resources.

4G, Heal, Valuing the Future: Economic Theory and Sustainability, New York: Columbia Univer-
sity Press, 1998. Note that Heal proposes a number of objective functions in addition to the Green
Golden Rule.
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Figure 12.6 * The natural dividend from renewable resource harvests.

The Natural Dividend From Renewable Resources

Unearned income is the amount above and beyond what is required to
bring a resource to market. In the case of nonrenewables, the unearned
income was called scarcity rent. In the case of renewables, there can also
be an unearned income deriving from nature’s reproductive capacity,
The natural dividend is the un-  Which we propose to call the natural dividend. Extraction and harvest-
eamed income from the har- ing impose real costs, and those engaged in these activities are earning a
vest of renewable resources. A legitimate income. This is included in the TC curve as “normal profit,”
nature and not human industry  which is the opportunity cost of the owner’s labor and capital. Profit
produces renewable resources,  above normal profit (e.g., AB) is called “pure economic profit.” Since it is
all profits above “normat* beyond the opportunity cost of the owner, we think of it s an unearned
profit (included in TC) are uf- growth dividend from the reproductive power of nature. We have already
earned, and the natural divi- - i o .
dend is equivalent to TRTC. seen that in an open access equilibrium, total costs are just equal to total
revenues, and profits are zero (at stock Npy in Figure 12.6). However, if
there is a single owner of the resource, say, a government agency, the
owner can limit harvest to the profit maximizing level, stock Ny. The
pure profits in this case (AB in Figure 12.6) are the natural dividend and
arise not from special abilities of the particular owner, but from the re-
productive powers of nature. The natural dividend can also be thought
of as the value of the resource in the ground (or sea). While the natural
dividend typically accrues to the owner of the resource, it is a purely un-
earned profit from production. To whom should the dividend belong?
That is a political decision, more in the realm of fair distribution than ef-
ficient allocation. :

B WASTE ABSORPTION CAPACITY

Waste absorption capacity is really just another ecosystem service. We
treat it separately here because it is extremely important and because it has
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Figure 12.7 « Waste absorption capacity: marginal costs and benefits of pollu-
tion. :

On the other hand, the extreme levels of uncertainty and ignorance
concerning waste absorption capacity and the impacts of paper mill pol-
lutants are not reflected in this graph. In reality, both the MEC curve and
the line depicting waste absorption capacity should be thick smears in-
stead of the fine lines depicted. We have labeled the optimal level of
output/pollution as Q* W*, but again caution that with our given state of
knowledge, this is a broad range, not a precise point. The reasoning be-
hind the location of Q*;W* was described in Chapter 10.

We cannot stress enough the importance of looking at pollution
flows and waste absorption capacities as dynamic. Some econo-
mists have argued that pollution causes zero damage before reaching
point Qa, Wy, because the ecosystem is capable of assimilating the
waste. But there clearly are substantial costs to pollution even when the
ecosystem is capable of assimilating them. MEC may approach infinity
at Qa,Wjy.

Depending on the population level and the level of economic activ-
ity (i.e., based on scale), MNPB may become zero before or after reach-
ing the waste absorption capacity of the environment. The more full our
planet becomes—the larger our scale—the more likely that MNPB will
still be positive when we reach the waste absorption capacity and MEC
approaches the vertical. Why? Goods and services are characterized by
diminishing marginal utility. This means that for a given amount of
goods, more people imply lower per-capita consumption, and hence
higher utility from each unit consumed. This shifts. the MNPB curve
upward.
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MU = marginal utility from consuming produced goods and servic- ;
es. MU declines because as rational beings, we satisfy our most
pressing wants first. .
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MDU = marginal sacrifice made necessary by growing
production and consumption-- e.g., disutility of tabor,
sacrifice of leisure, depietion, poliution, environmentat
destruction, congestion. As many people get some plea-
sure from work, the very first units of work are assumed
MDU to increase utility.

«©

MDU =

Figure 13.2 * Limits to growth of the macroeconomy. Point b = economic limit or
optimal scale, where marginal utility (MU} = marginal disutility (MDU) (maxi-
mum net positive utility); e = futility limit, where MU = zero (consuiner satia-
tion), d = catastrophe limit, where MDU = infinity. At point d, we have gone
beyond sustainable scale.

Defensive Expenditures and the Depletion of Natural Capital

Two other categories are problematic in national income and product ac-
counts: regrettably necessary defensive expenditures and the depletion of
natural capital. Lets have a look at each.

Regrettably necessary defensive expenditures, or “defensive expendi-
tures” for short, are those expenditures that we have to make to protect
otirselves from the unwanted consequences of the production and con-
sumption of other goods by other people—for example, extra thick walls
and windows to block out the sound of living near an airport or busy-
street or medical services resulting from pollution-induced asthma. In the
sense of just measuring activity, these are freely chosen expenditures that
people make in order to be better off in their concrete circumstances, and
therefore should be counted—they are if not “goods,” at least “anti-bads.”
In another sense, they are really involuntary intermediate costs of

Regrettably necessary defen-
sive expenditures, or “defen-
sive expenditures,” are those
expenditures that we have to
make to protect ourselves from
the unwanted consequences of
the production and consump-
tion of other goods by other
people.
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Figure 5.2 » The cumulative extraction of subterranean stock and aboveground
stock of minerals over time. The distance between the two curves is a measure
of entropic dissipation.

aboveground low-entropy stocks embodied in artifacts in use by (or avail-
able to) the economy (solid line) and the cumulative depletion (extrac-
tion) of subterranean stocks (dashed line) over time. We assume that,
initial rates of mineral extraction are low, but increase with economic
growth and greater knowledge of reserve location. Eventually, however,
stocks become scarcer, the costs of extraction become greater than the
benefits, and extraction ceases. The point where this occurs is labeled “In-
ground stocks exhausted” on the graph, and cumulative depletion ceases.
In the absence of entropy, and if 100% recycling were possible and prac-
ticed, the two lines on the graph would be identical. In the real world,
some portion of aboveground stocks dissipates into waste every year. The
rate of increase in the aboveground stocks is equal to net annual mineral

* extraction minus entropic dissipation; that is, aboveground stocks are
equal to minerals currently in use plus those that can be recycled.

There are two important categories of waste. Much waste is in the form
of products that have stopped working, become obsolete, or simply gone
out of fashion, and are discarded while still in a relatively ordered state.
They are not recycled, because it is either cheaper or more convenient to
extract virgin mineral flows from the Earth. For our purposes, this waste
returns to the subterranean stock, though with higher entropy than the
ore from which it was initially extracted.!? Eventually, as we deplete the

12Some of this material will be in a highly ordered state and have lower entropy than the same
amount of mineral in the form of an are. Georgescu-Roegen distinguishes “garbo-junk” (a bald tire
useless a5 a tire but recyclable) from “pure waste” (the dissipated rubber particles that ate 1ot re-
cyclable). For practical purposes, however, large stacks of are presumably still have an overall
lower entropy,; otherwise waste material would be processed before the ore.
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Figure 6.1 * The growth, or sustainable yield, curve.

ity, there is just enough food and habitat to maintain the existing popu-
lation, and the rate of growth in biomass is zero {point K in Figure 6.1).
Obviously, the rate of growth of a stock is also zero when the stock has
been driven extinct (the origin in Figure 6.1). In between these two
points, things get interesting.

The growth, or sustainable yield, curve for a renewable natural re-
source indicates the increase in stock over one time period for any given
stock (see Figure 6.1). The Y-axis can measure growth or harvest, that is,
flows from or to the existing stock depicted on the X-axis. Any harvest up
to the total stock is theoretically possible. A harvest at any point on the
sustainable yield curve, such as S, is just equal to the growth in the stock,
and hence has no net impact on stocks. Harvests above the sustainable
yield curve deplete the resource, and harvests below the curve lead to an
increase in the stock, as indicated by the atrows. For example, a harvest
at R will reduce the stock to %, and a harvest at $”will allow the stock to
increase to R”. CD represents the critical depensation level, which is the
level below which a species or stock cannot sustain itself even in the ab-
sence of harvest. The critical depensation level is equivalent to the min-
imum viable population, and K represents carrying capacity. The graph
suggests extremely rapid growth rates—about 30% per time period at
maximum sustainable yield (MSY), which is the average magimum
catch that can be removed under existing environmental conditions.over
an indefinite period without causing the stock to be depleted, assuming
that removals and natural mortality are balanced by stable recruitment
and growth. While this may be appropriate for small, rapidly reproducing
species, growth rates for many economically important species are on the
order of 1% per year or less.

-
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EXAMPLES OF SERVICES PROVIDED BY ECOSYSTEMS

Ecosystem Service

Examples from Forests

Gas regulation

Trees store O, and growing trees create O,; forests can clean SO, from the atmosphere,

Climate regulation

Greenhouse gas regulation; evapotranspiration and subsequent transport of stored heat
energy to other regions by wind; evapotranspiration, cloud formation, and local rainfall;
affects of shade and insulation on local humidity and temperature extremes.

Disturbance regulation

Storm protection, flood control (see water regutation), drought recovery, and other
aspects of habitat response to environmental variability mainly controlled by vegetation
structure.

Water regulation

Tree roots aerate soil, allowing it to absorb water during rains and release it during dry
times, reducing risk and severity of both droughts and floods.

Water supply

Evapotranspiration can increase local rainfall; forests can reduce erosion and hold stream
banks in place, preventing siltation of in-stream springs and increasing water flow.

Waste absorption
capacity

Forests can absorb large amounts of organic waste, and filter pollutants from runoff; some
plants absorb heavy metals,

Erosion control and
sediment retention

Trees hold soil in place, forest canopies diminish impact of torrential rainstorms on soils,
diminish wind erosion.

Soil formation

Tree roots grind rocks; decaying vegetation adds organic matter.

Nutrient cycling

Tropical forests are characterized by rapid assimilation of decayed material, allowing little
time for nutrients to run off into streams and be flushed from the system.

Pollination

Forests harbor insects necessary for fertilizing wild and domestic species.

Biological control

Insect species harbored by forests prey on insect pests.

Refugia or habitat

Forests provide habitat for migratory and resident species, create conditions essential for
reproduction of many of the species they contain.

Genetic resources

Forests are sources for unique biological materials and products, such as medicines,
genes for resistance to plant pathogens and crop pests, omamental species.

Recreation

Eco-tourism, hiking, biking, etc.

Cultural

Aesthetic, artistic, educational, spiritual and/or scientific values of forest ecosystems.





