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Foreword

The U. S. Environmental Protection Agency (EPA) is charged by Congress with protecting the
Nation's land, air, and water resources. Under a mandate of national environmental laws, the
Agency strives to formulate and implement actions leading to a compatible balance between
human activities and the ability of natural systems to support and nurture life. To meet this
]mandate, EPA's research program is providing data and technical support for solving
environmental problems today and building a science knowledge base necessary to manage our
ecological resources wisely, understand how pollutants affect our health, and prevent or reduce
environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency's center for
investigation of technological and management approaches for preventing and reducing risks
from pollution that threaten human health and the environment. The focus of the Laboratory's
research program is on methods and their cost-effectiveness for prevention and control of
pollution to air, land, water, and subsurface resources; protection of water quality in public water
systems; remediation of contaminated sites, sediments and ground water; prevention and control
of indoor air pollution; and restoration of ecosystems. NRMRL collaborates with both public
and private sector partners to foster technologies that reduce the cost of compliance and to
anticipate emerging problems. NRMRL's research provides solutions to environmental problems
by: developing and promoting technologies that protect and improve the environment; advancing
scientific and engineering information to support regulatory and policy decisions; and providing
the technical support and information transfer to ensure implementation of environmental
regulations and strategies at the national, state, and community levels.

This publication has been produced as part of the Laboratory's strategic long-term research plan.

It is published and made available by EPA's Office of Research and Development to assist the
user community and to link researchers with their clients.

Sally Gutierrez, Director
National Risk Management Research Laboratory



Abstract

This report documents the scientific research work done to date on developing a generalized
mathematical model depicting a combined economic-ecological-social system with the goal of
making it available to the scientific community. The model is preliminary and has not been
tested or fully explored. The model system described here is intended to represent the first steps
in combining (in simple fashion) the basic dynamic elements of an ecosystem functioning with a
human society and an economy in a closed system with a non-limiting supply of energy (the
model is based on flows of mass between system compartments while the total mass is
conserved). In this preliminary model, optimizing economic agents (firms and households)
interact in specific markets and with an ecological system consisting of resource pools and
several domesticated and wild species. The result is an interdependent system that attempts to
model macroeconomic variables (based on underlying property rights) and environmental stocks
and flows. The report contains four chapters. Chapter 1 introduces the project’s objective and
approach; provides a background on sustainability as a complex system composed of several
dimensions interacting through time; and provides a brief overview of the integrated
economic/ecological model and its development. Chapter 2 gives a detailed description of the
integrated model as it currently exists with equations and explanations. Chapter 3 provides the
model solution and operational equations. Chapter 4 provides a summary of the report. The
appendices contain a glossery of terms and the computer code used to implement the model in a
form suitable for simulating different scenarions.

A portion of this report was submitted in partial fulfillment of Simplified Acquisition Order
Number 4C-R101-NASA by H. W. Whitmore, under the sponsorship of the United States
Environmental Protection Agency. This report covers a period from March 3, 2004 to August
15, 2005. The work was completed as of February 28, 2006.
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Chapter 1

Introduction

Objective and Approach

In many attempts to model economic and ecological systems, the coupling of the
economic to the ecological in one model is limited, typically interacting through a single
link or pathway. This method of modeling is inherently inappropriate and perpetuates the
misconception that human activities can operate outside of the ecological systems on
which the economic system and human societies depend (O’Neill and Kahn 2000, Rees
2002). In other cases, economic decision making is integrated into an ecosystem model,
although the modeling of market mechanisms and the feedbacks between these and the
ecosystem are limited (e.g., the lake eutrophication and fisheries models of Carpenter et
al. 1999, Brock and Starrett 2003, Ludwig et al. 2003, and Carpenter and Brock 2004;
Brock and Xepapadeas 2002; and the Patuxent River watershed models of Voinov et al.
1999 and Costanza et al. 2002). All of these models were developed to better understand
and manage human impacts on specific ecological systems; however, they generally have
very high data requirements for estimating model parameters.

Several more abstract models have been developed to understand the general behaviors of
an integrated ecological/economic system, bypassing the need for large amounts of
ecosystem-specific data. Van den Bergh (1996) offers a basic model that integrates the
essential features of an ecological system with a fairly simplified production economy.
His production functions account for materials balance, waste and recycling. In addition,
he allows for renewable resources to regenerate and for the biosphere to assimilate a
portion of pollution created during the production process. However, the economic
portion of his model does not allow for labor services, a pricing mechanism or
endogenous consumption. The extremely large GUMBO (Global Unified Metamodel of
the Biosphere) includes an elaborate ecosystem together with production functions and an
economic welfare function, but no explicit system of market prices (see, for instance,
Baumans et al. 2002). A wide variety of Computable General Equilibrium (CGE) models
exist which integrate certain features of the environment into an economic framework;
they are lucidly reviewed by Conrad (2002). These models do account for the fact that
emissions and the stock of pollution adversely affect the environment’s ability to provide
basic services. In addition, they permit environmental quality to influence economic
efficiency or human welfare. These models contain well developed input-output matrices
that include material flows across industries. Consumption, production and investment
are derived endogenously using optimization techniques. Typically however the price of
labor and the price of capital are exogenously determined. Product prices are determined
either through perfect competition or by assuming that price is set equal to a constant
average (and marginal) cost. In the latter case, product demand alone determines the
level of production. CGE models do not incorporate the dynamics of the regeneration of
renewable resources, endogenous population growth or the capacity of the biosphere to



assimilate a portion of the pollution generated.

The preliminary model described here differs in several respects. First, resource limits
are addressed by explicitly modeling the system as closed to mass; economic decisions
and biological interactions between species determine how mass is distributed throughout
the system, and consequentially whether some resources are scarce or some species go
extinct (i.e., species with zero mass). Second, a legal foundation is incorporated by
identifying the mass in terms of its property type. Third, an explicit market system of
decision making is implemented in the form of a price setting model. The model
introduced here has evolved from much simpler, ecosystem-only models (see Cabezas et
al. 2003, Fath et al. 2003) and from an ecosystem with economic-like behavior (Cabezas
et al. 2005). This model also includes an industrial process subsystem in addition to the
macroeconomic decision-making system and legal foundation.

The ultimate objective of this modeling effort is to gain general insight as to which legal
and economic strategies might contribute to or degrade desirable system regimes and
resilience in an integrated ecological-economic-legal system. It also hoped that some
understanding is gained about which policies or laws (theoretically) could change
economic and social behavior to increase the stability of this system. At this point, the
model is a preliminary one and has not been tested or fully explored. Nor is the model
calibrated or tied to any real-world systems; rather, it is meant to retain a degree of
abstractness and generality that may lead to the drawing of general conclusions about the
interaction between economic markets, ecosystems, and the law.

Background

Interest in sustainability has grown exponentially as it has become increasingly obvious
that the supporting biological systems of the Earth can not indefinitely support current
rates of human population growth and resource consumption (Millennium Ecosystem
Assessment Synthesis Reports, 2005). Consider, for example, that according to the
United States Census Bureau (2005) the human population of the earth grew from 2.5
billion in 1950 to about 6.4 billion in 2005. Human population growth continues. Also
consider that from 1970 to 1995, consumption expenditures in 1995 U.S. dollars
increased from $8.3 to $16.5 trillions in industrialized nations, and from $1.9 to $5.2
trillions in developing nations (United Nations Development Programme 1998). Lastly
consider that the human population presently appropriates about 20% of the world net
terrestrial primary production, leaving a vastly reduced resource pool for all other species
(Imhoff et al., 2004, Haberl et al. 2004). Here, net primary production is defined as the
net amount of solar energy used to convert mass to terrestrial plant organic matter by
photosynthesis.

Sustainability is fundamentally an effort to create and maintain a regime in which the
human population and its necessary energy and material consumption can be supported
indefinitely by the biological system of the Earth. Hence, sustainability is not a goal but
a path or corridor through time. Figure 1-1 illustrates conceptually the sustainable path



through time of a system through a corridor in a space where the coordinates are
measurable ecological, industrial, economic and other variables. A sustainability corridor
is, therefore, defined such that, for example, biodiversity and human population sizes are
appropriate, the industrial processes perform at high efficiency with minimal
environmental impacts, and the level of economic activity is adequate to provide
employment and meet human needs. However, in an integrated system such as this one,
deviations in any dimension have repercussions elsewhere. For example, inefficient and
wasteful production causes pollution which damages ecosystems. Therefore, the
construction of a sustainable corridor requires at least a basic understanding of the
relationship between production processes, ecosystems, and economies.

Technological
Economic Dimensions
Dimensions

t

Catastrophic
. Unsustainable
*A Regime

Self-Correcting
Unsustainable

Regime \

Ecological
Dimensions

Sustainable Legal/Social

Dimensions

» Time

Figure 1-1 Conceptual path in time for a complex cyclic dynamic system having economic, techno-
logical, ecological, legal, and social components. Note the conceptual limits that define sustainable
regimes shown here as a tunnel, and the three categories of regimes: sustainable, self-correcting un-
sustainable, and catastrophic unsustainable.

Hence, as already discussed the definition, assessment, and attainment of sustainability
are by nature multidisciplinary (Goodland and Daly 1996, Dasgupta et al. 2000, Cabezas
et al. 2003, McMichael et al. 2003, Cabezas et al. 2005; Figure 1). Popular definitions of



environmental sustainability abound, some of which can be contradictory (World
Commission on Environment and Development 1987, Gatto 1995, Goodland and Daly
1996). The overarching concept of sustainability for all disciplines, when applied to
humanity as a whole or a particular society, highlights the level of activity that can be
sustained for a given length of time without diminishing the productivity of the system or
its capacity to recover function following disturbances. While the time frame over which
this concept is applied can differ markedly between disciplines, all disciplines approach
sustainability with a reasonably consistent idea of which characteristics of the system are
desirable, and which are not. From the many possible dimensions of sustainability, three
which most relevant to the work in this report (ecological, economic, and social/legal) are
described below.

Ecological

Ecological sustainability usually infers that an ecosystem can retain an ability to function
through environmental changes and disturbances, and over the long term has the
evolutionary capacity (through genetic and species diversity) to form adaptive ecosystem
structures and functions. Ecosystems are comprised of collections of species that operate
in fairly characteristic trophic (feeding) levels, and that engage in a wide variety of
positive, neutral, and negative interactions. The stability and productivity of ecosystems
is dictated by the biodiversity of a system, although the role of a specific species or
population in an ecosystem is not known in all cases with certainty (Tilman 1999, Bond
and Chase 2002, Hooper et al. 2005). However, due to habitat loss, overharvesting,
invasion by non-native species, and other anthropogenically induced pressures, many
species are currently at risk of extinction (Ehrlich 1995).

As species are lost from systems, the connectivity (and perhaps redundancy) of the
system declines, and critical functions (such as nutrient recycling, waste treatment or
pollination) may either no longer be provided (Kearns 1997, Hooper et al. 2005) or are
provided at reduced capacity. Extinction rates have generally risen proportionately to the
area of natural habitat impacted by human activity (MacArthur and Wilson 1967, Doak
and Mills 1994, Pimm and Askins 1995). Extinction (either at the population or species
level) reduces the evolutionary capacity of ecosystems, and with it their ability to adapt to
changing environments. Loss of biodiversity in ecosystems would only be sustainable if
immediate restoration of these systems were possible, but this is unlikely as restoration of
ecosystems depends heavily on the order of species reintroduced into a system.
Community assembly rules, resistance to invasion, and the characteristics of each species
are all critical determinants of restoration efforts, but are at best vaguely understood for
selected ecosystems (Levin et al. 2001, Sakai et al. 2001, Ferenc et al. 2002).

Ecosystems are complex, dynamic systems that often display characteristic regimes of
behavior dictated by their internal dynamics and the disturbances that act on them
(Scheffer et al. 2001, Mayer and Rietkerk 2004). A dynamic regime, or “alternative
stable state,” is characterized formally by a particular multidimensional neighborhood or
set of values over which the system state varies. About each set of such steady states, a



basin of attraction is formed such that absent any changes in external disturbances or
random variations within the system, the system will remain in that basin of attraction
and tend toward the steady state. In this analogy, a change in regime is a change to
another basin of attraction. The size of disturbance that can be tolerated by an ecosystem
before a change in regime occurs is a measure of its resilience (Holling 1973, 1996,
Gunderson 2000). Disturbances can range in size, intensity, and frequency, and can
originate from natural (e.qg., lightning strike, fires, floods) or anthropogenic sources (e.qg.,
agriculture, deforestation). Although ecosystems may naturally pass through many
regimes, the functions and services that ecosystems can provide human societies do vary
under different regimes (Wardle et al. 2000, Portela and Rademacher 2001). In this
respect, some regimes may be more desirable to humans than other regimes (Carpenter et
al. 2001).

Economic

All economic activity is dependent upon natural resources provided by the environment,
both as inputs and as sinks for waste mass, e.g., pollutant treatment. Over human time
scales, these resources can either be renewable (such as fish populations, timber stands,
or the capacity of the environment to absorb some forms of pollution) or non-renewable
(such as coal or copper), but renewable resources can be exhausted if harvest rates are too
high (Slade 1982, Reed 1986, Pauly et al. 2002). Depletion rates of natural resource
stocks are often dictated by the scarcity of the stock (which influences its price), or the
economic discount rate used by the industry, instead of the biological limits of
regeneration of the stock. This discrepancy can lead to extraction and harvest rates for
renewable resources that are not sustainable.

Goods and services that ecological systems provide to human economies and societies are
rarely directly valued in economic markets (Daily 1997). Historically, economists have
not internalized pollution and other negative impacts to ecosystems in economic analyses,
but rather have treated these impacts as externalities (Samuelson 1954, Freeman 1984,
Bird 1987). However, feedback loops between ecological and economic systems can
significantly alter projected resource availability and economic productivity, and are
important in the determination of sustainable resource use (Settle et al. 2002). Several
studies have attempted to make the costs of these services explicit, and estimate that the
planetary value of all ecosystem services is around $16-54 trillion per year (Costanza et
al. 1997, although see Heal 2000). Some of these estimates are based on the cost of
designing and building a technological system that could provide the same services, such
as reverse osmosis or desalinization technology to produce freshwater in the place of
wetlands (Postel and Carpenter 1997). Other estimates are based on a variety of hedonic
pricing, contingent valuation or other more indirect methods (Farber et al. 2002). The
purpose for valuing ecosystem goods and services is not necessarily to include them in
regular market transactions, but rather to provide an accounting system that is
recognizable to economic analysts and can be used to monitor rapid depletion or
unsustainable use of these goods and services.



In many analyses of economic sustainability, the discount rate chosen and the
substitutability of environmental capital for other resources and for manmade capital can
greatly influence the perceived sustainability of an activity. Higher discount rates cause
firms to extract natural resources faster earlier, saving less for later, and thus leaving a
reduced (or exhausted) resource base for future generations (Costanza et al. 1997, Barbier
and Markandya 1998). On the other hand, resources for which there are many
substitutable sources may be more likely to be used sustainably, as economic agents can
more easily shift from one resource to another when prices rise (due to increasing
scarcity). However, as some things have no substitution, such as breathable air or fresh
water, and economists have long been at odds regarding the degree of substitutability
between natural and manmade capital (Krutilla 1967).

Social/Legal

Since sustainability is ultimately about human well-being, the social aspect in general and
its legal component in particular must also be considered. Human societies have always
interacted with and depended upon ecosystems, but the nature of the relationship changed
dramatically with the onset of agriculture about 10,000 years ago and with the evolving
concept of property rights.

The domestication of animals and plants allowed for an exponential increase in human
population size and density. Food surpluses resulted in job specialization, centralized
conflict resolution and decision making, collection and redistribution of wealth,
technology development, and amalgamation of smaller territories into larger ones
(Diamond 1999). To reflect modern society and the current state of affairs, the plant and
animal species can be divided into two categories: domesticated and non-domesticated.
Transfers of mass associated with domesticated species are substantially affected by
society’s economic system. Transfers of mass associated with non-domesticated species
are more often affected by the legal and political systems, and/or by biological rules
alone. Humans have also become adept at appropriating and storing a large portion of the
nutrient pool by making nutrients unavailable to themselves and the rest of the ecosystem
for long periods of time (e.g. covering soil with asphalt, water consumed by industry or
contaminated by pollutants is no longer available for drinking). This is in addition to the
massive physical infrastructure and energy needed to transport, process, and distribute the
agricultural products and other resources used to support other societal goals (i.e.,
production of non-food goods and services).

From a legal standpoint, the ecosystem is less about mass and more about the rights (or
the lack of rights) associated with the mass. Property is commonly divided into three
general types: private, state (also referred to as government or public) and commons
(Heller 2000). Private property has come to be considered a “bundle of rights” that can
be separated (or “unbundled”) and owned and transferred separately. An example of this
unbundling, one person (the landlord) may have the ownership rights to a parcel of land,
while another (the renter) holds the right of possession, and a third (the landlord’s heir)
has a right to own the parcel at some time in the future. State or government property is



owned or controlled by the sovereign, e.g., a national park. Some legal scholars refer to
“the commons,” as meaning property which is available to everyone in the world and use
the term, “common property” to denote a separate category, meaning property available
to a specific group and excluding others outside that group (Yandle and Morriss 2001).
Others refer to the former as “open-access commons” and the latter as “closed-access
commons.” In any case, the difference between the two types of commons is in who has
the right to use the resource and who has the legal right to exclude others from using it.

Additional property types have also been identified. Yandle (1999) uses “regulatory
property” to refer to property which is created and allocated by the government. Air
pollution permits are an example of this type of property. Heller (1998) describes a type
of property he calls “anticommons” to account for situations in which property rights are
so divided among individuals that any one of them can exclude others from effective use
and the result is underuse of the resource. This is the opposite of open-access commons,
the well known subject of the Tragedy of the Commons (Hardin 1968), in which no one
can be excluded and everyone maximizes his/her use of the resource resulting in its
overuse.

In many ways, the property rights assigned to the mass in the ecosystem form the basis
for the economic system because “the process of defining property rights defines wealth
and its distribution in society” (Yandel and Morriss 2001). Using barbed wire as an
example, the authors illustrate that it is the transaction costs of defining, defending, and
devising the property that ultimately determines its fate. Before the invention of barbed
wire, it was too expensive to enclose and defend large areas of rangeland and so it
remained open-access. Once the wire was created, it became economically feasible to
enclose the area (define it) and enforce the exclusion of others (defend it). At that point,
the rancher had sufficient ownership control to have something worth selling to others
(devise it). The other option would have been for the rangeland to stay in or revert to
government ownership with grazing rights sold as “regulatory property.” There are still
transaction costs involved in this option, but they are borne by taxpayers as well as the
permit purchaser.

Transaction costs for open-access commons resources are lower because no rights must
be defined, defended, or devised, but mass in private hands is more subject to control and
manipulation for maximum utility. Therefore, the hunter-gatherer has more in common
with the other mobile species of the foodweb. Both value open-access commons or
common property because enclosures and exclusive rights pose problems for moving
across space. The food producer has opposite goals, because enclosures and exclusive
rights increase wealth--the food producer benefits most by separating its domesticated
species from others. The modern consumer is aligned with the food producer, since food
production allows for a much more stable and convenient lifestyle.

Thus, human society with its legal system of property rights affects ecosystem
sustainability in several ways. It manipulates foodwebs in favor of domesticated species,
potentially affecting resources available to non-domesticated species. It appropriates
portions of the resource pool for physical and social infrastructure. Finally, it raises the



bar on sustainability by a cyclical process of continually increasing its needs through
population growth made possible by food surpluses brought about by manipulation of the
food web.

Model Overview

The model (Figure 1-2) was developed in stages. The process began by establishing a
basic ecological model with the total mass distributed among all compartments within a
foodweb (Fath et al. 2003). The compartments were then differentiated in terms of
human control over them by identifying species as being either domesticated or non-
domesticated, assigning property rights to each compartment, and indicating intentional
changes to the natural flows of mass, such as fences. Finally, a generic industrial process
was added to account for resources diverted to human (non-food) consumption and use
(Cabezas et al. 2005).
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Figure 1-2 Integrated model showing flows of mass between compartments and property types. P1,
H1, and IS are private property. P2 is state-owned property, but H1 has access to it through grazing
leases issued by the government. C1 is a protected species, thus, H1’s access to it is limited. P3, H2,
H3, C2 are open-access commons to which no property rights attach. The resource pool in this
model is open-access commons. Dotted lines indicate mass flows that occur under anthopogenic in-
fluence. Gray lines from the inaccessible resource pool to P2 and P3 indicate slow transfers of mass
as a result of bacterial decay (this is the only natural outlet for mass to escape the inaccessible re-
source pool). Some mass is also transferred from each compartment to the resource pool represent-
ing the death of biological mass; however, to avoid confusing lines, these transfers to RP are not
shown.



The resulting integrated model comprises twelve compartments, including two resource
pools (RP and IRP), three primary producers (plants P1, P2, and P3), three herbivores
(H1, H2, and H3), two carnivores (C1 and C2), an industrial sector (IS) and humans
(HH). The system flows throughout are specified in terms of mass. The system is closed
to mass (i.e., mass is conserved) and open to energy. Individual compartments, including
those composed of private property, observe conservation of mass; that is, any difference
between input and output in a compartment results in a corresponding change in mass in
the compartment. Primary producers make available resources from an accessible
resource pool (RP) to the rest of the food web. Although not shown on Figure 1-2, all
biological compartments (i.e., all compartment except for IRP and IP) recycle mass back
to the RP through death. There is a flow of mass from all biological compartments to RP
proportional to the death rate of the species represented by the compartment. Mass from
the IRP is recycled very slowly back to P2 and P3 through the action of bacteria; thus, it
is “inaccessibleto the other compartments. The flow of mass through the biological part
of the system is determined by a set of Lotka-Volterra type expressions, while the
resource pools (RP and IRP) simply follow a simple mass balance, and the industrial
sector (IP) follows a simple flow through with no mass accumulation.

As discussed, the model structure depicted in Figure 1-2 does not represent any particular
real ecosystem. Rather it is meant to capture some of the typical features of combined
ecological-economic-social systems such as: (1) an organization based on trophic levels,
(2) decreasing number of species with higher tropic levels, (3) species specific
preferences for food source (e.g., C1 consumes H2 but not H1), (4) the presence of
humans with industrial production, agricultural production, an economy, and law
including private property, and (5) the presence of mass that is biologically unavailable as
result of industrial activity. While the specific structure is arbitrary, it is carefully
constructed to try to capture as many of these typical features as possible. It is hoped that
it has enough generality to produce some basic insights into the mechanics of combined
ecological-economic-social systems. In essence, the model is the analog of a simple
machine (e.g., a pendulum), which while simple and arbitrary, can still be used to study
and illustrate basic laws of mechanics that are applicable to more complex machines
(e.g., a gear box). It is expected that the model, perhaps with some modification, can be
used to simulate the ecological consequences of different economic and regulatory
strategies. In this sense this model would be a valuable tool for generically exploring
sustainable environmental management strategies, but without the risk of experimenting
with real ecosystems and people.



Chapter 2

Integrating the Economic Sector and Ecological Base

This chapter provides the equations and rationale for integrating the economic and
ecological aspects of the model. It includes the optimal economic behavior of industry,
government, and households, the natural growth of non-domesticated species and the
human population, as well as the growth and depletion of the resource pools.

From an economic perspective the model contains human households (HH), an industrial
sector (1S), and two private firms: one a producer of plants (P1) and one a producer of
herbivores (H1). The households are the ultimate owners of the factors of production
used to produce the goods that are traded in explicit markets. In addition to markets for
the three goods (P1, H1, IS), there is a labor market. Households must decide between
devoting time to working for one of the three industries or to leisure. Household income
comprises labor income and profits generated by the three industries (P1, H1 and IS). In
this model the stock of physical capital is held constant. A single period planning
horizon is assumed, therefore savings and investment are ignored. Any dividend income
is divided equally among the households.

The P1 firm uses resources (RP) and labor to produce plant inventory (P1). Households,
the H1 firm and the industrial sector are economic consumers of this P1 inventory. H2, a
wild herbivore, preys on P1. The P1 producer devotes labor to build and maintain fences
to keep H2 out.. The H1 firm uses P1 and P2 to produce an inventory of herbivores, H2.
The households are the only economic consumers of this inventory. A carnivore (C1)
preys on the H1 inventory, but the H1 firm cannot kill or otherwise interfere with C1
because C1 is a protected species. The H1 firm’s only recourse is to invest labor in
fences. The H1 firm pays a fee to have grazing access to P2. It is assumed that this
access is limited, and that the H1 firm takes the maximum that it is allowed. The
industrial sector combines resources (RP) with plants (P1) and labor to produce goods
consumed directly by the households. Unlike the P1 and H1 inventory, which transferred
to their respective consumers, the mass associated with the consumption of IS inventory
is not resident in the human compartment. Rather, it goes directly to an inaccessible
resource pool.

The circular flow of income and spending is illustrated in Figure 2-1. Symbols used in
this figure and throughout this report are in Appendix A.
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Circular Flow of Income and Spending

Firms
b1 Consumption spending ($)
I Pp,PIHH+D,  HIHH+p g ISHH Households
H1 ‘
N M ($) + Fixed Costs
T Entrepreneurship + Cap. Services
Wages($) = WhN¢ Wages($)
hNd Labor Market Labor Services
Tr
Grazing fee ‘

‘ Government

Figure 2-1. The economic model illustrating the flows of income and spending by Firms, Labor,
Government, and Households. Note that in this model, taxes and ““social costs” are not included.

Economic Decisions of Firms and Households

The households are the ultimate owners of the factors of production used to produce the
goods that are traded in explicit markets. Factor incomes consist of labor incomes and
profit incomes generated by the three industries, P1, H1 and IS. All production functions
are specified in accordance with the law of conservation of mass: the mass emerging
from a production process cannot exceed the total mass entering that process as inputs.

In this initial model, the stock of physical capital is held constant. One possibility for
introducing labor and capital into the production process is to view these inputs as simply
reducing the amount of mass wasted in the production process. However, labor and
capital provide a much greater service than merely reducing waste occurring in the
production process. In particular, while labor and capital cannot create mass, they are
nevertheless essential to the creation of value. Labor and capital provide necessary
transformation services that alter the location of or the physical, chemical, biological,
and/or aesthetic properties of the raw materials applied to the production function. Labor
and capital can be substituted for each other in providing these transformation services,
but neither labor nor capital nor a combination of the two factors can be substituted for
raw materials in creating a given output mass. One possible exception is the extent that
labor and capital can reduce waste, a possibility that is ignored here.

Therefore, for this purpose, the appropriate production function views transformation

services and raw materials as being combined in fixed-proportions. However, the
transformation services alone may be provided by a number of combinations of labor and
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capital. It is further assumed that each industry and the households operate within a
single-period planning horizon. Therefore, all saving and real investment in man-made
capital are ignored. However, because they announce the price of their products before
they know the actual demand for their goods, every industry may engage in unintended
(dis)investment as they accumulate inventories (experience unfilled orders) over the
current period. Each industry has a fixed number of equity shares (stock certificates)
outstanding. Every household holds the same number of shares issued by a particular
industry. Any dividend income the households receive is divided equally among the
households. No market exists for these shares. Prices are set in terms of an abstract unit
of account ($). Otherwise, the financial sectors are ignored. A stock of money
presumably exists that facilitates transactions among the firms and the households, but
any decision making as to the amount of money the agents desire to hold at any point in
time is abstracted from. Also ignored are the social costs that the private industries
producing plants and animals impose upon the ecosystem by growing their products,
thereby removing nutrients from the resource pool. As a result, the market prices paid by
the households and by the H1 industry for P1 reflect only the private out-of-pocket costs
associated with the production of those plants.

Also, the market price that the H1 industry charges for its product will not reflect the full
social cost of depleting the resource pool to produce food for the domesticated
herbivores. In addition, the households are not required to reckon with the social cost
they impose upon the ecosystem by adding to the inaccessible resource pool as a result of
their consumption of the various plants and animals, either through an increase in
consumption per capita or as a result of human population growth. The H1 industry does
pay a grazing fee to the government for access to P2, but otherwise all economic agents
in this model ignore the ecological benefits of P2, H2 and C2.

Households are free to decide how many hours they prefer to work based upon their
preferences for P1, H1, IS, and leisure as well as upon the product prices, wage rate and
the non-wage income they face. However, at the wage rate set by the IS firms,
involuntary unemployment may result. The private industries use at least some of the
revenue they receive from their current-period sales to pay for labor services. The P1
industry pays part of its revenue to labor. The H1 industry also uses some of its revenue
to pay the P1 industry for the plants it purchases from that industry and to pay a grazing
fee to the government for access to P2. The IS industry pays for labor and for the P1 it
buys. All three private industries then distribute any remaining profits to the households
as dividends. In the present model, the P1, H1 and IS industries set the price of their
respective products before trade takes place during the current period. The prices they set
conform to their forecasts of the demand functions they will face during the current
period. Trade takes place in the domesticated sector even though markets may fail to
clear. Industries may hold unanticipated inventories (unfilled orders) at the end of the
period. Itis assumed that the IS industry sets the money wage rate at the beginning of the
current period, based upon its forecasts of the household sector’s supply of labor and the
demand for labor by the P1 and H1 industries. Involuntary unemployment (or unfilled
job vacancies) is possible. Note that in the following equations, g; is the growth
parameter of species i and and m; is the mortaility parameter of species i.
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Optimal Economic Behavior for P1 Industry

The P1 industry applies a variable amount of labor and a fixed amount of capital to
transform the mass of P1 that would otherwise grow naturally into a marketable product.
The producer of P1 must also deal with the fact that H2 eats some P1 during the
production process. The P1 industry hires labor to reduce the consumption of P1 by H2.

The production function for P1 is given by (2-1):
P1 = min[ge:-P1; -RP; —Mp1-P1; —Cprra(h piNy)-H2;, P1(hpiNi, KP)] (2-1)

The production (growth) of P1 (ge1) is viewed as positively related to: (a) the size of the
resource pool at the beginning of the period, RPy, (b) the initial stock of P1, P1;, at the
beginning of the period, and (c) the level of transformation services, P1(:), provided by
(variable) labor hours, hp;N¢, during the period and the (given amount of) physical
capital, K™, held by the industry at the beginning of the period. From the point of view
of the P1 industry, the amount of P1 lost during the current period (mortality, mp;) due to
consumption by H2, is assumed to be proportional to the initial stock of H2, H2;, with the
size of the “consumption coefficient,” cp12, and negatively related to the labor hours
devoted to reducing the amount of P1 that H2; eats during the period. Assuming the P1
industry wastes neither the transformation services of labor and capital nor the net
amount of P1 available for transformation (after deducting the loss due to the presence of
H2), the amount of (transformed) P1 produced may be viewed as equal to P1(hp:N;, K™):

P1 = P1(hpiNy K™ (2-2)

Note that the characteristics of P1 may differ considerably from those that would occur if
P1 were to grow naturally without the transformation services provided by labor and
capital.

In addition, the amount of P1 transformed in the production process may be viewed as:
gp1-PLi RP —Mp1-P1; —Corro( piNy)-H2 = P1(hpiNg, K™) (2-3)
In principle (2-3) may be solved for h'p1-N;. To obtain the (linear approximation of)

labor hours devoted to reducing H2’s consumption of P1 (and holding ge1, mp; and K™

constant), totally differentiate (2-3) and solve for d(h"p1-N; ):

d( h*pl'Nt) = [gpl' P1; d(RPt) + [gpl' RP; — mpl] d(Plt) —[aPll a(hpth)]'d(hpth)
= Cp1rz “(AH20)] / {C'p1n2 -H2: } (2-4)

where ¢'p1i2 denotes the derivative of the consumption coefficient with respect to h'py-Ng;

this derivative is negative. Consequently, according to (2-5), the number of hours the P1
industry devotes to limiting the amount of P1 consumed by H2 is negatively related to
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RP; and P1;, but positively related to both the number of labor hours it devotes to
transforming P1 and the size of H2;. Therefore, the following general function is given:

h PN = h'pp-Ni( P1y, RPy, H2;, hpiNy) (2-5)
- - + +

The economic stock of P1 at the end of the period, P11, is represented by (6):
Plu1 = P1; + P1(hpiNy, K™) =P1H1 -P1IS-P1HH (2-6)

where P1H1 corresponds to the amount of P1 purchased by the H1 industry during the
period, P11S represents the amount of P1 purchased by the IS industry during the period
and P1HH denotes the amount of P1 purchased by the households during the current
period.

Taking the current wage rate and the P1 industry’s forecast of the current period demand
function for domesticated P1 plants as given, the P1 industry attempts to maximize the
dividends they pay to its shareholders, subject to the restriction that the end-of-period
stock of P1 is maintained at some predetermined level, P 1. Then the firm’s desired
sales of P1 (in terms of mass) is given by:

(P1H1 +P1IS+P1HH)® = P1(hpiNy, KP) — (P 1 —P1;) (2-7)

Dividends equal current net income minus net business saving. Net income is equal to
the value of current production minus current expenses (wages and a fixed cost
associated with the fixed stock of physical capital). Therefore, dividends are equal to the
value of current production minus current expenses and minus net business saving. Net
business saving is necessarily equal to the sum of the sector’s net increase in assets minus
the net increase in liabilities during the period. In the present model, the sector’s planned
accumulation of assets consists only of the market value of its planned accumulation of
P1 during the current period; according to the assumptions, it does not plan to borrow
during the current period. Therefore, current dividends are equal to the value of current
production minus the current expenses and minus the value of the planned accumulation
of the inventory of P1 during the period. From (2-7), the value of current production
minus the value of the planned accumulation of inventory during the current period
represents the value of desired current sales of P1 to other sectors during the period.
Therefore, current dividends correspond to the current revenue from the sale of P1 to the
producers of domesticated herbivores H1 and to the IS producers minus the current
expenses of the P1 industry.

Maximize:

Me1 = ppr-{P1(heiNy, K™) = (P 1-P1)}
~W:[ hpy'N¢ + h pr'N¢(P1:, RPy, H2y, hpiNi)] —Fps (2-8)

where Fp; denotes the current period’s fixed cost. Since the P1 industry is viewed as
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owning the P1 that it produces and harvests, the amount of P1 harvested does not enter
directly into its cost considerations because the industry does not voluntarily consider the
social cost of its production of P1.

At the beginning of the period, the P1 industry announces its product price, pp1. Let the
P1 industry’s forecast of the current period demand for its product be represented by the
following demand function:

P1% = P1%( pp1, 01, o1s, ®pirr) = PLH1%(ppy, 03341) + PLIS®(ppy, i) (2-9)
+(PIHH/N)®(pp1, ®p1rH)- Ny

This demand function denotes the P1 industry’s forecasted total (market) demand for P1
by the H1 and IS industries and by the households. It is assumed that the derivative of
P1% with respect to pe; is negative (the sign will be verified later when the economic
behavior of the H1 and IS industries and the households is specified); on1 , mis and wpinn
denote vectors of shift parameters. Solving the inverse function for pp; yields:

Pe1 = Ppa(P1%, @1, @15, Op1hn, Ny ) (2-10)
- + + o+ O+

where:

Oper/o(P1%) = 1/ [agplde)/ ope1 ] <0

opp1/dwi = — [0(P1%)/ dw;i /[6(P1%)/ oppr 1> 0O

and dppe/ON; = — [(PLHH/N)*)/[6(P1%)/ 6pp1 1> 0. (2-11)

An increase in w; or N; represents an outward shift in the P1 industry’s forecast of the
market demand for its product.

The price pp;1 given by (2-10) represents the maximum uniform price the P1 sector
expects it can value each alternative quantity of P1 it produces during the period. Based
upon this function, the sector’s forecasted current revenue function is given by:

Re1® = pp1- Pl(;e = pp1(P1%, ®h1, 15, @p1nn, Ni) - P1%
= Rp1*(P1%, @h1, 015, @p1nH, Ni) (2-12)

Substituting the right hand side of (2-7) for P1% in (2-12) yields:
Rp:® = Rp“[P1(hpaNy, KP) (P 1-P1y), om1, ais, 0p1vm, Ni (2-13)

Substituting the right hand side of (2-13) for the first term on the right hand side of (2-8)
yields:

Ty = Rpr®{P1(hpiNy, KPY) —(*E 1-P1), 0n1, O1s, Op1H, Nt}
—W-[hp1:N¢ + h p1-Ni(P1;, RPy, H2;, hpiNp)] —Fp1 (2-14)
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The only independent choice variable for the industry in (2-14) is the number of hours
that its employees work transforming P1, hp;N;.  Maximizing (2-14) with respect to
hp1:N; yields the necessary condition:

[6Re1*/0(P1%)] [ (PL)/0(heiN)] = W-[ 1 + [ (h"p:N)/B(PL)]- [8(PL)/0(he1-No)]]
=W-[1-[0(P1)/o(hp1'Ne)J/{C'p1r2 -H2: }] (2-15)

The left hand side of (2-15) represents the marginal revenue product of labor used in the
P1 industry to transform P1 into a marketable product, and the condition requires the
profit-maximizing firms in the industry to hire labor up to the point at which the marginal
revenue product of labor equals the money wage times Equation 2-1 plus the extra labor
required to reduce the amount that H2 eats as the sector adds to P1. Holding P1;, RP,
and H2; constant, if the firm hires more labor to transform P1 into a marketable product,
it must also hire more labor to reduce the loss of P1 due to its consumption by H2, in
order to obtain the extra P1 that will be used as the raw material input.

Assuming a diminishing marginal product of labor in transforming P1, a diminishing
marginal product of labor in reducing loss, and that marginal revenue decreases as the
number of units sold increases, then from (2-15), the profit maximizing level of labor to
be used in the P1 industry becomes a decreasing function of the money wage. The P1
industry’s demand functions for both types of labor are given by (2-16) and (2-17):

(hp1:N)? = hpr:N(W, (P 1= P1y), h1, @is, ©p1vh, Ny, P1y, RPy, H2,) (2-16)
- + + o+ 4+ + + o+ -
(h*Pl'Nt)d = h*Pl'Ntd(W, (P 1-P1y), o1, ois, ®p1pr, Ny, PLy, RPy, H2,) (2-17)
_ + + o+ o+ + - — 4+

From (2-16) an increase in (P 1— P1,) reduces, ceteris paribus, the amount of P1 the
sector plans to sell, thereby raising the marginal revenue product of labor used to
transform P1; an increase in op1, wis, ®p1nn, OF N shifts the market demand for P1
outward, thereby increasing the price that buyers are willing to pay for a given amount of
P1, and raising the forecasted marginal revenue product for a given amount of labor used
to transform P1. The effect upon the amount of labor used to conserve P1 responds in the
same direction as the demand for labor used to transform P1. However, holding the
amount of labor used to transform P1 unchanged, in accordance with (2-3), an increase in
either P1; or RP; reduces, ceteris paribus, the amount of labor required to conserve P1,
causing the demand for that type of labor to diminish. As the quantity of h'p1-N;
decreases, its marginal product increases, thereby reducing the marginal cost of adding a
unit of hpy-N¢; the industry’s demand for hp;-N¢ increases with an increase in P1; or RP:.
The larger the stock of H2; at the beginning of the period, however, the greater will be the
industry’s demand for h"p1-N; and the smaller will be its demand for hp-N;. Substituting
the right hand side of (2-16) into the P1 industry’s transformation function, (2-2), yields
the P1 industry’s current production of domesticated plants consistent with profit
maximization in that industry:
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P1® = P1° (herNE[W, (P 1-P1y), 01, s, 0pann, Ny, PL, RPy, H2(], KPY) (2-18)
The price that the P1 industry announces for the current period is then given by:

pr1 = Pra{P1%, o1, wis, @p1rH, Ni}
= prufPL° (er:NE[W, (P 1-PL), o, s, @pam, Ne, PL, RP, H2], K™
—(P 1-P1), ®n1, ois, ©p1rH, Ni} (2-19)

The actual inventory of P1 at the end of the period is given by:

Pluy = P1; + P1° -P1H1 —-P11S -P1HH. (2-20)

Optimal Economic Behavior for H1 Industry

H1 industry buys P1, labor and grazing rights to P2 and sells output to the households.
The assumptions are that the government sector fixes the grazing fee, p,, and that the H1
industry buys the maximum amount of P2, denoted by P2H1, permitted by the
government. C1 also consumes H1; the H1 industry hires labor to limit the amount of H1
eaten by C1.

The production function for H1 is shown by (2-21):

H1 = min[P1H1 + P2H1 —mp1-H1; —Chici(h waNp) -C1 , H1(hpNg, K™ (2-21)
where H1(:) denotes the transformation services provided by labor and capital.

Assuming that the H1 industry wastes neither the transformation services provided by

labor and capital nor the net amount of H1 available for transformation, the amount of H1
available to the market during the current period may be written as:

H1 = H1(hu:Ng, K™) (2-22)
and also:
P1H1 + P2H1 -my1-H1; —Chzca(h viNg) -C1ly = HI(huiNg, K (2-23)

The consumption coefficient, cyica, IS positive; the first derivative of this coefficient is
negative and its second derivative is positive.

In principle, (2-23) may be solved for h"y:N; in terms of hy:N;, P1H1, C1;, and P2H1.
Totally differentiating (2-23) yields the following:

d(h"1Ny) = [d(P1H1) +d(P2H1) —mz-d(H1) —[6H1/ d(hiiNY]-d(huiNy)
— CH1C1 d(Clt)] / {Clchl Clt } (2-24)
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Therefore, in general:

h'4iN; = h"iaNg(P1H1, P2H1, H1,, hyaNg, Cly) (2-25)
- -+ + +

The stock of H1 at the end of the current period is then given by:

Hlw: = H1 + H1(haiNg, K™) —H1HH. (2-26)
H1HH denotes the amount of H1 sold to the households during the period.

Taking as given the current wage rate and its forecast of the current period demand

function for domesticated herbivores, H1, the H1 firms attempt to maximize the
dividends to their shareholders, subject to the restriction that they maintain the end-of-

period stock of H1 at some predetermined level, H 1. The firm’s desired sales of H1 (in
terms of mass) is given by:

(HIHH)® = H1(hwN, K™) —(H 1-H1,) (2-27)
Therefore, the objective of the H1 industry is to maximize:

Mhr = prc-{H1(hwaNe, K™) = (H 1—H1)} —pp1-P1H1 —pppP2H1
~W:[hiN¢ + h aaNg(P1H1, P2HZ, H1;, higNy, CL)] —F (2-28)

where Fy; represents the industry’s fixed cost.

The product price, pu1, is announced by the H1 industry at the beginning of the period.
Let the H1 industry’s forecast of the current period demand for its product be given by
the following demand function:

H1HH® = (HLHH/N)®(pHz, onnm) Nt (2-29)

This demand function denotes the H1 industry’s forecast of the households’ demand for
H1. The assumption is that the derivative of H1% with respect to py: is negative (the sign
will be verified later when the economic behavior of the households is specified); wn1Hn
denotes a vector of shift parameters. Solving the i