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Abstract
We are attempting to integrate ecological and economic modeling and analysis in order to improve our
understanding of regional systems, assess potential future impacts of various land-use, development, and agricultural
policy options, and to better assess the value of ecological systems. Starting with an existing spatially articulated
ecosystem model of the Pqtuxent River drainage basin in Maryland, we are adding modules to endogenize the
agricultural components of the system (especially the impacts of agricultural practices and crop choice) and the
process of land-use decision making. The integrated model will allow us to evaluate the indirect effects over long
time horizons of current policy options, These effects are almost always ignored in partial analyses, although they
may be very significant and may reverse many long-held assumptions and policy predictions. This paper is a progress
report on this modeling effort, indicating our motivations, ideas, and plans for completion.
Keywords: Ecological-economic modeling; Ecosystem models; Patuxent River basin; Spatial modeling; Land use

1. Introduction
In its report, Reducing Risk: Setting Priorities
and Strategies for Environmental Protection
(September 19901, the U.S. Environmental Protection Agency (EPA)'s Science Advisory Board
recommended that "EPA should develop improved methods to value natural resources and to
account for long-term environmental effects in its
economic analysis" (EPA, 1990). In spring 1991,
EPA convened a group of ecologists, economists,

' Corresponding author

Elsevier Science B.V.
SSDI 0921-8009(95)00026-7

and other social scientists at an "Ecosystem Valuation Forum" for the purpose of advancing the
state of the art in ecosystem valuation methods.
The Forum's report on the concepts and problems in ecosystem valuation (Bingham, 1994)
identified two broad areas of research in need of
improvement:
1. Understanding how ecosystems function and
how they are affected by human activity-for
example, what determines human uses and
human intervention into ecosystems, and how
is this affected, among other things, by the
ecosystem's characteristics and regulatory
paradigms?
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2. Improving methods for ecosystem valuationfor example, what services provided by an
ecosystem are of value to society, what methods should be used to measure this value, and
in what terms should it be expressed?
One of the outcomes of the forum was to
commission case studies to begin to address these
research needs. We have begun a project to model
the interactions of ecological and economic systems to address the above questions. This paper
represents a preliminary report on our progress
in this project. The project team consists of two
economists and two ecologists who are interested
in breaking down barriers to communication and
developing integrated ecological economic models to address the issues of human interactions
with ecosystems and ecosystem valuation.
2. Ecologic~lleconomic modeling

Ecosystems are extremely complex systems
whose functions and processes are not easily
characterized. A particularly troublesome issue
involves the description of factors affecting the
reaction of ecosystems to natural and human
stresses. There is some agreement regarding
which ecosystem characteristics can be used to
evaluate stress, such as food web structures, complexity, and densities. However, there is considerable uncertainty regarding their relative significance. The importance of various attributes and
measures of system stocks a n d flows in conveying
the fitness of an ecosystem is poorly understood,
and existing knowledge often limits the scope of
analysis to a few species and resources, as only a
few functional relationships have been quantified.
Equally troublesome is our lack of understanding
of the effects of ecosystems' states on human
well-being. Some characteristics of ecosystems
have obvious and immediate economic and/or
human significance, while others appear important in a longer term or more global sense. There
is considerable uncertainty surrounding the effects of human decisions on natural systems, and
vice versa, as well as what features of one prompt
responses from the other.
Considerable work over t h e past decades has

attempted to address aspects of the first of these
issues, but for the most part this work has concentrated on either ecological or economic modeling approaches to the problem. The tradition of
independent research has resulted in a body of
environmental work completed by both sciences
that overlooks the fundamental problems associated with their interactions. Namely, the studies
are completed using different terms and units of
measurement, and the studies neglect to account
for the interaction between the processes and
populations each seeks to model. For the most
part, the ecological models have tended to ignore
humans, except to the extent that they introduce
apparently exogenous shocks into the ecological
system, and economic models have taken stylized
versions of "ecological facts" or relationships to
connect human actions with the state of the
ecosystem.
Both sciences recognize the problematic nature of these tendencies, and there have been
some efforts to revise tradition. The literature
contains some attempts to grapple with the interactions between ecological functions and economic actions (e.g., Tschirhart and Crocker, 1987;
Costanza et al., 19931, but these are largely conceptual papers, In addition to early work such as
that reported by Russell (19931, a recent Resource Policy Symposium noted only four integrated ecological economic models developed for
analyzing agriculture (Bouzaher, 1993; Hoogervorst, 1993) and natural resource-based tourism
(Dixon and Scura, 1993; van den Bergh, 1993).
Attempts at interdisciplinary modeling have often
produced larger and larger "black boxes", where
the level of resolution is reduced to the lowest
common denominator and the integrity of each
component of the model is lost. This project will
take a parallel modeling approach and will utilize
advances in computer modeling and spatial data
availability to address the transdisciplinary modeling task in new ways.
3. Ecosystem valuation

The second recommendation of the Forum
reflects concerns with current ecosystem valua-
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tion methods. These concerns include the narrow
focus on tangible, on-site resource commodities
and the disregard for ecosystem functioning. By
evaluating only those components of the ecosystem that have immediate value to individuals, and
focusing on short-term changes in the ecosystem,
this practice ignores the fact that changes in
ecosystems play out over time and space and may
indeed be irreversible.
Much of the ecosystem valuation work has
focused on wetlands because of current regulatory interest in these ecosystems. This literature
illustrates the above problems. Recognizing the
difficulty of identifying and measuring the contributions of wetlands, the majority of valuation
papers focus on specific well-defined services
wetlands provide, such as storm protection, recreation, fisheries, timber, or water purification
(Gupta and Foster, 1975; Lynne et al., 1981;
Farber, 1988; Costanza et al., 1989; Bergstrom et
al., 1990). Attempts have been made to finesse
the problem (Shabman et al., 1979; Shabman,
1987) by valuing the resource at its alleged upper
bound: the cost of providing substitute services.
But this approach begs the fundamental question
of definition and measurement of those services:
i.e., what is it about wetlands that really matters?
(Scodari, 1992).
Another drawback of the existing attempts to
value ecosystems is that they tend to be spatially
either too general or too specific. Studies either
examine aggregate national data or they pursue
site-specific case studies, such as those referenced above. Of course the ecology will differ
from prairie potholes to the everglades to the
tundra to the coastal zone, but the economics will
vary as well. Even the "same" wetland in different locations will have different value. And the
alternative uses of the wetland will vary with
location. For example, two lakes differing only by
spatial location (i.e., near an airport versus near a
national forest) will provide entirely different vectors of ecosystem services. Conversely, the value
of a wetland cannot adequately be captured by
local analyses whose scale diminishes the importance of spatial location. Human intervention may
set in motion both ecological and economic processes that have far-reaching consequences.

The ultimate purpose of this project is to shed
light on ecosystem valuation, but as is clear from
the above, this result depends on good ecological
and economic modeling that allows for feedback
between the human and natural systems as well
as spatial and temporal disaggregation. Interestingly, part of that feedback comes in the form of
changing private market values of land in different uses. Human decisions invoke changes in
ecosystems that play out over time and space and
may result in a reconfiguration of the landscape.
Reconfiguration results in a new array of market
values for land parcels within the landscape and a
new array of non-market values emanating from
public good amenities of the landscape. The
change in private land values signals a new round
of human land-use decisions. As has long been
recognized, however, the predominance of externalities in land use prevents even the effect of
human decisions on market values from being
internalized into individuals' decisions. For this
reason, as well as the obvious effect of land use
on public goods such as recreation, the public
sector has imposed an imperfect and ever-shifting
pattern of land-use regulations.
In this project, we will model economic and
ecological dynamics in a landscape framework
which incorporates regulations and human decision-making processes so that more can be
learned about the ultimate consequences for
ecosystem and land use configuration. The analysis will reveal how market land values are reconfigured and it should shed light on the effects of
landscape reconfiguration on non-marketed values, including those that take time to emerge.
4. Conflicts inhemnt in ecological economic modeling

While the ultimate intent of this project may
be to gain insight into the dilemma of valuing
ecosystem configurations and the services from
those configurations, the more immediate objective is to model the interaction of the ecosystem
and human activity, illustrating how humans intervene in the ecosystem and how different
ecosystem configurations contribute to human
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welfare. It is at least conceivable that what appear to be deep-rooted ethical differences between ecologists and economists with regard to
the more general goal can be reconciled if we
understand more fully the specific nature of humans' interactions with ecosystems and how these
interactions induce subsequent reactions as they
unfold spatially and temporally. A major criticism
by ecologists is that economists are too narrow
and anthropocentric in viewing the role, functions, and indeed, importance of ecological systems, since they tend to focus on immediate and
on-site impacts rather than including future and
indirect implications to humans and ecosystem
integrity. Economists are impatient with ecologists for their unwillingness to evaluate the relative contributions of various characteristics of
ecosystems to values and their disregard of some
human preferences when considering value.
Economists are presumably taking the pragmatist's view, disregarding those things that they
don't understand or can't measure, no matter
how important. Ecologists are taking the purist's
view: any valuation scheme that fails to take into
account the most important aspects of a problem
is unacceptable.
Structurally, the disciplines of economics and
ecology have much in common. Both analyze and
predict the behavior of complex, interrelated systems in which the behavior of individual agents
and flows of energy and matter are central, and
its dynamics are governed by the allocation of
scarce resources among competing agents
(Bernstein, 1981). However, despite these basic
similarities, there are significant distinctions in
modeling practices. Broad explanations of such
differences include the distinctions in their units
of measurement, populations of interest, handling of risk and uncertainty, and paradigms of
analysis (Bernstein, 1981; Norgaard, 1989).
The dynamics of ecosystems and markets are
extremely different, and these differences are reflected in the time steps and time horizons commonly employed in models of ecological and economic systems. Manv nf the distinctions in timing
follow directly from the availability of data employed to model the economic and ecological
systems. Data on economic decisions is rarely

available for a periodicity any less than one
month, and generally only available annually. In
contrast, because scientists have studied the
growth and development of organisms, hydrological dynamics, etc., ecosystems functions can frequently be modeled at a very high level of temporal and spatial resolution.
While ecologists frequently adopt high time
resolution models, they also are interested in
long-time horizons, and it is with regard to longterm implications of human actions that ecologists are frequently concerned. Economists have
tended to ignore the very long run,believing that
future perturbations to the system are virtually
impossible to predict.
Other types of boundary conditions differ as
well. When faced with limiting the amount of
activity to be modeled, ecologists employ geographical or physical bounds, and economists rely
on the extent of markets to define their study
areas. There is no reason for ecosystem and market boundaries to coincide. As a rule, neither
definition nor bounding mechanism subsumes the
other. Ecologists think in terms of physical flows
such as water, biomass, and energy. Many of
these connections have spatial characteristics, and
in recent years ecologists have made great advances in the development of spatial modeling
techniques (Costanza et al., 1990). For example,
the Patuxent Landscape Model (PLM) (DeBellevue et al., 1993), adapted for this project, utilizes significant spatial dynamics and in so doing
can model the succession of complex ecosystems
over long periods of time. In contrast, economists
tend to think in terms of informational flows such
as money and prices and use these informational
flows as the basis of changes when modeling
human behavior. Economists have much experience with time dynamics, but little with spatial
considerations, as markets are not typically spatially defined and may have little to do with
geographical dimensions. One significant exception is the land market. Although a considerable
amount of research has been completed on the
land market, economists have struggled somewhat unsuccessfully to fully model its spatial component.
Many differences in the approaches of ecolo-
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gists and economists occur because the factors in
the environment that are the focus of detail for
one discipline are often hopelessly aggregated or
abstracted from by the other. For example, the
ecological model might not distinguish between
agricultural crops such as soybeans and wheat, or
among wildlife species on recreational lands, for
this distinction may not be important in modeling
the ecosystem. Yet, in addressing human behavior and assessing values to humans, these distinctions are significant.
An aim of this research will be to acknowledge
and reconcile these conflicts in the context of an
integrated modeling effort. Both the process and
the modeling exercise will be valuable and will
serve an important role in furthering the objectives of the Ecosystem Valuation Forum (Bingham, 1994).
5. An overview of the modeling project

Recognizing the need for improvements in understanding how ecosystems function, how humans interact with ecosystems, and how ecosystems are valued, the following objectives were
identified for this project:
1. to increase our understanding of and our ability to model the interactions between human
behavior and ecological processes;
2. to increase our understanding of and our
ability to model the effect of the regulatory
environment on human behavior; and
3. to develop through the above exercises a better understanding of the role of ecological
processes in society's well-being, thus improving our methods for valuing ecosystem configurations and our ability to assess the benefits
and costs of regulatory consequences.
To fulfill these three objectives, a pilot ecological-economic model is being developed to examine functions and processes of ecosystems, clarify
relationships between human actions and ecosystems, and provide detailed information that will
enable improved ecosystem valuation.
The model consists of interrelated ecological
and economic models that employ a landscape
perspective because this perspective captures the

spatial and temporal distributions of the services
and functions of the natural system and humanrelated phenomena, such as surrounding land-use
patterns and population distributions. Configuration and reconfiguration of the landscape occurs
as a result of ecological and economic factors,
and these factors are closely intertwined.
The ecological part of the model is based on
the Patuxent Landscape Model (PLM), one of
several landscape-level spatial simulation models
currently under development by Costanza and
others at the University of Maryland (Costanza et
al., 1990; Fitz et al., 1993; Fitz et al., 1995). The
PLM is capable of simulating the succession of
complex ecological systems using a landscape perspective. Economic models are being developed
to reflect human behavior and economic influences. The effects of human intervention result
directly from the conversion of land from one use
to another (e.g., wetlands conversion, residential
development, power plant siting) or from changes
in the practices that take place within specific
land uses (e.g., adoption of agricultural best management practices, intensification of congestion
and automobile emissions, change in urban water
and sewer use, and storm run-off).
The Maryland Patwent River Watershed,
which includes portions of Anne Arundel, Calvert,
Charles, Howard, Montgomery, Prince George's,
and St. Mary's counties, will serve as the study
area (Fig. 1). The ecological model is currently
being calibrated for this area. In this phase of the
project the economic models will characterize
land use and agricultural decisions, and capture
the effects on these decisions of institutional influences such as environmental, zoning, transportation, and agricultural policies. The integration of the two models provides a framework for
regulatory analysis in the context of risk assessment, non-point source pollution control, wetlands mitigation/restoration, etc.
As part of this exercise, the ease (and cost-effectiveness) of generalizing the model to other
regions will be assessed. It is expected that the
modeling approaches will remain fairly constant
over applications, although the particular behavioral models and ecological processes emphasized, as well as the actual parameters of the

N
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models, would differ. Because the models are
designed to depict specigic processes and ecosystems and to evaluate specific management strategies, they require a significant amount of sitespecific data. However, the integrated model will
illustrate the circumstances under which human
actions set in motion processes that can have
far-reaching effects that play out over a broad
geographical range and over time. These illustrations wiII help policymakers define the relevant
questions to be asked and effects to be anticipated in other regional settings.
An overview of the components of the integrated modeling system is depicted in Fig. 2. The
major components of the system are the spatially
explicit, dynamic models for the ecological system
and the economic decisions, and the mechanism
for exchange of information between the two.
The results of the interrelated processes produce
a new landscape and a new array of values associated with the landscape. Some of these become
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and Everglades National Park in Florida to examine the repercussions of management strategies
on elements of the ecosystem such as water levels, nutrients, and plant successional patterns
(Fitz et al., 1993).
The PLM uses an integrated, spatial simulation approach to model ecological processes.
Central to the PLM is a General Ecosystem
Model (GEM) (Fitz et al., 1995; see Fig. 3) that is
replicated in each of the grid cells that compose
the study area (Fig. 4). The GEM unit models are
linked together and to spatial Geographical Information System (GIS) data using the Spatial
Modeling Workstation (SMW) (Maxwell and
Costanza, 1994; see Fig. 5). In addition to linking
flows between cells, the spatial configuration superimposes the river network on the grid of cells
allowing better simulation of river flow processes
across the landscape.
The GEM unit model simulates fundamental
ecological proqesses with hydrology as its core.
The hydrologic sector of the model simulates the
availability of water and its vertical and horizontal movements based on topography, geology, land
use, and other characteristics within each cell.
Characteristics of each cell's habitat type trans-

late to parameters of physical, chemical, and biological equations which are used to simulate such
processes as primary production, nutrient fluxes,
organic/inorganic sediment suspension and deposition, basic "consumer" dynamics, and decomposition. The dynamics of various ecological processes are expressed as the interaction between
state variables (stocks) and flows of material,
energy, and information. After the vertical or
within-cell dynamics have been simulated, the
results of the unit model are processed by the
spatial modeling program. In linking the stocks
and flows, the model predicts the exchange of
matter between cells (horizontal fluxes) and simulates the resulting temporal changes in water
availability, water quality, and habitat/ecosystem
type. The landscape model employs an algorithm
for determining the habitat type of each cell at all
times during the simulation. The habitat switching algorithm redefines the habitat/ecosystem
type of ceIls as conditions change, and selects
parameter sets as necessary.
Data is collected to calibrate or initialize the
model for a given set of ecosystems and a particular landscape. Effort is then devoted to simulating past behavior of the landscape. This allows

Fig. 3. Summary diagram mC the Patuxent Landscape Model's (PLM) unit model (GEM).The state variables and mass fluxes of the
unit model, excluding hydrology. The model is run within one cell and parameterized For the cell's habitat, Hydrology is important
in the vertical fluxes shown and the unshown horizontal fluxes of materials from cell to cell. State variables are enclosed within
rectangles, and those that can flux vertically and horizontally with water movement are shown in outline type.
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for calibration of the functions of the model
against actual historical data. For the Patuxent
project, historical land use and geographic data
(GIs) have been acquired from the Maryland
Department of Natural Resources (DNR), Maryland Department of Environment (MDE), and
the U.S. Geological Survey (USGS). Maps indicating land use estimates for 1973,1981, and 1985
(with 1991 now available), as we11 as mappings of
the watershed, streams, soils, slopes, contaminants, highways, marinas, railroads, water quality,
and wetlands have been acquired. The PLM contains about 6000 spatial cells each of about 100
acres and each containing a GEM with 21 state
variables (see Table 1 for a list of these). The
model will be calibrated with land use, stream
Portion of
Landscaoe

1 1 km2 cell
Legend

Habitat 2

Habitat4
"""5

\

\

I

Unit Model
Parameter set l

Ceti Address (2.3)

I

(

1

4 \d

Unit M d *

flow, water quality, and other data from 1973 and
1985. The intent is to run scenarios to the year
2020.
The spatial resolution of the PLM allows evaluation of impacts from changes in land use type
or practices for particular groups of cells in the
watershed. Our aim is to be able to estimate
selected indicator variables which will describe
processes of interest in the Patuxent River watershed. For example, fertilizer applications and mechanical soil manipulation (e.g., tillage) influence
the total loadings of nutrients and sediment which
are carried by surface and sub-surface waterflow
off a given land parcel. The flow path of that
water over various land types will determine its
nutrient and sediment load when it reaches a
wetland or stream. The combined effect of multiple land parcels then influences vegetative growth
processes in wetlands within the Patuxent estuary. As plant biomass changes, nutrient uptake,
evapotranspiration, and sediment retention rates
change. The simulation of these multiple interrelated processes allows the PLM to estimate general effects of such practices as vegetative buffers
and retention ponds on urban and agriculture
lands on total loadings to the estuary and ecosystem types of undeveloped land.
Future additions to the ecological model include adding estimates of fish and wildlife populations based on the pattern and productivity of
the landscape elements. At this stage these estimates will not feed back to affect the ecosystem
dynamics. Rather, they will be more on the order
of "habitat suitability", indicating the type and
quantity of various species that could be expected
in a given landscape rather than modeling the
populations endogenously.

C&l Address

Horizontal Fluxes of
Water & Associated
Materials
(Spatial Model Domain)

Fig. 4. The cellular structure of the PLM. Each cell has a
(variable) habitat type which is used to parameterize the unit
model for that cell. The unit model simulates ecosystem
dynamics for that cell in the above-sediment and below-sediment subsystems. Nutrients and suspended materials in the
surface water and saturated sediment water are fluxed between cells in the domain of the spatial model.

7. Economic models of human decisions
The two notable aspects of the ecological modeling approach-its dynamic nature and its ability to spatially disaggregate-are also important
dimensions for the economic sectors that interact
with the ecosystem. The human activities of importance form an interrelated, dynamic, spatially
distributed system in their own right. Economic
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designation, will affect the configuration of the
landscape. The existing PLM, like other ecological models, ignores the effect of the landscape on
humans. In addition, human effects on the landscape, whether through changes in the land use
of the cells or through the emissions assumed for
any land use, are imposed exogenously rather
than modeled as part of the process. The economic considerations are important because hu-

models that reflect these dimensions are being
conceptualized and estimated. Ensuring the necessary feedback between the two systems will
require an integration characterized by exchange
of information between the models at an appropriate time and space scale.
Human decisions that determine land-use designation, as well as those that affect flows/extractions from the system conditioned on the land-use
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Table 1
Sectors and state variables in the General Ecosystem Model
(GEM) (sectors are in italics, state variables are in uppercase)
Number
Sector and STATE VARIABLE names
Hydrology sector
SURFACE WATER
1
UNSATURATED WATER
2
SATURATED WATER
3
Hydrodynamic sector
Horizontal flow, vertical flow, and waves
Inorganic sediments sector
SUSPENDED INORGANIC SEDIMENTS
DEPOSITED INORGANIC SEDIMENTS
PORE SPACE
Salt (NaCI)sector (conductiuity)
SALT in SURFACE WATER
SALT in SEDIMENT WATER
SALT CRYSTALS
Dkolued phosphow sector
PO, in SURFACE WATER
PO, in SEDIMENT WATER
Dissolued nitrogen sector (NO2,NO,, NH,f )
DIN in SURFACE WATER
DIN in SEDIMENT WATER
Dissolued Oxygen Sector
DISSOLWD OXYGEN in SURFACE
WATER
Non-macrophyte sector
'
ALGAE (phytoplankton and/or periphyton)
15
Macrophyre sector
MACROPHYTE PHOTOSYNTHETIC
16
BIOMASS
17
MACROPHYTE NON-PHOTOSYNTHETIC
BIOMASS
Aboue-sediment organic matter and detritus sector
STANDING DETRITUS
18
ABOVE-SOIL ORGANIC MA'ITER
19
AND DETRITUS
(Transportable by surface water flow.
Includes weight of microscopic decomposers.
Includes suspended POC and DOC
when systems are wet.)
Organic sediments /Soil sector
SEDIMENT/SOIL ORGANIC MAlTER
20
Consumer sector
CONSUMERS (Alt fauna except microscopic
21
decomposers)
Fire sector
Fire ignition, fire propagation
Global inputs sector
Atmospheric inputs, geographical
information, etc.

man decisions are influenced by the characteristics of the ecosystem landscape, and the landscape changes as a result of the decisions. For

ecological reasons, the effects of a single action
taken at a given point in time will continue to
play out over time and will affect more than just

Table 2
T h e habitat or land-use designation types relative land use for
the Patuxent watershed for 1973 and 1985
Land use description
% 1973 % 1985 %change
area
area
Urban
Low density residential
Medium density residential
High density residential
Commercial
Industrial
Institutional
Extractive
Open urban land

10.7
3.7
2.9
0.7
1.1
0.2
1.2
0.3
0.6

14.9
6.2
3.5
1.O
1.5
0.2
1.2
0.3
1.O

4.2
2.5
0.6
0.3
0.4
0.0
0.0
0.0
0.4

Agricultuml
Cropland
Pasture
Orchard
Feeding operations
Row and garden crops

34.2
29.6
4.6
0.2
0.0
0.2

31.6
26.6
4.5
0.1
0.1
0.3

-2.6
-3.0
-0.1
-0.1
0.1
0.1

Forest
Deciduous forest
Evergreen forest
Mixed forest
Brush
Water
Fresh open water
(plankton)
Fresh open water
(benthic)
Brackish open water
(Plankton)
Brackish open water
(benthic)
Wetlands
Salt marsh
Fresh marsh
Swamp
Barren land
Beaches
Bare exposed rock
Bare ground
Total

100.0

100.0

0.0
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the cell where the action took place. Additionally,
that action will have been influenced by the characteristics of the given cell, the characteristics of
surrounding cells, and the expectations of changes
in those cells.
Perhaps the most important type of economic
behavior that requires modeling is land conversion. Since the ecological processes that are modeled in the generic ecosystem model are conditioned on land use, scenarios are driven by the
land-use designation of the cells in the landscape
at each period of time. The land use conversion
model will endogenize those human decisions.
Conditioned on a cell's land-use designation,
the cell is programmed to undergo certain processes. But human decisions will affect these pro-

cesses and may not be predetermined. In fact,
they may be affected by feedback from the ecological system, and most surely will be affected by
changing policy environments. In the first phase
of this project one such behavioral model conditioned on land use will be developed-a model of
agricultural practices. Additional behavioral models conditioned on land use will be added in the
future. An obvious candidate is a transportation
model.
8. Land-use conversion

Economists have tried to explain land values
and land-use decisions for some time, but generally in a static context and rarely incorporating

Land Use Cweories
A&nculaualLa"

FdLOd
W t U p Land

Fig. 6. GIs Mapping of Land Use Conversion, Calvert County, MD.
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features of the local ecosystems. Most frequent in
this literature are hedonic models of residential
transactions prices as functions of local amenities
and housing characteristics (e.g., Diamond, 1980;
Beaton, 1991). Additionally, some models seek to
explain conversion of agricultural land to residential and urban use as functions of profitability of
alternative land uses(e.g., Alig and Healy, 1987;
Fischel, 1982; McMillan, 1989). Data limitations
have restricted these applications to cross-sectional analysis at one point in time.
Our proposed approach relies on spatially disaggregated data from digitized maps and allows
dynamic analysis of micro-level changes that can
be observed over time. Because the data reside in
a geographical information system, it is easy to
relate activities on individual parcels of land with
local ecological and economic features of the
landscape that might be driving these activities.
The land-use conversion decision is modeled
probabilistically. This involves estimating the
transition probabilities that a given parcel of land,
set in a landscape conf~gurationof given ecologicaI/economic description, will be converted from
its current state to any other state (including no
change). As surrounding landscape conversions
take place, the probability of conversion of a
given parcel changes.
Here we are interested in considering the discrete and finite set of alternative land uses. The
set of uses in the Patuxent watershed for which
we have data are listed in Table 2. Depending on
the state of the parcel at the time of the decision,
some uses may be precluded, at least for realization within a limited time period (of a year or
shorter). For example, if the land is already in
residential development, it is probably infeasible
to return it to forest in one year. Federal laws,
such as wetland and coastal zone management,
will also affect the likelihood that land parcels
switch uses since legislation often prohibits certain land uses and/or makes these uses significantly more costly. Again, the GIs system is useful because many of the land-use restrictions and
potential scenarios have been digitized in GIs
maps and can be merged with the ecological and
economic digitized geographic information (Fig.
6).

This type of probabilistic model is appealing
because it allows for variations over individual
decision makers facing the same factors, and variation of the factors affecting the decision with
spatial location and proximity to centers of economic activity, transportation networks, and ecological features. Thus it predicts the likelihood of
each type of transition rather than predicting
deterministically one type of conversion for all
land of a certain ecological/economic description. These transition probabilities can be interpreted as the percentage of land of a given type
that is converted to each alternative land use
(including the percentage that remains unconverted) and are functionally equivalent to the
transition probabilities in a Markov analysis.
Because the differential in economic returns
among commercial, residential, agricultural, and
open land uses differs depending on the state of
the regional economy, the explanatory model will
reflect these exogenous forces and the scenarios
will incorporate predictions of these cycles. An
existing county-based regional model for Maryland will provide predictions of the "macro-economic" exogenous factors to be used in the simulations.
9. Agricultural practices
The first step of the PLM modeling dynamics
is to designate a cell as a given land use. Together with prior information, the economic landuse conversion model and the ecosystem succession model, these designations are made for each
"round" of the model's calibrations. However,
the land-use designations are broad categories
with agricultural uses specified as either cropland, pasture or orchards. It is important to know
more about the agricultural land use in order to
understand the impact this land use has on the
ecosystem. The agricultural practices model attempts this, and in so doing serves as an example
of micro-level economic behavior models which
capture human decisions that influence the environment, conditioned on a given land use. This
economic model will accept information from the
"outside world" (including existing policy) and
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the ecological world (such as topographical information) and will attempt to predict the
cropping/livestock patterns, as well as the farming practices that serve as parameters in the
model for the subsequent cropping season.
As with the land-use conversion model, the
economic model of farming behavior will be
probabilistic. That is, it is the probabilities of
various alternative decisions that will be generated by the model. These probabilities will need
to be interpreted as predicted proportions of
similar farming land that is used for given
crops/livestock and, conditioned on that choice,
is subject to different BMP's.
Models of agricultural crop/livestock choice
are numerous, but few are conceived at as "micro" a scale as this project should be able to
achieve. Profitability from different farming
choices will drive the decisions, but profitability is
conditioned, not only on relative output and input prices, but factors of the landscape that affect
the production function for different crops (e.g.,
hydrology, slopes, soil types, etc.). In the Patuxent
watershed there is an interesting added consideration. In Maryland, farmers often sell hunting
rights on their lands. These rents can be a major
source of income for farmers and affect not only
how much land stays in agriculture, but also crop
and livestock decisions. Depending both on farmers' decisions and the ecological characteristics of
the land, the amount and composition of wildlife
will differ, endowing the land with differing hunting value.
The choice by farmers among farming practices that could alter their pollution emissions,
conditioned on crop/livestock choice, is a difficult one to model, but one that has considerable
importance for policy formation. Through provision of technical and financial (cost-sharing) assistance, federal and state agencies have attempted to address these problems by subsidizing
the use of "best management practices" (BMPs),
defined as farming practices that reduce soil and
nutrient losses at reasonable cost (U.S. Department of Agriculture). Adoption of new agricultural technologies depends on a variety of economic and behavioral factors, including scale and
scope of operations, topography and other natu-

ral factors, human capital or skill considerations,
relative prices, attitudes toward risk, and perceptions about the extent of erosion or leaching
problems and about returns to adoption (for a
survey, see Feder et al., 1985). These factors wiI1
be pursued in the agricultural decision model.
In addition to models of crop choice, numerous behavioral studies of best management practice (BMP) adoption in the United States have
examined the influence of factors ranging from
topography and erodibility to human capital factors (e-g., age and experience) to farm operation
characteristics (e.g., cropping patterns, scale and
scope and tenure status). A few generalizations
can be drawn from the findings of these empirical
studies. Adoption is more likely and expenditures
on BMPs are greater on more erodible land and
on larger operations. Older, more educated and
more experienced farmers are more likely to
adopt BMPs. Farmers with more off-farm income
and greater risk aversion are less likely to adopt.
Farmers are more likely to adopt if they perceive
erosion to be more of a problem, attach greater
importance to conservation and environmental
quality or have conservation plans. Cash grain
farmers are less likely to adopt BMPs. (Ervin and
Ervin, 1982; Lee and Stewart, 1983; Saliba and
Bromley, 1986; Shortle and Miranowski, 1986;
Norris and Batie, 1987; Lynne et al., 1988; Nielsen
et al., 1989). Although these generalizations are
revealing, there is no study that comprehensively
examines the adoption of numerous, but specific
BMPs in a spatially explicit context linked to
ecosystem characteristics.
10. Integration of components and resolution of
modeling inconsistencies

At present, the ecological model runs fourteen
sectors, tracks twenty-one state variables, estimates horizontal and vertical fluxes of water,
nutrients, sediments, and biomass, and simulates
ecological succession over the landscape. For the
purposes of the economic model, two types of
interactions between humans and natural resources will be of significance: (1) decisions that
determine land-use designation of a cell, and (2)
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decisions that affect flows/extractions from the
system conditioned on the land use type of the
cell.
An interrelated model would capture how the
distribution of human activities (farming, electric
power generation, commercial and residential development, recreation, wastewater treatment,
highway construction, fishing) affect the ecosystem. Such a model would also capture the effect
of the ecosystem landscape on the quality and
value of goods and services (e.g., recreation,
wildlife enjoyment, water quantity and quality,
housing, environmental aesthetics, etc.) and
therefore, on human decisions. The model must
also be able to reflect how human activity and its
impact on the ecosystem may differ under different regulatory regimes and under alternative regulations.
Our approach will not be to meld both ecological and economic models into one "supermodel"
because this approach would force each model to
adopt the lowest level of resolution in the other.
Instead, the two types of models will exist in
parallel and will proceed at their own levels of
specificity, but will exchange information on ecological and economic elements generated by the
other. Because appropriate choices on time step,
geographical scale, and level of aggregation differ
in the ecological and economic models, there are
several potential inconsistencies that may arise in
this information exchange.
By design, the PLM model establishes physical
boundaries. Activity is modeled in the area
bounded by the top of the trees, the drainage
basin boundaries, and the bottom of the groundwater. The choice of physical boundaries encompasses the dynamics of the ecosystem. The physical definition of the boundary of the Patuxent
River Basin region will coincide with relevant
economic boundaries, if the region is a price-taker
in markets that extend beyond the boundaries of
the region. That is, for markets that extend beyond the Patuxent River Basin Region, the region
must not significantly influence the actions of
others (i.e., it does not produce or demand a
significant amount relative to other trading partners). For the Patuxent watershed, this is likely to
be approximately correct and thus no serious

inconsistencies with respect to "boundaries" are
likely to arise. However, in other applications of
this modeling approach, the definition of boundaries could well be conflicting.
The model is structured to simulate a desired
level of ecological complexity and resolution.
Modeling with greater levels of disaggregation is
possible, but this would be costly and require a
significant amount of additional research, data,
and programming. The behavioral interactions
will largely involve the water, nutrients, macrophyte, and consumer sectors. Although these state
variables are linked with habitat types, much finer
distinctions of the landscape will be necessary for
the economic model, as human behavior is likely
to depend on more detailed information. In our
approach, the details will be introduced exogenously by distinguishing different subgroups of
macrophytes and consumers and associating these
different subgroups with different land uses. The
model will include markers and detailed rules for
species loss, treating habitat evaluation as a side
calculation. Clearly, there are qualitative distinctions between different composition and phyla. A
function wilI be developed that will indicate the
likelihood of game species and other forms of
wildlife in particular habitat types. This function
allows for the provision of additional complementary information without increasing the level of
disaggregation of the unit model.
The ecosystem model operates on a time scale
of a day or less. Yet, given data availability, the
economic models are most easily estimated on an
annual basis. The intra-year timing of the agricultural decisions will be easy to predict since these
are governed by seasons. Land conversions pose a
different problem, however. They can be predicted only on an annual basis, but their timing is
important because construction costs can have
different immediate ecosystem impacts depending on the season. Independent data on building
starts and construction durations will be used to
forecast seasonal impacts of construction.
The geographical scale of resolution between
the two models will also differ. Land parcels
modeled in the land-use conversion model will
not correspond to cell boundaries in the ecosystem model. The latter divides the study area into
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5,896 cells with each cell representing approximatelv 0.364 km2or 90 acres. The cell size in the
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