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ECONOMIC MODELS FOR TMDL
ASSESSMENT AND IMPLEMENTATION
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ABSTRACT. The TMDL assessment and implementation process is designed to achieve designated uses for water bodies, which
are set by states based on criteria including perceived costs and benefits. Setting water quality goals based on designated
uses and plans to achieve these goals have important implications for public welfare. Both treatment and damage costs should
be considered in simultaneously determining the desired water quality goal and allocating pollution reductions among
sources to achieve that goal. Assessing and implementing TMDL plans are complicated by uncertainties about pollution
damages and stakeholder responses. Economic optimization or simulation models linked to water quality models allow water
quality impacts and costs of TMDL standards to be assessed. Higher water quality thresholds may be reserved for watersheds
with higher estimated benefits. Costs of achieving standards can be reduced by targeting reductions at pollution sources with
the lowest costs of achieving reductions. Trading programs can help achieve efficient targeting of pollution reductions while
distributing costs equitably. The effectiveness of economic models to assist in setting water quality goals and in TMDL
program planning and implementation can be improved by using economic models to analyze costs and benefits of water
quality improvements and to assist with pollution targeting and trading programs to minimize costs of reducing pollution.
Multi-media impacts of pollution should be included within economic and environmental water quality models. Given
uncertainties about benefits and costs of achieving TMDL standards, policymakers and program managers need to collect
more data on stakeholder responses to TMDL programs as well as better monitoring data on pollutant levels and functioning
of aquatic systems.

Keywords. Cost minimization, Economics, Efficiency, Equity, Optimization models, Policy, Pollution allocation, Simulation
models, TMDL, Uncertainty.

he Total Maximum Daily Load (TMDL) assess-
ment and implementation process is designed to
achieve designated uses for water bodies, which are
set by states based on criteria including perceived

costs and benefits. Given the large number of TMDLs being
developed as a result of recent court actions (Keplinger,
2003), the process of setting goals for water quality improve-
ment and devising plans to achieve these goals will have im-
portant implications for public welfare (Muñoz-Carpena et
al., 2006). The term TMDL is used interchangeably to mean
(1) the process for implementing state water quality stan-
dards, and (2) the numerical quantity indicating the maxi-
mum load of pollutants to receiving water bodies from point
and nonpoint sources that will not violate the state water qual-
ity standards (USEPA, 1999; National Research Council,
2001). Properly designed and implemented TMDLs reduce
loadings and allow water bodies to meet their designated
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uses, thus enhancing resource values and contributing to the
economic productivity of a region. Improved water quality
may make water bodies more suitable for a variety of uses,
including recreation, aesthetics, household consumption,
agriculture,  and sustaining diverse aquatic ecosystems. Si-
multaneously, the costs of making the water suitable for its
designated use (for example, drinking water) may be re-
duced.

Restoring the uses of a water body through a TMDL plan
may also involve significant costs. Costs of designing and
implementing  a TMDL plan include direct costs of installing
new practices or treatment programs to reduce pollution
loads and indirect or opportunity costs of forgoing profitable
production opportunities. In addition, transaction costs are
incurred for informing stakeholders about their pollution
reduction responsibilities, contracting with stakeholders to
reduce pollution, and enforcing pollution reduction activities
by stakeholders (Krier and Montgomery, 1973). Costs of
implementing  TMDLs may be distributed among point and
nonpoint pollution sources as well as other stakeholders
(such as taxpayers) who may not contribute directly to
pollution in the watershed.

Although goal-setting and planning take place within an
institutional context, which constrains the way goals can be
achieved, economic analysis can play a pivotal role through-
out the TMDL process (USEPA, 1999), informing each
specific step that must be followed in identifying impaired
watersheds and establishing and implementing TMDLs.
Water quality standards are set for water bodies based on
designated uses and on numeric and narrative criteria that
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“will reflect a social consensus made in consideration of the
current condition of the watershed, its predisturbance
condition, the advantages derived from a certain designated
use, and the costs of achieving the designated use” (National
Research Council, 2001, p. 24). States formally list water
bodies that remain impaired (even after implementation of
other water quality programs) by one or more pollutants and
that require TMDL plan elements. The TMDL Water Quality
Management plan then includes a listing of pollutant sources,
an estimate of the reduction in pollution load that is required
to achieve the designated use, an allocation of load
reductions to different sources, and a plan identifying
practices for implementing the load reductions. Public
stakeholder involvement is required in setting designated
uses for water bodies and subsequent TMDL plan develop-
ment. Cost and benefit information is needed to guide each
step of this process, including the above identification of
uses, allocation of pollution loads, and identification of
practices to achieve load reductions. Finally, an important
part of the process is the implementation of the actions
envisioned in the TMDL plan, tracking of progress, and
eventual delisting of the water body when goals are
accomplished.  Implementation can include limitations on
emissions by point sources beyond technology-based efflu-
ent standards as well as prescribed Best Management
Practices (BMPs) for nonpoint sources (National Research
Council, 2001). TMDL planning and implementation do not
involve regulatory controls on nonpoint sources. States may
choose to implement regulations on nonpoint sources but for
the most part have not done so.

The setting of water quality goals and design and
implementation  of TMDL plans to achieve goals can be
improved by recognizing that watershed stakeholders may
have diverse objectives related to improving water quality.
Stakeholders may differ as to what the designated use of the
water body should be, which affects the required amount of
water quality improvement and the setting of the TMDL.
After a designated use has been selected based on political
consensus, the goal implicit in the TMDL process is to
improve water quality in water bodies so that they can better
meet their designated uses. Another goal is to minimize the
cost to stakeholders of achieving the desired level of water
quality that supports the designated use. Equitable distribu-
tion among stakeholders of the costs of achieving TMDL
goals may be an important consideration. Stakeholders with
a strong interest in maintaining watershed water quality may
desire to reduce risks of exceeding TMDL targets for a
pollutant. A plan that has low annual or seasonal variability
in pollution loads may be preferred to a less expensive plan
with greater variability in pollution loads. Alternatively,
stakeholders may desire to guard against risks of large and
unexpected increases in the costs of attaining TMDL targets.
The challenge confronting policymakers is to develop and
implement plans that achieve an appropriate balance among
diverse stakeholder goals.

Economic models and analysis provide a framework for
achieving an appropriate balance of diverse stakeholder
goals with respect to the TMDL process. The institutional
requirements of the TMDL process can be incorporated into
economic models to ensure that workable goals and plans are
developed. In the next section, we discuss the role of
economics in setting water quality standards and associated
TMDLs and in planning and implementing Water Quality

Management plans for TMDLs. We analyze the economic
models that are or can be used in the TMDL development and
implementation  process, including regional or statewide
models with site-specific detail. A following section dis-
cusses ways of overcoming barriers to implementing TMDL
policies. A final section summarizes findings of the study and
offers recommendations for improving the ability of eco-
nomic models to assist with design and implementation of
TMDL programs.

ROLE OF ECONOMICS IN TMDL
ASSESSMENT AND IMPLEMENTATION
ROLE OF ECONOMIC MODELS

The role of economic models in TMDL development and
implementation is increasing, particularly in recent years as
more stakeholders, researchers, and public officials recog-
nize the crucial importance of cost-effective and equitable
load allocations. Economic models play an indispensable
role in dealing with the two primary issues that arise in
TMDL development and implementation: efficiency and
equity (Keplinger, 2003). In addition, economic models are
vital tools for assessing the benefits, challenges, and progress
of TMDL implementation.

Economic models provide estimates of economic indica-
tors, which generally fall into two categories: costs and
benefits. Costs of TMDL implementation include, but are not
limited to, the explicit and implicit expenses incurred by
landowners and other stakeholders who implement measures
to reduce pollutant loads in response to the TMDL. Explicit
expenses include expenditures by farmers, localities, and
other entities to control pollution (e.g., installing a conserva-
tion buffer). Implicit expenditures, also labeled opportunity
costs, include the income given up when pollution control
practices are followed (e.g., planting less profitable crops in
a rotation in order to reduce runoff). Economic analyses of
TMDL development also consider transactions costs (Krier
and Montgomery, 1973). Transactions costs include costs of
contracting reduction measures with stakeholders and moni-
toring and enforcing reduction measures.

Benefits of TMDL implementation include implicit and
explicit revenues or returns to landowners and other stake-
holders as well as improvements in environmental indicators,
which may have benefits to the regional economy. For
example, improved water quality in a watershed may
contribute to a region’s quality of life and enhance its ability
to attract new residents and businesses. Various kinds of
economic models are used to estimate costs and benefits in
support of TMDL development and implementation, as well
as other environmental policies. The following conceptual
framework illustrates the close linkage between costs and
benefits in setting designated uses for water bodies and
devising and implementing TMDL plans to achieve those
uses.

CONCEPTUAL FRAMEWORK
The method of choosing water quality standards for water

bodies based on designated uses to maximize national or
social net benefits has been known since the 1970s (Freeman
et al., 1973). A review of the basic theory is important
because the real-world approach to setting water quality
standards with associated TMDLs and the allocation of waste
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loads is not consistent with the maximization of net social
benefits. Freeman et al. (1973) showed and current resource
economics textbooks (Tietenberg, 2003) reiterate that gener-
al welfare can be maximized by minimizing the sum of total
pollution abatement cost and total environmental damage
cost. The logic of the approach is that both the value of
damages caused by pollution and the money spent to prevent
or remove pollution are wastes to be avoided or minimized.
The reason the latter is a waste is that no society would
logically allocate resources to pollution treatment except to
avoid or reduce the damages from pollution. Resources
should be devoted to pollution abatement as long as the value
of pollution damages avoided is greater than the cost of
treating pollution to avoid those damages.

The basic linear two-step process (with no feedback loop)
of setting a TMDL by first determining the maximum
pollution load that meets designated uses and secondly
allocating the waste load among sources is flawed in that it
prevents the determination of the most cost-effective TMDL
and the most efficient allocation of the waste load among
sources. For this reason, the current two-step process cannot
in all cases guarantee that as a whole the stakeholders
affected by the implementation of a particular TMDL are
better off after the TMDL is implemented than before it was
implemented.  A simplified example is provided below,
which is designed to (1) illustrate the flaw in the two-step
procedure of first setting the TMDL and then allocating the
waste load, and (2) show that the common practice of
allocating a given waste load proportionately among sources
may lead to more costly pollution treatment than necessary.
The purpose of the static and deterministic example is to
point out that to be efficient the process of setting the TMDL,
the allocation of the waste load, and the implementation of
the plan to achieve the TMDL goal are parts of a system that
require a simultaneous or iterative solution. In the example,
we assume that the pollutant dissipates each year and does not
accumulate  from one year to the next.

Assume a watershed has two sources of pollution (each
emitting 100 tons per year but with different abatement costs)
that cause environmental damage. These may be either point
or nonpoint sources. For each source i, the total current
emitted pollution (EPi) is equal to the pollution removed or
abated (Ai) and the pollution remaining (Pi). The social
objective is to minimize the sum of damage costs from
pollution plus the cost of abating that damage by reducing
pollution. The benefits of pollution abatement are conceptu-
alized as the negative of environmental damage costs,
because these costs can be avoided by abating pollution. This
social objective is realized subject to the constraint that total
emitted pollution is either removed or remains in the
environment.  The social objective can be expressed as a
constrained Lagrangian function that minimizes the sum of
the cost of damage from pollution plus the cost of abating that
damage subject to the constraint on total emitted pollution:
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where W(P) is a pollutant-dependent social cost function, ai
Ai 2 is the total abatement or treatment cost at source i for re-
moving Ai units of pollution, and d(� Pi)2 is the monetary val-
ue of environmental damage caused by the remaining

pollution from each source i. The Lagrangian multiplier (�i)
measures the sensitivity of social cost to changes in the pollu-
tion constraint. An increase of the pollution constraint EPi by
one unit raises the social cost by �i units. The quadratic form
for abatement cost at each source is chosen for simplicity. It
also reflects the general view that as one moves from primary
to secondary to tertiary methods to remove more of a pollu-
tant, the cost per unit of pollutant removed increases at an in-
creasing rate. Similarly, the modeling of damages as a
quadratic function is chosen for simplicity, but it conveys the
general view that the amount of damage caused by a pollutant
increases at an increasing rate with the amount of pollution.

The social objective is achieved by minimizing the sum of
pollution abatement costs and environmental damage costs.
By taking the first partial derivatives of the Lagrangian with
respect to the Ai units of pollution, the first-order conditions
for minimizing social cost with respect to Ai and �i are:

 02 1111 =λ−=/∂∂ AaAW  (2)

 02 2222 =λ−=/∂∂ AaAW  (3)

Social cost is minimized where the marginal abatement
cost (MAC) of treating source 1 (2a1 A1) minus the marginal
cost of raising the constraint on total pollution at source 1 by
one unit (�1) equals zero. The same relationship holds for
source 2.

First-order conditions with respect to Pi are:

 ( ) 02 1211 =λ−+=/∂∂ PPdPW  (4)

 ( ) 02 2212 =λ−+=/∂∂ PPdPW  (5)

Marginal damage cost (MDC) from pollution at source 1,
2d(P1 + P2), minus the marginal cost of raising the constraint
on total pollution at source 1 (�1) is equal to zero. The same
relationship is true for source 2. Finally, first-order conditions
with respect to �i are the constraints on total pollution emitted
from each source:

 01111 =−−=λ/∂∂ APEPW  (6)

 02222 =−−=λ/∂∂ APEPW  (7)

If all Pi, Ai > 0 in the optimal solution, then the first-order
conditions indicate that �1 = �2 and that 2a1 A1 = 2a2 A2 =
2d(P1 + P2), (i.e., MAC1 = MAC2 = MDC). In a watershed
with n sources of pollution, optimal abatement occurs where
MAC1 = MAC2 = ... = MACn = MDC, where MACi is the
marginal abatement cost or increased cost associated with a
unit reduction in relevant emission for source i, and MDC is
the marginal damage cost from all pollution at the point of
measurement.  If for the same amount of abatement (A1 = A2)
we have MAC(A2) > MAC(A1), then at the optimum A2 < A1.
That is, the most abatement should be accomplished by
source 1, the source with the lower marginal abatement cost.

This concept is illustrated in figure 1, where a1 = $1, a2 =
$1.5, and d = $2. The optimum level of pollution abatement
occurs where the sum of total abatement plus damage costs
is a minimum (fig. 1a). The optimal solution calls for the
abatement of 154 tons, with source 1 removing 92 tons and
source 2 removing 62 tons. This level of removal equates the
marginal abatement costs for each source to each other and
to the aggregate marginal damage cost curve at $185 per ton
(fig. 1b). Note that the solution requires equating marginal
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(a) Total damage and abatement costs

(b) Marginal damage and abatement costs

Figure 1. Total and marginal abatement and damage costs for the example problem. The total of damage plus abatement costs (a) is minimized where
the sum of marginal abatement costs equals marginal damage cost (b).

abatement costs across sources and does not assume equal or
proportional abatement across sources.

In contrast to the static approach outlined above, Conrad
and Clark (1987, section 4.3) discuss the dynamic approach
to determine the optimal abatement levels for a pollutant that
accumulates over time. This approach can be illustrated with
adjustments to the previous model. In the dynamic case, let
Rt be the carry-over of accumulated pollution from past
periods. The amount of carry-over pollution that survives
from one year to the next is vRt, and wPt is the amount of
current pollution that survives to time t + 1. This can be stated
as Rt +1 = vRt + wPt. The dynamic TMDL standard that
minimizes the discounted sum of abatement plus environ-

mental damage costs can be determined from the solution to
the following problem:
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Since Ait = EPit − Pit, the amount of abatement by each
source (Ait) in equation 1 is replaced by the term EPit − Pit to
reduce the number of constraints. Total pollution that causes
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Figure 2. Dynamic adjustment to an optimal rate of abatement with a cumulative pollutant. Total pollution in each year equals pollution emitted by
source 2 in that year plus carry-over pollution from previous years. Source 1 abates all of its pollution.

damage each year is equal to Rt + Pt. If the discount rate (i)
is 0.1, v = 0.1, and w = 0.3, the model will reach an optimal
steady state in about four years, as shown in figure 2. The
amount of current annual abatement in the dynamic case is
increased to 169.8 tons from 154 tons in the static case, with
source 1 abating 100 tons and source 2 abating 69.8 tons
(fig. 2). In year 0 prior to pollution controls, each source
emits 100 tons and there is 0 abatement. Carry-over pollution
from year 0 totals 66.7 tons (equal to 0.3 times 200 tons of
current pollution plus 0.1 times 67 tons pollution carry-over
from the previous year). By year 4, a steady-state solution is
reached in which new annual pollution from source 2 (fig. 2)
is 30.2 tons. Carry-over pollution from previous years in the
steady state is 10.1 tons (equal to 0.3 times 30.2 tons of new
annual pollution plus 0.1 times 10.1 tons of carry-over from
the previous period). The total annual pollution is 40.3 tons
(30.2 tons annual pollution plus 10.1 tons of carry-over pollu-
tion) compared to 46 tons of annual pollution in the static
case. Optimal abatement for source 2 would be higher than
the steady-state amount in the first three years as carry-over
pollution is reduced from the initial 67 tons to 10.1 tons. The
marginal abatement cost increased from $185 to $209 per
ton. The marginal abatement costs would be equal among
sources had source 1 not reached its upper limit of 100 tons.

The relationship between the marginal cost of abating
current pollution and the marginal cost of damage caused by
current and residual pollution is explained by the first-order
conditions with respect to current pollution from source 2:
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The coefficient w represents the change in carry-over or
cumulative pollution per unit of current pollution. The term
�t measures the increase in the cost of abatement due to an
additional unit of carry-over pollution. Let MRAC be the
product of �t times w, which represents the increase in cost
due to another unit of carry-over or cumulative pollution. For
each source that is not at its upper bound (source 2 in this
case), MAC2 = MDC + MRAC. In the dynamic case, optimal
current abatement costs will exceed MDC to compensate for

the accumulation of carry-over pollution from current
pollution. In the current example, the respective values for
MAC2, MDC, and MRAC are $209.40 = $161.10 + $48.30.

Dynamic optimization of the TMDL standard would also
be necessary if there were a systematic increase or decrease
in total abatement costs or damage costs. Higher damage
costs from increasing values over time placed on recreational
uses, public water uses, or biodiversity would argue for lower
TMDLs.

For this approach to be operational in a watershed,
empirical estimation of both abatement and environmental
damage costs for the selected pollutant or pollutants is
needed. The above example applies to a pollutant that is not
degraded from the source to the point of measurement. In the
case of pollutants that are degraded, it would be necessary to
consider the specific spatial allocation of the sources and the
point(s) of measurement and include transfer coefficients
that reflect the proportion of the quantity emitted from each
source that reaches the receptor (for example, see Tietenberg,
2003, chapter 14).

The following principles can be drawn from the above
example:

� The process of setting water quality standards for water
bodies and developing TMDL plans that maximize net
social benefits requires an economic valuation of both
treatment and damage costs. Damage costs must in-
clude monetary costs and non-monetary costs, such as
recreational, aesthetic, and biodiversity losses that oc-
cur both within and beyond the watershed.

� Setting the best water quality standard and associated
TMDL and allocating the TMDL among sources are si-
multaneous problems. A two-step process, where first
the water quality standard and associated TMDL are set
and then an efficient allocation of the waste load is de-
termined, can at best guarantee that the given TMDL
is met at least cost. However, the two-step process does
not imply that the benefits of meeting the TMDL will
exceed or equal the costs of meeting the TMDL.

� An inefficient policy to implement the TMDL or allo-
cate the waste load among sources (i.e., uniform al-
location of waste load among sources) will increase the
overall cost of abatement. This allocation means that
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marginal abatement costs will equal marginal damage
costs with less abatement. An efficient method of waste
load allocation among sources will make it more desir-
able to set a lower TMDL and have cleaner water than
will be the case with an inefficient allocation.

SYNTHESIS OF ECONOMIC MODELS FOR

TMDL ASSESSMENT
ASSESSING COSTS AND BENEFITS OF TMDL PLANS

Historically, the role of economic analysis in TMDLs has
been confined largely to an assessment of alternative
implementation  options after the TMDL target has been set.
However, as suggested earlier, in the broadest sense an
efficient TMDL can be defined as a TMDL implementation
that optimizes the TMDL target and achieves the given
TMDL target at least cost. This definition of an efficient
TMDL acknowledges a broader role for economic analysis
than is usual in practice. It suggests that economic modeling
and analysis can be employed in determining not only the
TMDL allocation but also the overall target itself. This
broader scope of economic modeling will entail the greatest
benefit to society from TMDL implementation, but it also
requires more sophisticated integration of economic and
environmental  water quality modeling systems.

As discussed earlier, the theoretically efficient allocation
for a given TMDL target is achieved by assigning emissions
to pollutant sources such that the MAC is equal among all
sources. In practice, this exact equality may not be feasible.
However, efficiency of TMDL implementation generally
improves as one moves closer to the point of equal MAC
among all sources. Economic models provide estimates of
production costs at various levels of emissions. Abatement
costs can be obtained readily from these estimates, as the
difference in production cost associated with two different
levels of pollutant emissions, all else being equal.

Economic Models and Equity Considerations
The efficient TMDL allocation will lead to the most

beneficial  use of society’s resources. In the efficient TMDL,
some point and/or nonpoint sources may be asked to reduce
pollutant levels by a greater proportion because they can do
so at a lower cost per unit of pollutant reduction. For example,
experience with soil erosion showed that highly erodible
lands (HEL) contributed more than their share of sediment
(USDA-NRCS, 2005). Since HEL acres are often located on
steep slopes with shallower, less productive soils, soils with
lower income producing potential are often the main
contributors to sediment loads. To the extent that such soils
are located on lower income farms, a heavier proportion of
the burden of reducing soil erosion falls on lower income
farmers unless participation in sediment reduction programs
is voluntary. However, society may have other goals in
addition to efficiency, such as ensuring an equal distribution
of costs among polluters or distributing costs according to
polluters’ abilities to pay. These goals raise questions for
TMDL implementation regarding (1) how equity is to be
defined and (2) the desired tradeoff between equity and
efficiency (Spurlock and Clifton, 1982). Definitions might
include: (1) equal pollution reduction, i.e., allocate the
amount of pollution control proportionally among sources
according to the amount of pollution generated; and (2) equal

pollution costs, i.e., equalize the costs of pollution control
among all sources in the watershed. Under definition 1, all
sources might be asked to reduce their emissions by the same
percentage, regardless of the cost of achieving this reduction.
Under definition 2, each source might be asked to incur the
same amount of cost regardless of the amount of pollution
reduction obtained. Definition 2 could be modified to
account for the economic size of the source. For example, a
point source with ten times the annual value of sales
compared to an economically small nonpoint source might be
asked to spend ten times as much on pollution control as the
nonpoint source.

Depending on the definition of equity, the equitable level
of emissions may be related to the damage caused by each
source owner’s emissions and/or each source owner’s costs
of reducing emissions. Equitable allocation of pollution
responsibility should also consider the economic forces that
constrain the source owner to produce in the manner chosen.
These economic forces may be due to other industries within
the same watershed or planning region. For example,
integrated firms may concentrate livestock or poultry
production within a relatively small geographic region.
Individual livestock or poultry farm contractors who produce
the animals or birds according to specified contracts may be
responsible for manure disposal but have little land on which
to spread the volume of manure in an environmentally safe
manner. In these circumstances, placing all the burden of
environmentally  safe manure disposal on farm contractors
may be inequitable given the economic constraints under
which they operate.

Together with water quality models, economic simulation
models can be used to estimate the distribution of pollutant
loads among individual point and nonpoint sources that
maximizes stakeholder goals based on both equity and
efficiency. Water quality models can provide information on
how much impairment to public resources is caused by each
source owner’s emissions. Economic simulation models can
provide information on how much cost is incurred by each
point and nonpoint source owner in reducing emissions. The
overall costs in the watershed and distribution of costs among
pollution sources can be compared using different rules for
allocation of pollution reductions among sources (Miller and
Gill, 1976; Spurlock and Clifton, 1982). Multiple goal
programming techniques can be used to optimize a weighted
combination of goals that include efficiency (minimize
overall costs to the watershed of achieving a specified
pollution reduction) and equity (distribute costs equally
among sources, based on the definition of equity) (McCarl
and Spreen, 1997).

Benefit Valuation and TMDL Assessment
In some cases, quantitatively valuing environmental

improvements is straightforward. For example, benefits from
reduced public water treatment costs, reduced dredging
costs, or increased reservoir life can be estimated by
economic engineering methods. Often, however, placing
quantitative  values on environmental goods such as those
with recreational and aesthetic uses can be challenging
because markets for these goods do not exist, making it
difficult to measure their benefits. Over the past two decades,
several valuation methods have been developed, some using
statistical survey techniques, to infer the values that consum-
ers place on environmental goods and services (Mitchell and



1057Vol. 49(4): 1051−1065

Carson, 1989). Two main categories of valuation methods are
employed by economists to estimate the value of environ-
mental goods and services: revealed preference methods and
stated preference methods (Smith, 1993; Adamowicz et al.,
1994). These valuation methods play a crucial role in
cost-effective TMDL implementation because policymakers
need information on the value of the resource they are trying
to protect. In the absence of resource valuation methods,
public officials may spend large amounts of resources to
protect an environmental good that is actually valued very
little by the public, while another, higher valued resource
receives little or no attention. While it has not been typical
practice in TMDL planning, the effectiveness of TMDLs can
be increased by including information from economic
valuation models.

With revealed preference models, economists use statisti-
cal methods to infer the value of a nonmarket good based on
actual choices of consumers. In other words, valuation is
based on preferences that have been revealed by actual
consumer decisions such as trips to a lake, park, or other
public resource. Travel cost models (TCMs) are among the
most widely used revealed preference models. The rationale
behind the use of TCMs is that the environmental resource at
a given site is at least as valuable as how much it costs to
travel to that site (Shaw, 2005).

Stated preference models, on the other hand, use surveys
to elicit consumer valuation of environmental resources
contingent on hypothetical situations (Mackenzie, 1993;
Boxall et al., 1996). Conjoint analysis and contingent
valuation methods are two prominent types of stated
preference models used by economists. In contingent
valuation, consumers are presented with a hypothetical
scenario in which they are often asked how much they are
willing to pay to conserve or improve access to an
environmental  resource or enhance its quality. Conjoint
analysis models, also known as choice experiments, present
consumers with a series of hypothetical choices representing
alternative environmental resources and ask them to choose
their preference, rank the alternatives, or rate them. With
conjoint analysis, multiple criteria or attributes are often
specified explicitly for each environmental resource alterna-
tive. Thus, the survey responses can be used to derive
estimates of the values of the individual attributes of the
environmental  resource, essentially a nonmarket equivalent
of hedonic pricing methods. Conjoint and contingent valua-
tion methods are both based on the stated preferences of
consumers rather than preferences that are actually revealed
through behavioral choices.

While both revealed and stated preference methods have
advantages and limitations, stated preference methods are
the only viable options in certain environmental valuation
situations. A classic case of environmental valuation efforts
in recent history relates to the contingent valuation studies
that were conducted in the aftermath of the 1989 Exxon
Valdez oil spill off the Alaskan coast (Arrow et al., 1993;
Smith, 1993). Concise and nontechnical discussions of
environmental valuation methods are given by Loomis
(2005), Shaw (2005), and Stevens (2005).

Uncertain Benefits and Costs
The damage and abatement costs presented in figure 1 are

based on the assumption that damage and abatement costs are
known with certainty. Estimates of pollution damage and

abatement costs are subject to three types of risk or
uncertainty:  (1) economic uncertainty, (2) environmental
uncertainty, and (3) model uncertainty. Economic uncertain-
ty due to variations in prices, costs, yields, and policies
influences farmers’ crop and livestock production choices,
which influence pollution potential. Farmers may be risk
averse, meaning they are willing to pay to reduce risk to an
acceptable  level (Robison and Barry, 1987). Farmers’ risk
aversion makes it difficult to estimate responses by farmers
and other stakeholders to pollution-reduction policies and the
costs of such responses (Bosch and Pease, 2000). TMDL
policies that increase the uncertainty faced by farmers may
increase their costs of managing risks as well.

Environmental  uncertainty stems largely from weather
variability, which influences the potential for leaching and
runoff from crop and livestock production activities. Model
uncertainty is due to lack of knowledge about pollution
processes and uncertainty about parameter values (Shirmo-
hammadi et al., 2006). Policymakers must base estimates of
damages and costs on limited monitoring data collected
under variable streamflow and weather conditions. Wide
confidence intervals may surround the true damage resulting
from pollution because of limited monitoring data (National
Research Council, 2001). This uncertainty makes the
estimated benefits of pollution reduction uncertain as well.
Risk-averse downstream stakeholders will be concerned
about the variability of pollution loads and/or concentrations
and may be willing to pay a premium to reduce variations in
water quality and pollution loads.

ECONOMIC MODELS AVAILABLE FOR TMDL ASSESSMENT
Economists have developed a variety of models for

environmental  policy assessment, and some of these are very
suitable for TMDLs. While most economic models are not as
widely used as the major water quality models, they are still
recognized within the profession and play an increasingly
greater role in TMDLs as economic analysis is afforded a
more central place in TMDL implementation. Most econom-
ic models are developed and used by a small team of
researchers for specific projects because the model design
and requirements are site specific. However, a few economic
models have enjoyed more widespread use. The following
synthesis illustrates the kinds of models that are available but
is not intended to serve as a comprehensive listing of the
economic models available for analysis of TMDLs.

Two main kinds of economic models can be distinguished
based on design: simulation models and optimization
models. Simulation models are models that directly represent
the observed activities and behavioral patterns typical of the
farms or economic agents being modeled with no normative
consideration of what is the “best” behavioral response in any
given situation. Such models mimic the observed economic
choices that the farms or modeled units portray in the
real-world setting. The strength of simulation models is in
showing how decision makers respond in various situations
and the resulting implications for economic returns and
pollution runoff. Simulation models include FLIPSIM: Farm
Level Income and Policy Simulation Model (Richardson and
Nixon, 1981; Richardson et al., 1993; AFPC, 2005), FEM:
Farm-level Economic Model (Osei et al., 2000a, 2000b,
2000c; Gassman et al., 2002), and ADAPT: Agricultural
Drainage and Pesticide Transport (Westra et al., 2004).
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Optimization models assume that the farmer, landowner,
public agent, or other decision maker seeks to maximize
profits, utility, public welfare, or some other objective
subject to various constraints. Using these assumptions,
optimization models provide an outline of choices or levels
of decision variables (such as how much area to plant in corn,
how much fertilizer to use, or where to apply manure and how
much per acre) that result in the optimal (“best”) solution.
Static optimization models provide the optimal solution but
do not necessarily show how the solution is reached.
However, optimizations can provide additional information.
For instance, optimization models can yield a set of shadow
prices or Lagrangian multipliers that can be used to set
pollution taxes for each land use and associated soil type in
the watershed if such taxes are politically feasible. Optimiza-
tion models have also been used to explore the effects of the
spatial resolution of farm models on predicted costs and
runoff reductions of pollution control practices (Bonham et
al., 2006). Optimization models used in economic analysis of
TMDLs and/or other environmental practices and policies
include those of Govindasamy et al. (1994), Giasson et al.
(2002), and Feinerman et al. (2004).

Water quality simulation models can provide data for both
economic optimization and simulation models including
estimates of crop outputs and runoff of sediment, nutrients,
or pesticides under various cropping practices for a wa-
tershed composed of numerous soil types. Models such as
SWAT (Soil Water Assessment Tool) are being used by
researchers in several states (Bosch et al., 2004). These
models subdivide watersheds into hydrologic response units
(HRUs) that have a common land cover and soil type.

A useful synergy exists between economic simulation and
optimization models. Just like their water quality counter-
parts, economic simulation models can be made very
complex. In fact, some economic simulation models are
highly nonlinear, multistage process models. By contrast, in
order to ensure an optimal solution, most optimization
models are relatively simple and mostly linear. For TMDL
analysis, the output from a series of simulations in which
management  practices are simulated on individual HRUs can
be incorporated into a programming model. The program-
ming model can then be solved to determine the best
management  practice for each HRU so that the TMDL can be
met at least cost. The solution to a properly formed
programming model satisfies the requirements for cost
minimization that MACs are equated across individual
HRUs.

Environmental  uncertainty can also be incorporated in
optimization models. Teague et al. (1995) and Qiu et al.
(1998) have shown that Target MOTAD (Minimization of
Total Absolute Deviations) forms of optimization models can
be used to analyze weather-related probabilities of meeting
discharge levels. Target MOTAD is a method of risk
programming that maximizes an objective function (such as
expected net returns) subject to constraints on deviations
below or above a desired target (such as pollution levels).
More recently, Qiu et al. (2001) have shown that safety-first
programming models allow the decision maker to specify the
desired compliance probability of not exceeding the target
level of pollution. Safety-first risk programming maximizes
an objective function (such as expected net returns) subject
to a probabilistic constraint on deviations above a desired
target (such as pollution).

Some water quality models include an economic compo-
nent. A good example is the EPIC (Environmental Policy
Impact Climate) model (Williams, 1990), which is the
forerunner of another environmental water quality model, the
APEX (Agricultural Policy/Environmental eXtender) model
(Williams, 1995; Williams and Izaurralde, 2006). Both of
these models are field-scale environmental simulation mod-
els that are widely used for work related to TMDLs. The
economic components of these models consist of cost
coefficients that are multiplied by specific model units, such
as field sizes or herd sizes, to obtain total costs or economic
impacts. These estimates are provided by the models to give
an initial indication of the relative magnitudes of the costs of
some practices. However, virtually all of these cost estimates
have to be obtained outside of these models. The cost
estimates are inadequate for more comprehensive economic
assessments because they do not account for opportunity
costs of meeting environmental restrictions. Opportunity
costs are incurred by farms when they have to limit profitable
enterprises or change production practices in order to comply
with environmental restrictions. For example, farms may
have to limit numbers of livestock produced or haul manure
off the farm due to limits on manure spreading.

INTEGRATED ECONOMIC AND WATER QUALITY
(BIOPHYSICAL) MODELS

Integrated economic and water quality modeling began
with the analysis of options for controlling soil erosion.
Sediment and nutrients are the two most pervasive pollutants
in the U.S. (USEPA/USDA, 1990). Soil erosion analysis was
facilitated  with the Universal Soil Loss Equation, which
provided site-specific estimates of soil erosion without the
need to model individual storm events. Modeling nutrient
pollution from rural watersheds was far more challenging
than modeling soil erosion due to the considerable cost of
modeling individual storm events. The major breakthrough
in integrated modeling of watersheds occurred fairly recent-
ly. With the advent of very fast computers, scientists began
to model 30 years of storm events, matching cost-effective
remedies, such as grassed waterways, to individual farm and
field sites and then using the field runoff data as input to a
watershed model to address nutrient problems in watersheds
(Osei et al., 2000a).

The majority of economic models used with water quality
models for TMDL development and implementation are
optimization models. Figure 3 portrays the traditional role of
optimization models in TMDL development and imple-
mentation and other environmental policy assessment in
general. When optimization models are used in concert with
water quality models, the goal is usually to determine the
optimal or cost-effective solution to an environmental
problem, given a variety of policy or practice options. Policy
options could include alternative TMDL allocations among
sources.

Practice options could include various BMPs or other
technologies.  Water quality models could estimate the
impacts of these alternatives on water quality indicators of
interest to stakeholders. Costs or other economic indicators
associated with these alternatives are also obtained from
various sources, perhaps from economic simulation models.
The key role of the economic optimization model is to
determine the optimal combination of alternative policies
and/or practices for the planning region or watershed. For a
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Alternative policies/practices

Economic
impact/cost data

or simulation model

Environmental
simulation model

Economic impacts
of policies/practices

Environmental impacts
of policies/practices

Optimization model

Optimal solution:
cost−effective TMDL

Figure 3. Economic optimization model integrated with environmental water quality model.

watershed TMDL, the optimal combination could mean the
“best” allocation of load reductions among source owners, as
well as the most cost-effective technology each source owner
could use to meet the prescribed load reduction. Optimization
may be performed at both farm and watershed levels. Carpentier
et al. (1998) generated individual farm cost functions for nitro-
gen runoff reduction by maximizing farm net revenues subject
to varying constraints on nitrogen runoff. These farm cost func-
tions were entered into a watershed model to minimize overall
costs of reducing nitrogen runoff by allocating reductions

among farms. Veith et al. (2003) used a genetic algorithm to op-
timize pollution reduction from the placement of agricultural
BMPs within a watershed. Another example of integrated mod-
eling systems employing economic optimization models is
CEEPES: Comprehensive Environmental Economic Policy
Evaluation System (Bouzaher and Manale, 1993).

Economic simulation models are also integrated with
environmental  water quality models. The linkage between
the models can be dynamic, affording opportunity for more
accurate determination of the costs and environmental

Alternative policies/practices

Economic
simulation model

Environmental
simulation model

Economic impacts
of policies/practices

Environmental impacts
of policies/practices

Environmental indicators

Behavioral responses

Figure 4. Schematic of integrated economic and environmental water quality simulation models.
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impacts of alternative policies or practices. Figure 4 illus-
trates the linkages between economic and environmental wa-
ter quality simulation models.

Unlike the case with optimization models, the linkage
between economic simulation models and water quality
models readily allows for dynamic feedback loops. Behav-
ioral responses to policy or practice changes can be
determined in the economic models and passed on to water
quality models for more accurate assessment of the environ-
mental impacts. Similarly, economic simulation models can
receive data on environmental indicators and simulate new
behavioral responses, which in turn can be passed on to the
water quality models. Model linkages can be updated at
multiple time periods in order to provide estimates of
cumulative environmental and economic impacts over time.
The economic and environmental impacts generated from
such linked models do not necessarily select an optimal
solution, but nonetheless the models provide more accurate
estimates of the impacts of proposed changes over time
compared to static models.

The CEEOT (Comprehensive Economic and Environ-
mental Optimization Tool) modeling system (Gassman et al.,
2002) is an example of an integrated modeling system that
includes linked economic and environmental simulation
models. The CEEOT system supports modeling of individual
farms or representative farms using the economic simulation
model FEM. The environmental models include APEX
(Williams, 1995), which is a modified version of the EPIC
model (Saleh et al., 2000; Williams, 1990), and the Soil
Water Assessment Tool (SWAT) watershed model (Arnold et
al., 1998). APEX calculates edge-of-field runoff of nutrients,
providing field runoff data as input to SWAT. The SWAT
model identifies stream water quality impacts that would
result from a variety of options for managing farmers’ fields,
including reducing nutrient applications, applying erosion
control practices, installing grassed waterways and buffers,
and other options (Keith et al., 2000). The combination of
APEX, SWAT, and FEM can be used to estimate costs and
effectiveness of each option as well (Osei et al., 2000a,
2000b, 2000c; Gassman et al., 2002; Keith et al., 2000). FEM
has been used in conjunction with APEX to evaluate BMPs
for a number of diverse watersheds, including a watershed in
northeast Texas with intensive pasture-based dairy produc-
tion (Osei et al., 2003; McNitt et al., 1999) and a watershed
in central Texas with intensive dry-lot-based dairy produc-
tion (upper North Bosque river) (Pratt et al., 1997; Osei et al.,
2000c).

Wu and Babcock (1999) developed procedures to use the
hundreds of thousands of field sample points available
through the National Resource Inventory (NRI) to provide
site-specific analyses for thousands of watersheds for what it
used to cost to model just one watershed. Models are run at
individual field sites consistent with these models’ intended
use, and they are calibrated to field experimental data.
Pollutant runoff estimates for 30 years of storm events for
120,000 individual field sites are aggregated to the county
level or to the watershed level. Integration of economic and
water quality models in these applications enabled the
researchers to provide information on the costs and environ-
mental impacts of a wide array of practices at much lower
cost than previous analyses. Model results can help states set
priorities for TMDL programs, identify cost-effective prac-
tices, and track progress toward improving water quality, as

improved practices are implemented. Wu and Babcock
(1999) found that new technologies for measuring (or
crediting) farm-produced nutrients could reduce nitrate
runoff in most Midwestern counties (or, presumably, in most
Midwestern watersheds) by 15% to 30% at essentially no cost
to the farmer.

These advances have greatly reduced the cost of water
quality and economic modeling of watersheds for TMDL
development.  With 20,000 impaired watersheds in the U.S.
and the courts calling for rapid implementation of TMDL
programs, the modeling advances are an important step in
effective planning and implementation of TMDL programs.

OVERCOMING BARRIERS TO

IMPLEMENTING TMDL POLICIES
The TMDL planning and implementation process gives

watershed managers and stakeholders flexibility in address-
ing pollution from agriculture and other nonpoint sources
because loading-reduction goals and practices for achieving
them are based on site-specific conditions. This process
contrasts with the more rigid technology standards that have
been applied in the past to point sources, which are now being
superceded by more flexible performance-based discharge
limits in most cases. For example, although National
Pollution Discharge Elimination Standards are designed with
great care to avoid unnecessary costs and to allow some
flexibility, they still must address all livestock operations of
a certain size. An outcome of the TMDL process in a
watershed might be instead to achieve a water quality goal for
that watershed by focusing on improved fertilizer manage-
ment or stream buffers, without placing the relatively more
costly requirements on livestock sources of pollution within
the watershed. This flexibility allows local policy makers to
target resources and to set priorities between watersheds and
between pollution sources within each watershed, as well as
to set specific goals and track progress in reducing pollution.
Because of this flexibility, economic analysis of benefits and
costs can play a large role in designing TMDL programs.

Yet the same flexibility in designing site-specific, perfor-
mance-based programs has created immense technical
barriers that have slowed the development of TMDL
programs. States have listed over 20,000 watersheds as
impaired, and until recently, it was very challenging and
costly to model even one watershed (National Research
Council, 2001) in a manner that would support the targeting,
identification  of goals, priority setting, and tracking of
progress that are critical to the success of a TMDL program.
Since TMDL programs are performance driven, it also is
necessary to set credible goals and track progress in reaching
the goals in order to attain the participation of farmers and
other stakeholders. As a result of all these technical barriers
to implementing TMDL programs, the burden of reducing
pollution has fallen in the past very largely on industrial and
urban sources (Boyd, 2000), even though far more cost-effec-
tive remedies are available to agriculture in many cases.

COMPARING BENEFITS AND COSTS

As noted above, economic analysis is relevant to decisions
regarding the setting of water quality standards based on
water body use designations, which are quantified in a
TMDL, as well as determining load allocations and selecting
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practices for achieving them. Point sources of pollution have
been the past focus of water quality programs, and a
relatively larger portion of point-source pollution has been
controlled compared to nonpoint-source pollution. There-
fore, the focus of economic model analyses has been on
addressing the benefits and costs of setting TMDL standards
and implementing practices to achieve the standards in rural
watersheds where nonpoint-source pollution predominates.
However, economic and environmental models can be
adapted to consider costs and benefits of reductions from
both point and nonpoint sources.

In contrast to the site-specific analysis regarding the
cost-effectiveness of practices on field sites, analysis of the
economic benefits of reducing pollution from rural wa-
tersheds typically offers results for whole regions rather than
for individual watersheds. Regional water quality benefits
from reducing soil erosion have been estimated for municipal
water treatment facilities, marine and freshwater fisheries,
navigation, flooding, industrial production, reservoirs, and
water-based recreation (USDA-ERS, 2004; Ribaudo, 1989).
Research findings from these studies suggest that water
quality benefits from reducing sediment losses are often
modest in the most intensively farmed areas. Comparing the
information regarding benefits and cost suggests that many
TMDL programs dealing with sediment and nutrient pollu-
tion should set feasible goals, as well as: (1) target highly
erodible land (USDA-NRCS, 2005); (2) focus TMDL
remedies on the more cost-effective practices such as
fertilizer and manure management (Fuglie and Bosch, 1995;
Musser et al., 1995; Ogg, 1999; Wu and Babcock, 1999),
buffers, and related practices; and (3) consider multi-media
benefits, including wildlife benefits, benefits in reducing
greenhouse gases, and other benefits rather than just the
water quality benefits of practices. For example, the USDA
Economic Research Service (USDA-ERS, 2004) found that
shifting land from crop uses to native grass covers by
enrolling it in the Conservation Reserve Program (CRP)
produced wildlife viewing benefits that exceeded the water
quality benefits.

Yet even in heavily farmed Midwestern regions, studies of
individual lakes suggest that there are opportunities to
achieve much greater than average benefits, suggesting
different, and more ambitious, water quality protection
strategies may be warranted in some cases. In these cases,
higher use designations for the water bodies may be justified,
which would lead to more stringent TMDL standards. For
example, benefit analyses focusing on individual Iowa lakes
have found that very large water quality benefits occur, but
only in watersheds where pollution remedies can achieve
water clarity (Egan et al., 2004). These larger benefits stem
from the many recreational visits that Iowans make to their
lakes and from the heavy value they place on clear water.

The Iowa findings also emphasize more generally the
importance of thresholds in designating uses for waters,
which lead to TMDL standards for watersheds. For example,
in watersheds that are heavily forested, it is presumably
easier to reach the water quality thresholds and attain water
clarity than in watersheds that are more intensively farmed.

Where water clarity is not a feasible goal, TMDLs may
choose to focus, instead, on implementing relatively low-
cost remedies, such as fertilizer management, reduced
tillage/residue  management, stream buffers, or grassed
waterways. Where large benefits are attainable through

higher use designations for water bodies, it may be practical
to set relatively ambitious nutrient and sediment reduction
goals aimed at attaining the thresholds necessary for
restoring water clarity. More costly practices, such as
shipping manure out of the watershed (Ogg, 1999), could be
reserved for watersheds where the highest quality of water
(clear water) can be achieved or where special demands are
placed on the water, such as the demands placed on reservoir
water used to supply drinking water to cities or the demands
placed on large estuaries used heavily for fishing and
recreation.

ATTAINING ECONOMIC EFFICIENCY FROM TMDL
PROGRAMS

The U.S. Congress (1972) designed TMDL programs to
deal with the pollution that remains after point sources of
pollution were addressed. This delayed approach had the
merit of providing time to overcome the many technical
barriers that confronted TMDL programs in the past (Boyd,
2000). Although the past gains in reducing pollution from
industry came at a considerable cost, past gains in greatly
reducing soil erosion and in reducing fertilizer use per bushel
of corn emphasize, again, the opportunities for agriculture to
contribute environmental gains without imposing substantial
costs or to employ strategies that balance costs with
multi-media  benefits.

Today, TMDLs have the flexibility and potentially the
targeting mechanisms to design very low-cost strategies for
reducing water pollution while also realizing multi-media
benefits, including wildlife benefits. The potential economic
efficiency gains from targeting national and local soil conserva-
tion efforts became evident nearly 25 years ago, when National
Resource Inventories (NRI) data sets were used to document
that nearly two-thirds of the soil erosion in excess of sustainable
rates (about 5 tons per acre) originated from a tiny portion
(3.5%) of U.S. cropland (Ogg et al., 1982). The approach of Wu
and Babcock (1999) facilitates the analysis of targeting
strategies at a regional or statewide scale. Using a similar
approach, Feng et al. (2004) have developed more sophisticated
targeting strategies to sequester carbon and reduce sediment-re-
lated nutrients for the Upper Mississippi watersheds. We now
have an opportunity to use the models and research findings
from economic analyses, such as those described above, to
achieve environmental benefits from TMDLs in a much more
cost-effective and balanced manner than in the past. Ideally,
these regional or state models, with site-specific detail, can be
used to identify opportunities and priorities that could then be
used to develop statewide strategies supporting TMDL develop-
ment.

One barrier to targeting might be watershed stakeholders’
concern that the distribution of costs for pollution control be
equitable.  This concern might be addressed with pollution
trading programs, whereby polluting sources receive and are
allowed to trade pollution allowances. For pollution trading
programs to work, there must be an incentive to trade, such
as a regulation prohibiting sources from emitting pollution in
excess of an allocated allowance. While most discussion of
pollution trading programs have centered on trades between
controlled point sources and uncontrolled nonpoint sources
(Crutchfield et al., 1994; Chesapeake Bay Program, 2001),
trades among nonpoint sources could be considered as well.

Multi-media impacts of practices to implement TMDLs
should be considered. Practices that reduce pollution in one
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media may increase pollution in another. For example,
reducing nitrogen volatilization from manure may improve
air quality but also increase potential runoff and leaching
from manure applied to crops. Alternatively, some practices
may produce benefits in more than one media. For example,
practices that reduce soil erosion may also improve stream
habitat by reducing peak flows and increasing base flows.

DOCUMENTING PAST GAINS

A final, important step in designing TMDLs includes
documenting gains over the past 25 years in reducing
pollution loads. Nationally, soil erosion in the U.S. has been
reduced by about 40%, largely due to adoption of reduced
tillage practices, as well as enrollment of land in the CRP
(USDA, various years). In addition, ammonia fertilizer use
per acre of U.S. corn has changed little over this period, while
corn yields are up over 40% (Huang, 2005), suggesting a
considerable increase in fertilizer use efficiency. These gains
need to be disaggregated to the watershed level, and the
associated water quality improvements need to be modeled
and estimated as part of developing TMDL programs.

DATA CONSTRAINTS AND MODEL UNCERTAINTIES
The role of economic models in TMDL development and

implementation has been limited in the past (Portney, 1998)
due primarily to a lack of appreciation of the role of economic
and other social/behavioral forces in the success of environ-
mental policies in general. However, perhaps a greater
constraint to the use of economic models is the lack of data
for reliable estimation of economic impacts and the modeling
costs associated with the large number of impaired wa-
tersheds (20,000) that need to be analyzed. The following are
some of the key data needs that appear to be limiting the role
of economic models in TMDLs in particular and in
agricultural  and environmental policy assessment in general
(Osei, 2002):

� Fate and transport of manure nutrients and other agri-
cultural waste. The recent ASABE revision of manure
production characteristics (ASABE Standards, 2005)
based manure nutrient fate and transport on prediction
equations, which is a significant aid to obtaining more
reliable nutrient loss and related cost information. Still,
additional data on the production and fate of manure
nutrients within various handling systems would be
useful in developing baseline information and predict-
ing pollution reductions from improved management
systems.

� Farmer behavioral practices and perceptions. Farmer
behavior, including crop and livestock management
decisions, is the subject of regular USDA surveys and
is accessible to researchers. Additional information on
farmers’ perceptions of the risks and costs of conserva-
tion practices and how such practices are implemented
and maintained would help researchers more accurate-
ly estimate the costs and effectiveness of conservation
practices.

� Characteristics of agricultural equipment and field op-
erations. Numerous Cooperative Extension websites
and publications provide information on ownership, re-
pair, and maintenance costs of farm machinery based
on ASABE formulas (FARMDOC, 2005). Further in-
formation on actual farm machinery ownership and op-
eration patterns would increase the accuracy of

estimated farm costs and incentives to meet conserva-
tion requirements.

While researchers have addressed the impacts of weather-
related uncertainty on economic and environmental outcom-
es, there may be uncertainty about the accuracy of models
due to incomplete knowledge about interactions of pollution
with soil, water, and aquatic ecosystems. In a companion
article in this TMDL collection, Shirmohammadi et al.
(2006) address physical model uncertainty in greater detail.
Monitoring results may also be uncertain due to limited
monitoring data and the high costs of collecting data. As a
result, there may be large uncertainties about damages from
water pollution and the benefits of reducing pollution. The
National Research Council (2001) recommends adaptive
implementation  of TMDLs while better data are being
obtained. Adaptive implementation includes periodic assess-
ment of watershed plans to determine if they are achieving
designated uses for the affected water body. Plans not
achieving their goals can be adapted based on scientific
information (National Research Council, 2001). Another
recommendation  is to use statistical approaches to define
waters, design monitoring procedures, and assess damages.
Statistical approaches can ensure that maximum information
on pollution damages and benefits of pollution reduction are
obtained from limited monitoring resources. Both a prelimi-
nary list and an action list can be used instead of one 303d list
to allow more time to gather data on the actual conditions of
water bodies and the benefits of pollution reductions
(National Research Council, 2001).

CONCLUSIONS AND RECOMMENDATIONS
The TMDL process is based on states setting water quality

standards for water bodies tied to designated uses that reflect
the costs and benefits of the uses (Keplinger, 2003; National
Research Council, 2001). Water bodies that are impaired by
one or more pollutants and for which TMDL plan elements
are required are then listed. The TMDL Water Quality
Management plan for individual watersheds includes a
listing of pollutant sources, an estimate of the reduction in
pollution load that is required to achieve the designated use
for the water body, an allocation of load reductions to
different sources, and a plan identifying practices for
implementing  the load reductions. Setting goals for water
quality improvement and devising plans to achieve these
goals within the TMDL process can have important implica-
tions for public welfare. Setting a TMDL (pollution standard)
that maximizes net social benefits requires an economic
valuation of both treatment and damage costs. The total
pollution allocation and its distribution among pollution
sources should be determined simultaneously in order to
maximize social welfare. A TMDL policy that is inefficient
in terms of its design or implementation will increase the
overall cost of abatement. However, the assessment of
TMDL costs and the implementation of efficient TMDL
policies are complicated by uncertainty about pollution
damages and responses by stakeholders to pollution control
policies. Economic simulation and optimization models are
used to assess TMDL plans. Optimization models can
estimate cost minimizing strategies to achieve TMDL goals,
while simulation models have more flexibility to mimic the
behavior of stakeholders in response to TMDL plans.
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Integration of economic optimization or simulation models
with water quality models allows environmental impacts and
costs of behavioral changes to be readily assessed. The
accuracy of economic and environmental assessment can be
increased by including dynamic linkages so that output from
the environmental submodel is used as input to the economic
submodel and vice versa.

If the goal of setting designated uses for water bodies and
developing TMDL plans is maximization of social welfare,
then the planning and implementation of TMDL plans
require careful assessment of the benefits as well as the costs
of cleaner water. Economic models can assist in this process.
Higher water quality thresholds may be reserved for
watersheds with higher estimated benefits from attainment of
higher water quality and where that attainment is economi-
cally feasible and practical. However, even if the TMDL goal
is a more restrictive one of achieving given water quality
designations at minimum cost, economic models can play a
large role in developing and implementing cost-minimizing
plans. Costs of achieving standards can be reduced by
targeting reductions at pollution sources with the lowest costs
of achieving reductions. Trading programs can help achieve
efficient targeting of pollution reductions while distributing
pollution control costs equitably. There may be large
uncertainties  about both the benefits and costs of pollution
reduction because of limited monitoring data, incomplete
knowledge of how pollution affects aquatic ecosystems, and
incomplete understanding of how stakeholders will respond
to pollution control programs.

Several recommendations are suggested to increase the
effectiveness of economic models for assisting in TMDL
planning and implementation programs:

� Use economic models for analyzing costs and benefits
of water quality improvements to assist in setting des-
ignated uses for water bodies and associated TMDL
standards as well as in developing programs to imple-
ment the standards.

� Improve the ability of economic and environmental
models to estimate pollution damages and benefits of
pollution reduction by collecting better monitoring
data on pollution levels and associated environmental
damages.

� Improve the ability of economic models to estimate
stakeholder costs of implementing TMDL programs by
collecting more data on stakeholder responses to water
quality improvement programs including TMDL pro-
grams.

� Extend economic and environmental models to consid-
er multi-media impacts of pollution to more accurately
estimate the costs and benefits of pollution reduction.

� Use economic and environmental models to assist in
pollution targeting and trading programs to minimize
the costs of achieving water quality goals, while dis-
tributing costs equitably among stakeholders.
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