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Foreword

Nutrient overenrichment from anthropogenic sources is one of the major stresses on coastal ecosystems.
Generally, excess nutrients increase algal production and the availability of organic carbon within an eco-
system—a process known as eutrophication. Scientific investigations in the northern Gulf of Mexico have
documented a large area of the Louisiana continental shelf with seasonally depleted oxygen levels (< 2
mg/l). Most aquatic species cannot survive at such low oxygen levels. The oxygen depletion, referred to as
hypoxia, forms in the middle of the most important commercial and recreational fisheries in the contermi-
nous United States and could threaten the economy of this region of the Gulf.

As part of a process of considering options for responding to hypoxia, the U.S. Environmental Protection
Agency (EPA) formed the Mississippi River/Gulf of Mexico Watershed Nutrient Task Force during the fall
of 1997, and asked the White House Office of Science and Technology Policy to conduct a scientific as-
sessment of the causes and consequences of Gulf hypoxia through its Committee on Environment and
Natural Resources (CENR). A Hypoxia Working Group was assembled from federal agency representa-
tives, and the group developed a plan to conduct the scientific assessment.

The National Oceanic and Atmospheric Administration (NOAA) has led the CENR assessment, although
oversight is spread among several federal agencies. The objectives are to provide scientific information
that can be used to evaluate management strategies, and to identify gaps in our understanding of this
complex problem. While the assessment focuses on hypoxia in the Gulf of Mexico, it also addresses the
effects of changes in nutrient concentrations and loads and nutrient ratios on water quality conditions
within the Mississippi–Atchafalaya River system.

As a foundation for the assessment, six interrelated reports were developed by six teams with experts
from within and outside of government. Each of the reports underwent extensive peer review by inde-
pendent experts. To facilitate this comprehensive review, an editorial board was selected based on nomi-
nations from the task force and other organizations. Board members were Dr. Donald Boesch, University
of Maryland; Dr. Jerry Hatfield, U.S. Department of Agriculture; Dr. George Hallberg, Cadmus Group; Dr.
Fred Bryan, Louisiana State University; Dr. Sandra Batie, Michigan State University; and Dr. Rodney Foil,
Mississippi State University. The six reports are entitled:

Topic 1:  Characterization of Hypoxia. Describes the seasonal, interannual, and long-term varia-
tions of hypoxia in the northern Gulf of Mexico and its relationship to nutrient loadings. Lead: Nancy N.
Rabalais, Louisiana Universities Marine Consortium.
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Topic 2:  Ecological and Economic Consequences of Hypoxia. Evaluates the ecological and eco-
nomic consequences of nutrient loading, including impacts on the regional economy. Co-leads: Robert
J. Diaz, Virginia Institute of Marine Science, and Andrew Solow, Woods Hole Oceanographic Institu-
tion, Center for Marine Policy.

Topic 3:  Flux and Sources of Nutrients in the Mississippi–Atchafalaya River Basin. Identifies
the sources of nutrients within the Mississippi–Atchafalaya system and Gulf of Mexico. Lead: Donald
A. Goolsby, U.S. Geological Survey.

Topic 4:  Effects of Reducing Nutrient Loads to Surface Waters Within the Mississippi River
Basin and Gulf of Mexico. Estimates the effects of nutrient-source reductions on water quality. Co-
leads: Patrick L. Brezonik, University of Minnesota, and Victor J. Bierman, Jr., Limno-Tech, Inc.

Topic 5:  Reducing Nutrient Loads, Especially Nitrate–Nitrogen, to Surface Water, Ground Wa-
ter, and the Gulf of Mexico. Identifies and evaluates methods for reducing nutrient loads. Lead: Wil-
liam J. Mitsch, Ohio State University.

Topic 6:  Evaluation of the Economic Costs and Benefits of Methods for Reducing Nutrient
Loads to the Gulf of Mexico. Evaluates the social and economic costs and benefits of the methods
identified in Topic 5 for reducing nutrient loads. Lead: Otto C. Doering, Purdue University.

These six individual reports provide a foundation for the final integrated assessment, which the task force
will use to evaluate alternative solutions and management strategies called for in Public Law 105-383.

As a contribution to the Decision Analysis Series, this report provides a critical synthesis of the best avail-
able scientific information regarding the ecological and economic consequences of hypoxia in the Gulf of
Mexico. As with all of its products, the Coastal Ocean Program is very interested in ascertaining the utility
of the Decision Analysis Series, particularly with regard to its application to the management decision pro-
cess. Therefore, we encourage you to write, fax, call, or e-mail us with your comments. Our address and
telephone and fax numbers are on the inside front cover of this report.

David Johnson, Director Donald Scavia, Chief Scientist
Coastal Ocean Program National Ocean Service
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Executive Summary

In this report we analyze the Topic 5 report’s recommendations for reducing nitrogen losses to the Gulf of
Mexico (Mitsch et al. 1999). We indicate the relative costs and cost-effectiveness of different control
measures, and potential benefits within the Mississippi River Basin. For major nonpoint sources, such as
agriculture, we examine both national and basin costs and benefits.

Based on the Topic 2 economic analysis (Diaz and Solow 1999), the direct measurable dollar benefits to
Gulf fisheries of reducing nitrogen loads from the Mississippi River Basin are very limited at best. Although
restoring the ecological communities in the Gulf may be significant over the long term, we do not currently
have information available to estimate the benefits of such measures to restore the Gulf’s long-term
health. For these reasons, we assume that measures to reduce nitrogen losses to the Gulf will ultimately
prove beneficial, and we concentrate on analyzing the cost-effectiveness of alternative reduction strate-
gies. We recognize that important public decisions are seldom made on the basis of strict benefit–cost
analysis, especially when complete benefits cannot be estimated. We look at different approaches and
different levels of these approaches to identify those that are cost-effective and those that have limited
undesirable secondary effects, such as reduced exports, which may result in lost market share.

We concentrate on the measures highlighted in the Topic 5 report, and also are guided by the source
identification information in the Topic 3 report (Goolsby et al. 1999). Nonpoint sources that are responsible
for the bulk of the nitrogen receive most of our attention. We consider restrictions on nitrogen fertilizer lev-
els, and restoration of wetlands and riparian buffers for denitrification. We also examine giving more em-
phasis to nitrogen control in regions contributing a greater share of the nitrogen load.

Although we are limited by existing data and existing analytical capacity, within these constraints we pro-
vide information for making policy judgments by setting bounds and parameters for different approaches
to nitrogen reduction. Topic 5 was primarily concerned about producers’ ability to achieve nitrogen reduc-
tions using feasible production practices. Our analysis accounts for economic impacts on the producers
and keeps changes in acreage and exports within historic bounds of recent past adjustments—something
of concern to many in the agricultural sector.

Fertilizer restrictions are a more cost-effective means of reducing nitrogen losses than strategies based
only on wetland restoration or buffers. They are more cost-effective than a fertilizer tax, because of the
tax’s impacts on producer net returns. Wetland-based strategies are more expensive than fertilizer-
reduction strategies to achieve the same goal of reducing nitrogen loss. Land-      retirement costs and
wetland-restoration costs outweigh the higher environmental benefits generated by wetlands.  Based on
uniform assumptions about denitrification efficiency, focusing on restoring wetlands proportional to nitro-
gen losses is less cost-effective than enrolling wetlands at lowest cost. Vegetative buffers are least cost-
effective, due to low nitrogen filtering relative to wetlands, lower wildlife-associated benefits, and high land-
retirement costs.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulfxiv

A 5-million-acre wetland restoration combined with a 20% reduction in fertilizer is the most cost-effective,
practicable strategy we examined for meeting a 20% nitrogen loss-reduction goal. This strategy reduces
nitrogen loss by about 20% with few, if any, secondary effects that are beyond our historical experience of
sectoral adjustment in agriculture. Reducing fertilizer by 45% meets the goal for a slightly higher cost. A
policy that includes wetlands has additional advantages because it meets other policy objectives and gen-
erates wildlife and recreation benefits.

For the agricultural sector, cost savings from reduced fertilizer nutrient inputs are modest in most cases.
However, commodity prices and aggregate producer net returns rise at increasing levels of nitrogen-loss
reductions. This is not a result of lower nitrogen fertilizer costs; instead, it derives from reduced production
resulting from reduced fertilizer inputs. These begin to be significant when nitrogen-loss restrictions reach
30% and higher. Aggregate returns to U.S. agriculture increase, but costs are imposed on some who are
constrained to abandon profitable production in order to meet nitrogen-loss goals. Severe restrictions on
nitrogen loss from agriculture mean that production ceases on acres in the Mississippi River Basin that
are especially vulnerable to nitrogen loss. The restrictions also cause shifts to cropping systems that lose
less nitrogen. Production of crops with high nitrogen losses is also increasingly shifted out of the basin.
Some producers suffer these losses, while those remaining in production with cropping systems that pro-
vide relatively high value reap benefits from increased commodity prices as the supply is reduced due to
nitrogen restrictions.

We find only modest aggregate impacts on the sector for up to a 20% nitrogen-loss reduction (comparable
to the 15–20% reduction in nitrogen losses from agriculture deemed feasible and recommended by the
Topic 5 team). We find that restoring 5 million acres of former wetlands also has minimal impact on agri-
cultural production and related factors. At the 10-million-acre level, noticeable price, land-use, and other
impacts occur.

Livestock producers bear more costly feed grain input costs as prices increase under nitrogen-loss re-
strictions. Consumers of basic commodities, and the finished food and fiber products derived from them,
suffer some loss from price increases caused by production changes and acreage restored to wetlands.
There is also a potential cost from decreased agricultural export volumes that depends upon the level of
nitrogen restriction (although the value of exports increases because of price increases). Export reduc-
tions become more important and begin to break out of historical bounds when nitrogen loss is restricted
to 30% or more. The primary concern of the agri-
business industry is loss of sales in an expanding free-market environment where market share is volun-
tarily constrained to meet environmental objectives. Also, reduced acreage in production and reduced
output can have negative impacts on input and shipping sectors.

As nitrogen use is restricted inside the basin, increased nitrogen, phosphorus, and sediment loss in agri-
cultural production occurs outside. Reducing nitrogen losses to the Gulf is likely to impose additional pol-
lution costs on the rest of the nation as an indirect impact. Price increases due to reduced production
within the basin will intensify crop production elsewhere. The extent of derived environmental impacts is
estimated to be up to the 20% nitrogen loss-reduction level.

Finally, institutional factors are important in any broad-based effort to reduce nitrogen loss in the Missis-
sippi River Basin. For any program, administration, monitoring, verification, and enforcement costs and
capabilities must play an important part in the final choice of strategy or action. These costs become even
more critical in a region such as the Mississippi River Basin, which includes many independent political
jurisdictions. Policies need to be coordinated across political boundaries, and the costs of coordination
increase if multiple strategies are employed.
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CHAPTER 1

Introduction

1.1 SCOPE OF THIS REPORT

The objectives assigned to the Topic 6 team were to:

 “Evaluate the social and economic costs and benefits of the methods identified in Topic 5 for reduc-
ing nutrient loads. This analysis will include an assessment of various incentive programs and will in-
clude any anticipated fiscal benefits generated for those attempting to reduce [nitrogen] sources.”

We compiled the information available in the literature and analyzed it where analytical tools and data al-
ready existed. In carrying out our task, we have:

•  Analyzed the Team 5 recommendations as far as possible.
•  Used the Topic 2 analysis of the costs of hypoxia to the Gulf to represent the value of benefits that

may be ascribed to the Gulf from reducing nitrogen flows from the Mississippi Basin to the Gulf.
•  Identified the relative costs of reducing nitrogen flows, to indicate the cost-effectiveness of various

measures.
•  Indicated, to the best of our ability, estimates of consumer and producer surplus, tax burdens, and

incidence of costs to various groups.

Although we lacked an adequate foundation of existing work to estimate social costs, we have kept such
costs in mind and have sometimes flagged them in analyzing alternative ways of reducing nutrients that
would create relatively greater or lesser social costs.

For this report we have not recommended or analyzed specific policies or policy alternatives.  These will
be considered in the Integrated Assessment that will draw together the work of all of the six reports.
Whenever possible, we have analyzed different actions that may be taken to reduce nitrogen flows and
have presented ranges of possible actions to allow the Integrated Assessment team to judge the efficacy,
secondary impacts, and cost-effectiveness of a particular action applied at different levels.

1.2 REPORT OUTLINE

Chapter 2 refers to the work of the Topic 3 team on the sources of nitrogen and their magnitudes, propor-
tional contributions, and characteristics. It reviews some of the important guidance developed by the Topic
5 team on setting priorities and concentrating on specific sectors and approaches. It also presents some
important aspects of existing policy-setting strategies, along with background information on existing work
presented for important focus points in the Topic 3 and Topic 5 reports, including nitrogen loss from agri-
culture and economic studies on wetland use in nitrogen control.

Chapter 3 provides a background for the assumptions and criteria that are common to economic analysis.
It explains how the characteristics of nonpoint-source pollution are particularly important to analyzing po-
tential mitigation policies because most of the nitrogen reaching the Gulf comes from nonpoint sources.
This chapter also discusses the economic considerations important in selecting policy instruments, ex-
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amines some of our criteria and assumptions, and briefly looks at benefit–cost analysis and an explana-
tion of our criteria and assumptions.

Chapter 4 analyzes the costs to the agricultural sector and the rest of society of both using alternative
strategies in the Mississippi Basin to reduce nitrogen loss from agriculture and using different amounts of
wetlands to control nitrogen loss. Different ranges of control are simulated for the two aggregative analy-
ses to assess indirect and well as direct costs and impacts. The chapter also includes a discussion of
point-source reductions.

Chapter 5 looks at the environmental benefits within the basin resulting from different actions taken to re-
duce nitrogen loss to the Gulf of Mexico. Chapter 6 assesses the results and identifies the strategies that
achieve established program goals at least cost. Chapter 7 discusses institutional considerations relevant
to a range of different policy options, and Chapter 8 summarizes this report’s important findings.

Appendices A and B provide information on and the results of an analysis of animal waste and atmos-
pheric deposition.  Appendix C describes the EPIC (Erosion Productivity Impact Calculator) model used
within the U.S. Mathematical Programming system.
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CHAPTER 2

Problem Setting and Methods

2.1 SOURCES OF NITROGEN

The nitrogen balance table developed in the Topic 3 report provided a critical input for the Topic 5 and
Topic 6 analyses. The relative contributions of direct nitrogen inputs and recycled nitrogen inputs are pre-
sented in Table 2.1. To the extent possible we have been guided by the balance sheet for our emphasis
on various sources.

TABLE 2.1.  Annual nitrogen inputs.

Sources of Nitrogen Percent Input

Nonpoint Sources
New Inputs

Fertilizer 30.0
Legumes and pasture/hay 19.0
Atmospheric deposition 5.5

Recycled Inputs
Potentially mineralizable soil nitrogen 29.5
Manure 12.0
Wet ammonia deposition 2.4

Point Sources
Municipal 1.0
Industrial 0.3

Total @100.0

2.1.1 Guidance from Topic 5

Most of our effort has been on nonpoint sources, reflecting the recommendations from the Topic 5 report
on methods and impacts of reducing nonpoint sources. This includes nitrogen losses from agricultural
fertilizer, legumes and pasture, manure, and potential mineralization of soil nitrogen. Together these ac-
count for 90.5% of the total.

We have not been able to account for manure as being explicitly separated out from other nonpoint nitro-
gen sources. Manure is also a difficult balance sheet variable because corn produced in one place with
fertilizer inputs may be fed through an animal in the same place, and the manure nitrogen thus may be
subject to double counting. However, we have added a more extensive discussion of manure as a source
because of the current concerns about manure as a pollutant and because we believe that changes in the
structure of the animal industry can lead to a greater proportion of the manure in the basin ending up in
the Gulf (see Appendix A).
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We have presented some of the information available on atmospheric deposition of nitrogen.  This comes
primarily from Chesapeake Bay, but provides some estimates of costs of reducing atmospheric nitrogen.
We have also provided some analysis on municipal point-source nitrogen through an example of using
tradable permits to reduce the cost of more stringent point-source requirements (see Appendix B).

The Topic 5 report highlighted four approaches to reducing nitrogen loadings:
•  Reducing nitrogen use by and nitrogen loss from agriculture.
•  Intercepting laterally moving water through riparian buffers, controlled drainage, and wetlands,

particularly targeting areas with high concentrations of nitrates.
•  Installing tertiary treatment systems for point sources.
•  Providing a system of river-diversion backwaters in the Mississippi Delta and Upper Mississippi.

To a great extent our analysis of reducing agricultural nitrogen losses parallels the Topic 5 recommenda-
tions in adjusting fertilizer levels, changing practices and cropping systems. We did not analyze expanding
the distance between tile lines. We also approached the animal manure source differently, looking at the
major component that is spread on the land.

We have analyzed the restoration of wetlands and riparian buffers in the amounts discussed in the Topic 5
report. We have not analyzed controlled drainage, which is much more limited in application. We also did
an analysis of concentrating the wetlands and buffers in regions of high nitrogen concentrations.

Our approach to tertiary treatment of point sources has been to look at the extent to which direct treatment
costs could be mitigated by trading with less costly nonpoint-source control—in this case agriculture. The
suggestion to use wetlands for treatment can be considered on the basis of the acres required and the
costs and benefits of wetlands from our specific wetlands analysis.

Both the river diversion at the Delta and flood diversion in the Upper Mississippi relate again to the crea-
tion of additional areas of wetlands plus additional engineering works. These were not analyzed as a spe-
cific case, but would be based on the analysis of the benefits and costs of wetland restoration.

2.1.2 Geography of Nitrogen Sources

The Topic 3 report maps those watersheds contributing the highest concentrations of nitrogen. On an en-
gineering basis and on the basis of cost per unit of nitrogen reduced, one normally thinks in terms of first
reducing the pollutant from the most concentrated sources. However, we found this approach was not as
clear-cut for nonpoint sources, given the limited information we had. From the Topic 3 maps, the upper
Corn Belt is an area of high concentration. From our  analysis of reducing the net loss of nitrogen from
agriculture across the basin, one can see the extent to which this area makes more adjustments—for ex-
ample, in fertilizer use and cropping shifts—to achieve a given reduction in nitrogen loss with the least fi-
nancial loss to farmers. In creating wetlands to reduce nitrogen loss, we did examine concentrating new
wetlands geographically on the “hot spots” of nitrogen loss; however, we found no clear advantage in do-
ing so. The geographical limitation to a hot-spot watershed or region tended to greatly increase land ac-
quisition cost, given the limited supply of wetland sites.

2.2 POLICY SETTING

2.2.1 Water Quality Laws

2.2.1.1 THE CLEAN WATER ACT

In fall of 1997, Vice President Gore directed the U.S. Environmental Protection Agency (EPA) and the U.S.
Department of Agriculture (USDA) to collaborate in preparing a Clean Water Action Plan to implement the
Clean Water Act of 1972, as amended.  The general goal of that parent legislation is to achieve “fishable
and swimmable waters” for all Americans.  Twenty-six years later, much remains to be done. Approxi-
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of pollutants, followed by municipal sewer systems and urban storm-water runoff.  While 
point sources have been largely controlled, nonpoint pollution from agricultural, 
suburban, and urban sources remains the most challenging national water quality problem. 
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mately 40%, or 18,000, of those water bodies tested are still out of compliance with that goal. A 1994 re-
port to Congress (USEPA 1994a) indicated that 23% of rivers, 43% of lakes, and 47% of estuaries sur-
veyed were impaired by nutrient enrichment. Two years later, the 1996 National Water Quality Inventory
(USEPA 1998a) reported even higher levels of nutrient impairment: 40% of surveyed rivers, 51% of sur-
veyed lakes, and 57% of surveyed estuaries. Agriculture was identified as the most widespread source of
pollutants, followed by municipal sewer systems and urban storm-water runoff. While point sources have
been largely controlled, nonpoint pollution from agricultural, suburban, and urban sources remains the
most challenging national water quality problem.

The Clean Water Action Plan, prepared jointly by USDA and EPA and released by President Clinton in
February 1998, calls for extensive collaboration within the states to deal with the nonpoint problems. There
is to be a substantial increase in technical and financial support for state and local efforts. States are re-
quired to implement nondegradation policies, and EPA will work with the National Oceanic and Atmos-
pheric Administration (NOAA) in coastal states to develop additional enforcement authority in case the
voluntary/incentive-based approach to nonpoint abatement is not effective.

The Plan also calls for improved standards and criteria for defining water quality problems and gauging
progress. An initial cut at those standards lists seven priorities: strengthening ambient water quality crite-
ria, developing nutrient standards, developing specific standards for microbial pathogens, completing
biocriteria for aquatic life, improving methods for measuring and achieving total maximum daily loads
(TMDLs), considering possible criteria for sediment and flow characteristics, and finding ways to imple-
ment these standards and criteria throughout the U.S. (USEPA 1998c). EPA is making a strong effort to
collaborate with state and local agencies and to involve water quality stakeholders in this entire process.
The standards and their implementation must acknowledge differences among states and regions of the
country. National “guidance documents” are being prepared to identify techniques for measuring the tro-
phic state of water bodies and establishing appropriate nutrient criteria for improvement. These are to be
available by 2000, with the expectation that states will have their own criteria in place by 2003. EPA will
assist in the state process by sharing with all the states the information it receives from individual states.
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Another important part of the Clean Water Action Plan establishes goals for reducing pollution from animal
feeding operations.  A draft “Unified National Strategy for Animal Feeding Operations” was released by
EPA Administrator Browner and USDA Secretary Glickman on September 16, 1998. These animal opera-
tions create nutrient problems for 35,000 miles of nearly 700,000 miles of river surveyed, including seg-
ments that feed the Mississippi and eventually the Gulf of Mexico. The strategy emphasizes voluntary
action by livestock producers to develop comprehensive nutrient management plans by 2008. Units larger
than 1,000 animals and those discharging directly into water bodies will be required to develop such plans
as part of EPA’s current permitting process. EPA will also be reviewing national environmental guidelines
for all animal operations. (See Appendix A for a further discussion of the animal waste issue.)

2.2.2 Conservation Policy Setting

Several important federal laws establish the context for further actions to reduce nutrient pollution of the
Gulf of Mexico. Farmers make production and marketing decisions in response to incentives established
in markets that are defined by various rules for participation, including those contained in federal law.
Changes in farmer behavior in the interest of further improving downstream water quality may require ad-
justments in those market rules. Policies and programs affecting water quality have emerged at all levels
of government, but of most importance here are federal laws that transcend local and state boundaries.
Particularly important are the federal conservation programs that are usually included in the various farms
bills. The Conservation Reserve Program and the Environmental Quality Incentive Program, described
below, are the largest of these.

In the future, states are likely to take on an increasingly important role in protecting water quality. Initially,
this will be in the form of regulation and special restrictions, like Iowa’s and North Carolina’s regulations
relating to livestock operations animal waste. Many states are unlikely to be willing to spend the dollars
targeted toward conservation and water quality that the federal government does. However, it appears
likely that states will adopt a regulatory approach toward specific statewide or regional problems that will
be more constraining than the blanket federal regulation.

2.2.3 Agricultural Policy Setting

2.2.3.1 FARM AND FOOD POLICY

The “greening” of U.S. food policy really began with the Food Security Act of 1985 and has continued
through the current Federal Agricultural Improvement and Reform Act of 1996 (FAIR). Most likely, any
future farm and food legislation will also acknowledge the relationships between food production and natu-
ral resource quality.

Title XII of the 1985 Farm Law (P.L. 99-198) introduced Sodbuster, Swampbuster, and conservation com-
pliance provisions to establish a firm policy link between the price- and income-     support aspects of food
policy and protecting the quantity and quality of natural resources. Farmers could retain eligibility for in-
come supports only by protecting natural resources. The success of the environmental incentives de-
pended very much on the availability and attractiveness of the income supports to eligible farmers
(Reichelderfer 1990b). The Conservation Reserve Program (CRP) was introduced to permit government
to lease the most erosive lands for 10 years to protect them against further damage or to prevent them
from contributing to water quality problems downstream. Primary emphasis in 1985 was on-farm soil pro-
ductivity, rather than off-farm damages.

The Food, Agriculture, Conservation and Trade Act of 1990 (P.L. 101-624) continued the green initiatives
of the 1985 law, by adding the watershed-based Water Quality Incentive Program and expanding the CRP
to focus more on off-farm water quality than on soil erosion. There has been much concern about the ex-
piration of the temporary CRP contracts and the potential consequences (Ervin et al. 1991). All of these
programs rely on market incentives to encourage a pattern of farmer decisions that will have attractive
social consequences. The cross-compliance provisions, however, added a mandatory aspect by requiring
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farmers to recognize that if they are to enjoy the benefits of income protection or risk reduction by gov-
ernment programs, they must consider the impacts of their production decisions on other natural resource
users.

The 1996 Farm Law (P.L. 104-127) further strengthened the environmental thrust of the conservation re-
serve with the Environmental Conservation Acreage Reserve Program (ECARP), and added an important
incentive program to encourage farmers to reduce runoff that causes water quality problems (Ogg and
Kuch 1997). Deliberate language to “reconcile productivity and profitability with protection and enhance-
ment of the environment” clearly establishes the intent of this new era in farm and food policy. The law
continues conservation compliance but grants farmers additional flexibility in establishing compliance.

While ECARP enables some farmers to terminate CRP contracts early, those provisions do not apply to
lands that have an erodibility index greater than 15 and that include filter strips, grass waterways, or ripar-
ian areas. Farmers may also sell long-term or permanent easements on wetlands and undertake wetland
restoration with cost-share assistance through USDA (Osborn 1996). While the link between wetland
easements and eutrophication problems in the Gulf of Mexico may be indirect, wetlands perform critical
environmental services in conjunction with farm operations that have long-term significance.

Two programs that provide incentives for restoring wetlands and riparian buffers to intercept nutrients be-
fore they reach streams are the Wetland Reserve Program (WRP) and USDA’s Conservation Buffer Ini-
tiative. WRP, first authorized in the 1990 farm bill and continued in the 1996 FAIR Act, has authority to
enroll 975,000 acres of cropland that was formerly wetland in long-term or permanent easements and to
share the cost of restoring wetlands (USDA 1997).  Along with the Emergency Wetlands Reserve Pro-
gram (EWRP), more than 700,000 acres of restored wetlands have been enrolled to date, with a large
proportion in the Mississippi Delta and Corn Belt regions.  The Conservation Buffer Initiative builds on ef-
forts in several programs, primarily the continuous sign-up provisions of the Conservation Reserve Pro-
gram and the Conservation Reserve Enhancement Program (CREP) (USDA/NRCS 1997). Producers
willing to restore riparian buffers to permanent grass or trees can bypass competitive bidding in regular
sign-up periods. Annual rental costs and a share of the restoration costs are paid. The CREP uses the
continuous sign-up in conjunction with additional state program incentives to encourage buffer restoration.
More than 700,000 acres of continuous sign-up practices have been enrolled to date, and USDA has ap-
proved CREPs in seven states, with nearly a dozen more in the application process.

The Environmental Quality Incentive Program (EQIP) of the 1996 Act is directly aimed at inducing farmers
to do a better job of reducing nutrient runoff than they would otherwise. It is meant to push them beyond
what may be rational for their business and not simply pay for what they are inclined to do anyway (Libby
1998). For reasons more political than scientific, half of the EQIP dollars are to be targeted on livestock
operations smaller than 1,000 animal units.

While the program language speaks of “maximizing environmental benefits per dollar spent” at the na-
tional level, allocation priorities are set by states, with national efficiency defined as the sum of state priori-
ties as further influenced by the 50% mandate for livestock. Farmers bid for EQIP dollars by indicating
their 5- to 10-year conservation plans, which include changes to cropping systems, manure, and nutrient
management. Conservation tillage options are seen as particularly effective in reducing nitrate and phos-
phate runoff (Fawcett 1995). Total incentive and cost-share payments for conservation and resource pro-
tection may not exceed $10,000 per farm per year, or $50,000 for the full contract. Total authorization is
$200 million per year, most of which is redirected from the Commodity Credit Corporation (Osborn 1996).
EQIP payments are included with other positive programs in the farm legislation as incentives for the
farmer under the Conservation Compliance Program noted above.

Other provisions of the FAIR Act relevant to Gulf of Mexico water quality implications of agriculture include
the Forestry Incentives Program, authority for flood plain easement purchase, the Wildlife Habitat Incen-
tive Program, and the Farmland Protection Program, which helps state and local governments buy con-
servation easements on farmland.
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2.3 REDUCING NITROGEN LOSS FROM FERTILIZER

Fertilizer is a major factor in the nonpoint nitrogen loss from agriculture. One reason for this is the ex-
tremely high value resulting from the use of nitrogen. For example, at county average levels of corn pro-
duction, an extra pound or pound and a half of nitrogen will yield an extra bushel of corn if other nutrients
and moisture are adequate. At $0.18 a pound, nitrogen can yield an extra bushel worth $2 or more.

There are two ways farmers react to this point strategically:
•  First, extra nitrogen may be supplied as insurance against nitrogen loss that would cut production.

Such loss could occur with heavy rainfall, saturated soil, and resulting denitrification. An extra 10–
20 pounds of nitrogen costing a few dollars can result in an extra 10–15 bushels worth at least
$20–$30. This is a very rational insurance approach to adding what may otherwise be excess ni-
trogen.

•  Second, farmers may add extra nitrogen to take advantage of an especially good year when
moisture and other nutrients are not limiting, temperature is just right, and extra nitrogen will give
a boost to production. Again, an extra couple of dollars have the capacity to increase returns ten-
fold in an especially good year as well as in a bad year when nitrogen may be lost.

These trade-offs are illustrated by the case studies in section 2.3.1, which explore the economics of re-
ducing nitrogen loss. Unfortunately, there are few case studies that examine these issues in a thorough,
consistent way that can provide guidance across the entire Mississippi Basin. While these case studies
provide some insight, a consistent modeling approach, such as that provided by the U.S. Mathematical
Programming (USMP) modeling framework (which is supported by biophysical process modeling of nitro-
gen losses) is required to make credible estimates of both the economic and the physical impacts of alter-
native approaches to reducing nitrogen from agricultural production.
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2.3.1 Reducing Nitrogen Loss from Agriculture

Qiu (1996) evaluated the economic and environmental impacts of alternative farming systems and trade-
offs between watershed net returns and nonpoint-source pollutants in Missouri’s Goodwater Creek water-
shed. Because any case study reflects the soil, climate, and physiographic characteristics of its location, it
cannot be widely extrapolated to an area as diverse as the entire Mississippi River Basin. Goodwater
Creek watershed is located in a claypan soil region that covers a swath from northeastern Oklahoma to
southwestern Illinois, including portions of Missouri; therefore, the results for Goodwater Creek watershed
cannot be generalized widely.

In Goodwater Creek, annual net return per hectare was directly related to fertilizer application rate when
other factors were held constant. High fertilizer and pesticide applications distinguished the farming sys-
tem with the highest returns over all sub-watersheds ($237.65/ha, or $96.17/ac) from the least profitable
farming system ($49.13/ha or $19.88/ac) with the same tillage and rotations.

Concentration of nitrate–nitrogen in surface runoff was significantly affected by fertilizer application rate
and crop rotation, and varied spatially in the watershed. Farming systems with higher nitrogen application
rates generated higher losses, other factors held constant. Within the same fertilizer application category
(high, medium, or low), losses were highest for farming systems with more row crops (corn and soybeans)
in the rotation and lowest for rotations with more close-grown crops, such as wheat. Farming systems with
high fertilizer application rates that had more row crops in the rotation generated the highest nitrogen
losses. Average concentrations in runoff for these farming systems were 13.45 ppm without riparian buff-
ers, and 3.82 ppm with riparian buffers, reducing surface losses by about 70%.

Qiu found significant trade-offs between profitability and water quality. Total watershed net return de-
creased as nitrogen losses were decreased. Without riparian buffers, total watershed net return de-
creased $26,483 per ppm for a 5% reduction in losses and $37,298 per ppm for a 50% reduction. Total
net return decreased more in some sub-watersheds than in others as water quality improved. For certain
sub-watersheds, there was no trade-off between total net return and water quality.

2.3.1.1 NITROGEN CREDITING AND TESTING

Economic theory tells us that in dealing with the problem of nonpoint-source pollution—particularly nitro-
gen (N) contamination of surface water—the most efficient strategy is to reduce N application rates in ar-
eas where they are excessive for crop needs. This is essentially a win-win situation because reducing N
application rates both reduces fertilizer costs and increases profit margins, as well as decreases N con-
tamination of surface water. This win-win situation can only occur if producers are operating on the flat-
tened portion of the fertilizer response function. While farmers may be optimizing physical production
rather than economic return, experience and good agronomic extension knowledge will have moved them
to the left, back toward the portion of the yield-response function in which reducing N application rates im-
plies a reduction in crop yields. Except within a relatively narrow range of reductions, decreased N appli-
cation will reduce crop yields in this range and reduce incomes.

Most crop production today is based on general, soil- or region-based fertilizer recommendations devel-
oped by university agricultural extension personnel. Nutrient planning based on crediting all potential
sources of nitrogen and testing soils, plants, and manures for nitrogen content can reduce nitrogen appli-
cations over typical practice. Nitrogen management can be improved by increasing the efficiency of nitro-
gen use, defined as the percent of N applied to the land that is used by plants (Mabler and Bailey 1994).
Proper crop and N fertilization management can reduce nitrate loss to the environment and achieve opti-
mum crop production (Keeney and Follett 1991). Recent evaluations of long-term corn experiments show
that fertilizer N removal by corn grain rarely exceeds 40% of total available N, and is often much less at
economically optimum corn yields (Blackmer 1986; Oberle and Keeney 1990). Depending on the initial
level of fertilization, efficiency can be improved by increasing crop uptake of applied N, achieving the same
or higher yield with reduced application of N, and reducing N losses by changing the timing and/or method
of application (Bock and Hergert 1991).



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf10

The extent to which producers across the Mississippi River Basin are currently overfertilizing is unknown,
but some case studies indicate that significant reductions can occur without reducing yields. Based on
USDA Economic Research Service surveys of Nebraska farmers, Fuglie and Bosch found that nearly half
of the surveyed farmers have used N fertilizer recommendations from a preplant N test and were achiev-
ing N fertilizer reductions of 18–33% with no loss in yield.  Shortle et al. (1994) found that 36% of farmers
used late spring soil tests and were able to reduce N fertilizer use by 40%. A study of USDA cost and re-
turns data by Trachtenberg and Ogg found that N fertilizer savings of 24–32% could be obtained by cred-
iting all sources of N available on the farm.

While some reduction in N fertilizer over typical application rates could be obtained using crediting and
preplant soil testing, the costs of providing this information to producers and providing sufficient incentive
to ensure adoption of these methods are not well known.

2.3.1.2 PRECISION NITROGEN APPLICATION

Applying nitrogen at rates that exceed crop uptake can increase nitrate–N concentrations in surface and
ground water, contaminate drinking-water supplies, and degrade aquatic ecosystems.  Nitrogen fertilizer is
typically applied to a field at a uniform rate. Application rates needed to achieve economically optimum
crop yields, however, can vary within fields due to spatial variability in soil moisture, soil N mineralization
rates, and the efficiency with which crops use N. Uniform application of N may not achieve maximum net
return when N is overapplied in some areas and underapplied in other areas of a field. Overapplication of
N could degrade water quality, and underapplication could reduce crop yield and net return. Varying the N
application within a field based on site-specific growing conditions can reduce over- or underapplication of
fertilizers (Kitchen et al. 1992) and increase the efficient use of N (Fiez et al. 1994; Sawyer 1994).

Prato and Kang (1998) evaluated the economic and environmental impacts of variable and uniform N ap-
plication for 35 sample fields in Goodwater Creek watershed. First, a soil type analysis evaluated the dif-
ferences across the 10 soil types in the 35 sample fields. Second, a field-level analysis evaluated the
differences across the 35 fields.

On the same soil type, variable application generally produced higher returns, but often also led to higher
nitrogen and phosphorus losses in runoff. These differences were more pronounced for rotations of row
crops (corn and soybeans), and less likely with rotations involving sorghum and wheat, where uniform ap-
plication was more profitable. These results generally held when comparing across fields composed of
different soil types, as well. Overall, variable-rate application increased both net return and nutrient losses
to the environment for row-crop rotations, but produced mixed or negative results with close-grown crops.
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The study results indicated that the profitability and water quality benefits of variable application are sensi-
tive to the distribution of soil types in a field and with crop rotation. Despite the intuitive logic of matching
nitrogen application to site-specific crop needs, variable application was not uniformly superior to uniform
application in terms of increasing net return and improving water quality in Goodwater Creek watershed.

2.3.2 Restoring Wetlands to Reduce Nitrogen Loss

Case studies of the economics of wetland restoration have generally focused on estimating the costs,
rather than the benefits, of restoration. They provide some guidance for modeling wetland restoration, but
are not comprehensive enough to substitute for a systematic modeling approach.

Heimlich et al. (1989) and Carey et al. (1990) determined that the average easement and restoration costs
for a least-cost wetland reserve from restoring hydric cropland ranged from $845 million for a 1-million-
hectare (2.5-million-acre) reserve ($845/ha or $341.95/ac) to $2.4 billion for a 4-million-hectare (10-
million-acre) reserve ($600/ha or $243/ac) in 1988 dollars. Minnesota, Iowa, and Missouri would have the
highest wetland reserve acreage. Several studies estimated the present value of net returns from con-
verting wetland to agricultural land, including land-clearing and -preparation costs. These values can be
viewed as the opportunity cost (loss in net agricultural income) of restoring agricultural land to wetlands.
Present values ranged from $376/ha ($152/ac) in the Mississippi Delta region (Kramer and Shabman
1986), to $1,573/ha ($637/ac) in North Carolina (Danielson et al. 1988; Danielson and Hamilton 1989), to
$635/ha ($257/ac) in central Minnesota (Danielson and Leitch 1986).

The Des Plains River Wetland Demonstration Project in Wadsworth, Illinois, evaluated the economic effi-
ciency and political acceptability of building and managing wetlands for nonpoint pollution control in a 182-
hectare (450-acre) site (Hey 1988). Restoring 10% of the lost wetlands along the Mississippi River (2.5
million ha, or 6.2 million ac) in a 15-year period would cost $24 billion, or $988/ha ($400/ac). The annual
operating cost would be $160 million, or $64/ha ($26/ac). Such a restoration effort would require an an-
nual investment of $247 million.

Wengrzynek and Terrell (1990) studied several prototype nutrient/sediment control systems for controlling
nonpoint-source pollution from cropland—namely, watershed land treatment practices, sediment basins,
grass filter strips, wetlands, deep ponds, and polishing areas. These systems were designed to reduce
soluble phosphorus, nitrogen, organic matter, bacteria, and fine sediments in lakes and streams. Con-
struction costs ranged from $14,000 to $22,500 for systems between 8.5 and 66 hectares (21 and 163
acres) in size, or $1,647–$341/ha ($667–$138/ac), respectively. Average annual costs of construction and
maintenance were $49/ha ($20/ac).

Prato et al. (1995) evaluated the benefits and costs of converting cropland in two Missouri counties to
wetlands. Results showed that conversion was economically feasible when waterfowl hunting benefits
were high, a restored wetland was enrolled in the Wetland Reserve Program, and the landowner received
full cost sharing on wetland restoration costs. When hunting benefits are low, wetland conversion is not
economically feasible. This study suggests that it would be economically feasible for a landowner to con-
vert hydric cropland to a wetland, provided the revenue from waterfowl hunting leases on the wetland ex-
ceeds wetland maintenance costs.
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CHAPTER 3

Role of Economics in Policy Analysis

Economics can play an important role in identifying least-cost policy strategies that produce the water
quality that society desires. An economic framework provides a foundation for coordinating policy formula-
tion among different layers of government, as well as ensuring consistent, fair, and unifying policies across
geographic space. Because correcting pollution problems often requires changing the behavior of pollut-
ers, it is important to have a conceptual model of that behavior. From an economic perspective, polluters
operate within a profit-maximizing economic framework. Thus, one can think of water quality protection
policies as altering some of the economic variables a polluter considers when making daily production
decisions.

Economics is only one of many factors included when public policy decisions are made. This is certainly
true for environmental issues when the public’s values have great influence on policy decisions. What fol-
lows is a discussion of the economic rationale for our analysis (that also helps explain what drives it), as
well as identification of some of the assumptions central to this and other economic analyses.

3.1 GOAL OF ENVIRONMENTAL POLICY

The fundamental goal of environmental policy is to get polluters to treat the external costs of pollution as a
cost of production, a process termed “internalizing the costs.” This goal can be accomplished by inducing
(through economic incentives, such as taxes and subsidies) or by requiring (through standards and regu-
lations) polluters to internalize the external costs that they impose on society through their pollution-related
activities.

1
  Ideally, the resulting level of pollution control is an efficient solution, or one where the expected

net economic benefits to society are maximized. Expected net economic benefits are defined as the pri-
vate net benefits of production (such as aggregate farm profits) minus the expected economic damage
cost of pollution. Note that decisions must be made based on the expectation of damage levels because,
when decisions are made, it is impossible to accurately predict damages due to the varying nature of pol-
lutant runoff and transport. Consequently, the efficient solution is often referred to as the ex ante efficient
solution, meaning that it is the expected outcome as opposed to the actual or realized outcome.

                                                
1While we do not discuss this explicitly, existing market distortions that are outside of the regulatory
agency's control must be taken into account when designing optimal incentives. Otherwise, the perform-
ance of incentives will be limited. A variety of agricultural policies—such as price floors, target prices, and
deficiency payments—that are designed to support farm income also have the effect of stimulating pro-
duction. The resulting use of more chemical inputs and more intensive land use may lead to increases in
nonpoint-source pollution (Miranowski 1975; Reichelderfer 1990a; Ribaudo and Shoemaker 1995). The
FAIR program has phased out many of these policies, explicitly to reduce market distortions. Other pro-
grams, such as acreage retirement programs and paid land diversion, are supply-control programs that
may help to offset the effects of some support policies. Recently, some supply-control programs and other
agricultural conservation programs (e.g., Sodbuster and Swampbuster) have been targeted to environ-
mentally sensitive land and linked to agricultural support policies.
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3.1.1 Efficiency and Benefit–Cost Analysis

The economically efficient solution to pollution problems can be defined by three conditions:
•  For each input and each site, the marginal net private benefits from the use of an input on the site

equal the expected marginal external damages due to the use of the input. The last unit of the in-
put used in production should provide an equal increase in net private benefits and expected
damages. This condition is violated, and an economically efficient outcome is not achieved, when
farmers ignore the benefit–damage trade-offs associated with most input use. The result is higher
(lower) use of pollution-causing (-mitigating) inputs and runoff levels that are above the economi-
cally optimal level.

•  An acre of land should be brought into production as long as profits on it are larger than the re-
sulting expected increase in external damages. Under this condition, the benefits (or profits) from
allowing an acre of land into production should exceed the expected social costs of the production
activity. This condition defines the optimal amount of land in production. Marginal acreage is de-
fined as land where the profits from production activity equal the activity’s expected contribution to
damages in the efficient solution (i.e., it is on the margin). Acreage where production activities
generate a positive (negative) difference between profits and expected damage contribution is de-
fined as infra-marginal (extra-marginal). From an economic perspective, it is only efficient for the
marginal and infra-marginal acreage to be in production.

•  Technology should be adopted on each site such that the incremental impact of that technology
on profits (relative to the next-best alternative) is greater than or equal to the incremental impact
on expected damages.

These three efficiency conditions directly address the need to recognize economic trade-offs involving
farm profitability and water quality. Together, the conditions imply that farmers must sacrifice some profits
to improve water quality if they are currently operating at maximum efficiency and only considering their
private costs, all else remaining the same. The challenge is to define an analytical framework that can be
used to guide the choice of a policy alternative that will achieve the socially optimal trade-off.  Benefit–cost
analysis is such a framework.

Benefit–cost analysis is an analytical approach that, in principle, eliminates individual and group biases
associated with decision making by heuristics, intuition, or consensus. Given an objective of maximum net
economic value or economic efficiency, benefit–cost analysis provides a set of definitions and procedures
for measuring benefits and costs and determining optimal policy (Freeman 1994).  In doing so, benefit–
cost analysis has the potential to rationalize policymaking and ensure the optimal outcomes of policy deci-
sions (Fisher et al. 1986). Promoted as the empirical technique of choice for determining many policy de-
cisions (e.g., U.S. Executive Order (E.O.) 12291, 12866), benefit–cost analysis has a firm foundation in
microeconomic theory and management accounting practice, particularly when assessing the net value of
a policy or project when the underlying objective is economic efficiency (Dasgupta and Pearce 1972; Mis-
han 1977; Sassone and Schaffer 1978; Thompson l980; Gramlich l981; Sugden and Williams l985).
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Of course, most resource and environmental policy is not based primarily on economic efficiency criteria,
either because decision makers have additional objectives (e.g., equity considerations, intergenerational
effects, social risk aversion) or because the information base required to define all the benefits and costs
cannot be obtained. Thus, benefit–cost analysis might be best thought of as a set of procedures to help
organize the available information, rather than a straightforward set of decision rules (Freeman 1994).
While this perspective on benefit–cost analysis does not attempt to define the ultimately rational policy
choice, it is capable of meeting the basic requirements of E.O. 12866: analyses that are economically
sound, are based on appropriate data and methods, are correctly interpreted, identify all affected parties,
and estimate, where possible, all relevant costs and benefits (Schaub 1997). The level of sophistication
and method in benefit–cost analysis can range from simple comparisons of directly and readily measur-
able financial factors to multifaceted techniques that incorporate tangible and intangible factors (Clarke
and Stevens 1997). In general, all benefit–cost analyses attempt to identify and measure the benefits and
costs attributable to a policy and to compute the policy's net value (OMB 1996).

3.1.2 Cost-Effectiveness Analysis

Although pure Pareto efficiency and decision making based on benefit–cost analysis comprise the con-
ceptually ideal approach for addressing pollution problems, efficiency is not generally attainable in practice
if the damage and/or pollution-transport functions are unknown or poorly understood, as is generally the
case with nonpoint-source pollution. While these problems do not prevent the design of economically
sound pollution control policies, they do require that policies be based on alternative objectives. Baumol
and Oates (1988) suggested designing pollution control policy to meet an emission or ambient pollution
target when damages are unknown. For example, without information on damages, the regulatory
agency's goal when designing policy would be to attain a mean ambient water quality goal at least cost;
alternatively, without information on pollution transport to water resources, its goal would be to attain spe-
cific mean runoff goals at least cost.

Cost-effective solutions are not Pareto-efficient because water quality damages—and, thus, the benefits
from reducing pollution—are not a consideration (since they are unknown) (Shortle 1987, 1990). As a re-
sult, the traditional benefit–cost analysis is truncated in that benefits of proposed policy actions may not be
measurable, given available information. In these cases, a cost-effectiveness analysis is designed to pro-
vide information about the economic trade-offs associated with different types of management strategies.
Cost-effectiveness analysis is considered appropriate whenever it is impractical or impossible to consider
the monetary value of the benefits provided by alternative policies (OMB 1992). Under a cost-
effectiveness analysis, a policy can be considered cost-effective if, on the basis of life-cycle cost analysis
of competing alternatives, it is determined to have the lowest costs for a given amount of benefit, however
benefit is defined.

3.1.3 Second-Best Policies

The potential complexity of efficient or cost-effective nonpoint source pollution policies can make their
administration and implementation difficult and costly. At a minimum, the regulatory agency would need
perfect information about the production and runoff functions for each site. Some optimal policies are site-
specific and require the regulatory agency to perfectly monitor technology and input usage on each site,
including those inputs that are not sold in the market.
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The costs associated with obtaining the necessary information for determining and applying site-specific
policies and monitoring input usage and technology choices can be substantial. These costs are relevant
and should not be ignored when a potential policy is designed or analyzed. Under these conditions, the
costs of obtaining an efficient or cost-effective outcome should be weighed against the decreased benefits
that may result from taking a more uniform, but informationally less intensive, approach to policy design.
Policies that are specifically designed to reduce information and administrative costs at the expense of
efficiency or cost-effectiveness are referred to as second-best policies.2 Most, if not all, nonpoint-source
pollution policies can be considered second-best polices.

3.2 POLICY-RELEVANT CHARACTERISTICS OF NONPOINT-SOURCE
POLLUTION

The defining characteristics of nonpoint-source pollution, which are described in this section, are important
because they will influence the performance of various pollution control options.

3.2.1 Observability of Runoff and Loadings

Some important aspects of agricultural nonpoint-source pollution are difficult to measure, as in the inability
of regulators (and farmers) to observe runoff from a field and loadings into water systems. Also, monitor-
ing the movement of nonpoint-source pollutants is impractical or prohibitively expensive. Impacts on am-
bient water quality can be observed, but because nonpoint pollution is generated over the land, enters
water systems over a broad front, and has substantial natural variability, it is generally impossible to use
ambient quality measures to make inferences about where pollutants enter the water and from which
cropland the pollutants originate.

The inability to observe loadings would not be such an obstacle if there were strong correlation between
ambient quality and some observable aspect of the production process. For example, the quality of a
shallow aquifer that is entirely overlain by cropland is directly related to how the fields are managed. A
policy could then be directed at the production process with a reasonable expectation of the water quality
impacts. However, such correlations do not often exist, and where relationships can be established, they
are unlikely to hold up across a range of conditions. Because regulators cannot infer producers' actions by
observing the state of water quality, they are uncertain as to whether poor water quality is due to nonpoint
sources of pollution failing to take appropriate actions or to undesirable states of nature (e.g., high rainfall)
(Malik et al. 1992).

Finally, observations on the use of production inputs, which are critical for predicting or forming expecta-
tions about nonpoint-source pollution, may also be unobservable or prohibitively expensive to monitor. For
example, there is a close correlation between the chemical contamination of ground water and the amount
of a chemical applied and soil type. The chemical characteristics of the pesticide, soil characteristics, and
soil depth to ground water can all be determined. However, chemical application rates and timing are gen-
erally not observable to a regulating agency without costly and intrusive monitoring. Producers have a
special knowledge about their operations that they may not willingly share with potential regulators.

                                                
2Efficient policies are first-best. Cost-effective policies are also technically second-best because they are
inefficient. For simplicity and consistency, we distinguish between cost-effective and alternative second-
best policies.
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3.2.2 Natural Variability and Pollution Flows

The nonpoint-source pollution process is influenced by natural variability due to weather-related events
(e.g., wind, rainfall, and temperature). As a result, a particular policy may produce a distribution of water
quality outcomes, rather than a single outcome (Braden and Segerson 1993). This by itself does not pre-
vent attainment of ex ante efficiency through the use of standard policies. However, it greatly complicates
policy design. For example, nearly all soil erosion occurs during extremely heavy rain events. Practices
that control erosion from "average" rainfalls but fail under heavy rain events will likely be ineffective in
protecting water resources from sediment. In addition, natural variability may limit the effectiveness of
models in predicting relationships between production decisions and water quality, especially if the models
are  based solely on knowledge of production decisions.

Natural variability has important implications for cost-effective policies that attempt to achieve ambient or
runoff targets at least cost. The natural variability of the nonpoint pollution process limits policies from be-
ing able to attain specific targets. Instead, as mentioned above, policies produce a distribution of results.
Therefore, runoff and ambient targets must be specified, along with the reliability with which that goal is to
be achieved (Shortle 1987, 1990). For example, the  goal can be defined in terms of mean pollution levels.
Alternatively, a nutrient control policy may require that an ambient goal of 10 mg/l be met for 75% of the
samples taken during a year.

3.2.3 Heterogeneous Geographic Impacts

The characteristics of nonpoint-source pollution vary over geographic space due to the great variety of
farming practices, land forms, climate, and hydrologic characteristics found across even relatively small
areas. This site-specific nature of nonpoint pollution has important policy implications. For example, even
if models could be developed to measure runoff and loadings, they would have to be calibrated for the
site-specific qualities of each individual field. The information required for such calibration would be signifi-
cant and possibly unavailable. Therefore, consideration of the spatial characteristics of cropland, pollution
transport, and dispersion of pollutants introduces additional uncertainties into the estimation of loadings
into water resources (Miltz et al. 1988). Because of these difficulties, flexible policy tools that can provide
optimal pollution control under a variety of conditions would have advantages over tools that are not self-
adjusting (Braden and Segerson 1993).

3.2.4 Transboundary Effects

The effects of agricultural nonpoint-source pollution can often be felt far from their source. Chemicals with
long half-lives and sediment (conservative pollutants that tend to maintain their properties in a water envi-
ronment) can affect water users far from where they originate. For example, much of the herbicide atra-
zine and nitrates that enter the Gulf of Mexico each year via the Mississippi River are applied to cropland
in the upper Corn Belt states of Minnesota, Iowa, and Illinois (Goolsby et al. 1995).

3.2.5 Uncertain Water Quality Damages

As with most types of pollution, the economic damages associated with water quality impairment are often
difficult to observe or ascertain. Knowledge of the relationship between economic damages and water
pollution is essential for establishing water quality goals or incentive levels that maximize societal welfare.
Adding to the difficulty is the fact that the impacts of pollution on water quality are often nonmarket im-
pacts. For example, the nitrification of Chesapeake Bay is believed to reduce the bay’s submerged aquatic
vegetation levels. Though there is no market for submerged aquatic vegetation, it has economic value
because it provides habitat for economically valuable fish populations, among other things.

Without organized markets, information on the value of water quality may be difficult to obtain. Even if
these impacts are observed and can be attributed to specific sources, valuation requires the use of a
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nonmarket valuation technique, such as travel cost or contingent valuation (Ribaudo and Hellerstein
1992). However, such exercises are both time-consuming and costly, and their reliability is questionable.

3.2.6 Time Lags

The movement of a pollutant off a field to the point in a water system where it imparts costs on water us-
ers may take a considerable amount of time. Time lags of this sort have two policy implications. First, ob-
served ambient water quality conditions may be the result of past management practices, or of polluters
who are not longer in operation. Second, the results of a policy may not be immediately apparent, making
it difficult to assess its actual effectiveness.

3.3 ECONOMIC CONSIDERATIONS IN SELECTING POLICY INSTRUMENTS

Policy instruments for controlling water pollution that have been considered or tried at the federal, state, or
local level fall into five general classes: economic incentives, regulation, education, liability, and research
and development. Policymakers must consider a number of important economic, distributional, environ-
mental, and political characteristics when selecting one of these instruments.

3.3.1 Economic Performance

The instruments differ in their ability to maximize net social benefits by correcting an externality. Some
may only be able to achieve a second-best solution because external pollution costs are not fully ac-
counted for when production decisions are made. The policy instruments also distribute costs of pollution
control differently among polluters and between polluters and the rest of society. For example, subsidies
place the burden of pollution control on taxpayers, while taxes place the burden on polluters.

3.3.2 Administration and Enforcement Costs

The costs of administering and enforcing a water quality protection policy are related to a variety of fac-
tors, including the nature of the pollution problem, the legal system, and the information required to im-
plement an instrument efficiently. These costs have particular importance for policies aimed at controlling
nonpoint-source pollution.

Nonpoint runoff is difficult to monitor due to its stochastic and diffuse nature. Likewise, ambient concen-
tration measurements and chemical loss estimates may be subject to error. In addition, while it is
straightforward to monitor the use of purchased inputs, it may be difficult to monitor the use of all polluting
inputs. If the costs of detecting noncompliance are too high, polluters will be able to avoid compliance, and
the effectiveness of the policy will be degraded (Braden and Segerson 1993). Thus, the policy’s admini-
stration and enforcement costs need to be weighed against its potential environmental benefits.

3.3.3 Flexibility

Flexibility refers to a policy instrument's ability to provide effective control in the face of changing economic
conditions (e.g., changes in input and output prices or the availability or new technologies), changing envi-
ronmental conditions (due to the stochastic and highly variable nature of nonpoint pollution), and hetero-
geneous physical conditions (due to the site-specific nature of nonpoint pollution). To the extent that
agricultural nonpoint pollution and resulting water quality impacts are a function of these changes, policy
tools that can adjust without regulator intervention will be more efficient over the long run than those that
require regulators to make the adjustments.
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3.3.4 Innovation

A desirable characteristic of a policy instrument would be its ability to encourage and reward farmers for
using their unique knowledge of the resource base to find better ways of meeting policy goals (Shortle and
Abler l994; Bohm and Russell 1985; Braden and Segerson l993). Instruments that provide these incen-
tives are more likely to achieve cost-effective control than those that do not.

3.3.5 Political and Legal Feasibility

Even though a number of policy instruments are capable of achieving an economically efficient outcome,
they may not be perceived to be equal for legal or political reasons. The difficulty in observing nonpoint
runoff may be a source of legal problems for instruments using runoff or ambient quality as a base. For
example, it may be difficult to hold individual farmers legally responsible for observed water quality dam-
ages when the sources of nonpoint pollution cannot be observed. The stochastic nature of nonpoint pollu-
tion also makes it difficult to accurately infer damages or runoff based on farm practices (Shortle 1984;
Tomasi et al. 1994). In addition, ambient pollution levels may be the result of past management decisions
due to time lags involved with the pollution transport process. Thus, some contributors to the ambient pol-
lution level may no longer be in operation, possibly leaving current farming operations to unfairly bear the
burden of remediation.

An instrument's political feasibility also may be related to ethical and philosophical arguments. For exam-
ple, farmers may believe that their right to farm gives them the right to pollute (within reasonable limits).
Taxes and permits may be politically unpopular among farmers because they shift pollution rights from
farmers to the victims of pollution. Alternatively, a subsidy shifts pollution rights to the farmers. This posi-
tion may be protested by the victims of pollution and by industries that are legally required to reduce pollu-
tion. In an era of widespread anti-tax sentiment, a tax-based environmental policy may be impossible to
implement, despite desirable efficiency characteristics.
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3.3.6 Implementation Basis

The basis on which a policy instrument is implemented has a bearing on its performance. The basis refers
to the point in the pollution stream to which the instrument is applied. Instruments can be applied either to
farmers' actions or to the results of their actions. For point sources, the preferred basis is discharge be-
cause it is directly related to water quality and is easy to observe (Baumol and Oates 1988). However, the
choice is not so clear for nonpoint sources due to the difficulties associated with monitoring and controlling
runoff from cropland and loadings to water resources.

Potential bases that have been proposed for nonpoint pollution include ambient pollution levels, expected
runoff levels, input use, technology, and output. Policies that control variables most closely correlated to
water quality are preferred to those that are more indirectly related (Braden and Segerson 1993). Runoff
and ambient pollution concentrations are two bases that are closely related to water quality. Policy bases,
such as output, are not likely to be highly correlated with water quality. Directing policy instruments at
bases that are only indirectly correlated with water quality may lead to unrelated effects and inefficient
management.

3.4 POLICY INSTRUMENTS FOR ACHIEVING GOALS

Design-based policies are based on observable aspects of production, such as variable input use or
choices of production technologies. Such policies can achieve effective control if they include all factors of
production that can affect water quality and if they take into account local agronomic and hydrologic condi-
tions (Ribaudo et al., in press). The costs of doing so, however, are often prohibitive. Alternatively, sec-
ond-best, design-based instruments could be applied to a limited (truncated) set of inputs and/or
technologies, and applied uniformly within a region. They could also be designed with limited information
on the part of the regulatory agency to help control administration costs. Such instruments may be effec-
tive in controlling nonpoint pollution if the inputs/technologies chosen as bases are highly correlated with
water quality.

For a given instrument base, economic incentives (taxes and subsidies) or standards can be used to
achieve identical policy goals. However, use of each instrument type will most likely have different dis-
tributional consequences for farm profitability. Distributional disparities will be greater the greater the het-
erogeneity of land, the more uniformly instruments are applied across a region, and the more uncertainty
the regulatory agency has about farm-specific information when designing policies. In general, incentives
provide more flexibility than standards because farmers are free to adjust their production practices to
take advantage of personal knowledge and to react to changing market conditions. Standards provide
more certain control when uncertainties in the relationships between production and water quality are high.

Incentives and standards will also have different administrative characteristics. The information required
by the regulatory agency in setting design-based standards and incentives is very similar. However,
monitoring may be easier for incentives that can be applied through existing markets. For example, a uni-
form fertilizer tax can be implemented as a sales tax, whereas a fertilizer standard requires that each farm
be monitored for fertilizer use. Taxes also have the additional advantage of generating revenue that could
be used for supporting the administration of the water quality policy; for funding supporting programs, such
as education and research; or for retiring marginal land. For example, the sales tax on fertilizer in Iowa is
currently being used to support the state’s nutrient management programs. While the tax rate is currently
too low to be called an environmental tax, research and education efforts may be increasing the efficiency
of fertilizer use. That the nitrogen fertilizer application rate on corn is much lower in Iowa than for the other
Corn Belt states is circumstantial evidence that research and education are having an effect (USDA
1996).

It is not possible to make a general statement about the relative performance of incentives and standards
in a world with asymmetric information and second-best policies. There are situations in which each is
preferred. Shortle and Dunn (1986) compared the use of input standards and input incentives applied to a
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single farm and designed to achieve an efficient solution when asymmetric information exists. Ignoring
transaction costs, they found that appropriately specified input incentives should generally outperform in-
put standards and expected runoff incentives and standards, given the characteristics of nonpoint-source
pollution and the information typically available to a regulatory agency. These results, however, do not
necessarily carry over to the case of multiple farms and/or second-best policies, where administration
costs are considered. Weitzman (1974) examined price and quantity policies under asymmetric informa-
tion and showed that, where the marginal cost curve is nearly flat, an error in setting a tax could result in
large deviations from the desired result, making standards the preferred instrument. Alternatively, when
the benefit function is closer to being linear, price-based policies are superior. Stavins (1996) showed the
choice to be more complex when the uncertainty associated with the benefits and costs of pollution control
is correlated. A similar analysis applies when uniform policies are used when heterogeneities exist. Gen-
erally, each situation must be assessed individually.

Helfand and House (1995), found uniform input taxes to result in lower welfare costs relative to input stan-
dards when attempting to meet a desired water quality goal. These results held for taxes and standards
applied to all inputs contributing to pollution, and also for the case of a truncated input base. Lichtenberg
(1992) found that standards may be preferable to incentives when a specific input-reduction goal is de-
sired. For example, a standard would be preferred in a situation where a particular chemical is clearly det-
rimental to water quality and application rates need to be limited, or the chemical banned from use. Setting
a tax to optimally meet an input-reduction goal requires knowledge of the farm-specific demand for that
input. Such information is not likely to be available to a regulatory agency. Design standards, in the form of
input use limits, would be much easier to implement in this case, even though the distributive properties
might be poor. Other examples where design standards might be preferred include chemigation (using
irrigation equipment to apply chemicals along with water), chemical use on sandy soils, the use of vegeta-
tive buffers, and animal waste storage and use.

One conclusion from the above review would be that the differences in agriculture and hydrology across
regions probably do not favor a single policy tool. Multiple instruments have a role when a single instru-
ment is inefficient because of the characteristics of nonpoint-source pollution (Braden and Segerson
1993). In his study of price- and quantity-based policies, Weitzman (1974) concluded that mixed
price/quantity policies may give the best results in some situations, depending on the characteristics of the
polluters and receiving waters. In a review of pollution policy tools, Baumol and Oates (1979) conclude
that "effective policy requires a wide array of tools and a willingness to use each of them as it is required."

Abler and Shortle (1991) reviewed the merits of a variety of tools (including education, design standards,
performance standards, input taxes, input subsidies, performance taxes, and research and development)
for reducing agricultural nonpoint-source pollution. Using a set of evaluation criteria based on both eco-
nomic and administrative attributes, they could not identify a single dominant tool. Each had its strengths
and weaknesses. Which tools are actually preferred in a particular setting depends on the weights applied
to the various attributes.
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Shortle and Abler (1994) evaluated a mixed scheme consisting of marketable permits for polluting inputs,
combined with a tax on excess input use and a subsidy for returned permits. Such a scheme can be im-
plemented without the use of information on farm profits or off-site damage costs. This approach was
generally shown to be preferred to policies based solely on design incentives. Optimal implementation
could still entail large administrative costs, but the structure should offer opportunities for increased effi-
ciency over input-based tax and license schemes that have been suggested as potential policies.

3.5 SCOPE AND OUTLINE OF THE ECONOMIC ANALYSIS

Under Executive Order (E.O.) 12866, agencies determine whether a potential rule or regulatory action is
"significant" and therefore subject to the requirements of the E.O., which include drafting an economic
analysis and review by the Office of Management and Budget (OMB). While the Gulf of Mexico Hypoxia
Assessment is not itself a rule-making or regulatory activity, analysis of the economic impacts of hypoxia
and potential actions for its mitigation in the Gulf would almost certainly involve some form of federal inter-
vention.

Federal intervention could take many forms and would most likely interact with current state and federal
ambient water quality criteria and designated uses for inland surface waters, enclosed bays, and estuar-
ies. Thus, the economic analysis of hypoxia in the Gulf of Mexico was designed to be relatively broad in
scope, seeking to identify major benefits and costs by using available information and numerical models.

Given the scope of this assessment, the economic analysis requires assumptions about the source of
benefits and costs associated with hypoxia and hypoxia mitigation, as well as how mitigation activities
might be implemented. The assumptions used in the analysis were based on standard practice within the
economics profession, information provided by other groups participating in the hypoxia assessment, and
past experience with mitigation activities associated with large watersheds. To account for some of the
uncertainty in these assumptions, we estimated a range of scenarios that may be used to bracket the
likely effects of hypoxia and hypoxia mitigation activities. In addition, we attempted to qualitatively identify
potential benefits and costs that could not be estimated due to a lack of information or relevant research,
but that may be useful in directing future research associated with hypoxia.

3.5.1 A Cost-Effectiveness Economic Analysis

An immediate difficulty with conducting an economic analysis of Gulf of Mexico hypoxia concerns the lack
of measurable benefits (and thus the benefits side of a benefit–cost analysis calculation) that may accrue
from reduced hypoxia. The Topic 2 report examined historical time-series and geographical data to dis-
cern the effects of hypoxia on the Gulf’s ecosystem and fishing industry over the last 30 years. This as-
sessment suggested that given the available data, no effect in the shrimp, snapper, or menhaden fisheries
data could be attributed with high confidence to hypoxia. They also noted that the failure to identify hypoxic
effects in the fisheries data was consistent with the results of the broader ecological study conducted by
the group.

It is worth emphasizing, as did the Topic 2 report, that failure to identify hypoxic effects in the commercial
fisheries data does not mean that they do not exist. But, if hypoxic effects do exist, their magnitude must
be small in relation to other sources of variability in the data. Another constraining factor was that the data
needed to identify indirect and nonmarket effects of hypoxia, such as its impact on tourism and recreation,
were not readily available for the Gulf. In addition, the inability to identify hypoxic effects in the historical
data does not imply that larger effects would not occur should hypoxia continue or expand in the Gulf. In
fact, experience in other geographic areas indicates that the effects of hypoxia become progressively
greater as the frequency and extent of hypoxic events expand (Caddy 1993).

Nonetheless, given the lack of measurable economic benefits from reduced hypoxia, the economic analy-
sis undertaken below was restricted to a cost-effectiveness analysis that sought to identify least-cost poli-
cies for attaining a representative reduction in nonpoint nitrogen runoff to the Gulf. The fixed target level of
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a 20% reduction in nitrogen loss was suggested by the Topic 5 team as a reasonable level that could be
attained given current technology and that could decrease the incidence of hypoxia in the Gulf.

3.5.2 Criteria for Choice of Reductions

Efficacy was an important criterion used by the Topic 5 team when considering different actions to reduce
nitrogen loss. While the goal of the economic analysis was to evaluate and compare the costs and bene-
fits of such reductions to the Gulf, benefits could also accrue within the Mississippi River Basin. Although
we are unable to fully document and account for these potential benefits, we have attempted to include
them in this discussion as examples of unmeasured or unmeasurable factors. Of course, a limitation on
the extent of potential in-basin benefits is that phosphorus—not nitrogen—tends to be the limiting factor in
freshwater ecosystems. Thus, very little research has focused on identifying benefits from nitrogen reduc-
tion in freshwater systems.

In conducting the economic analysis, we attempted as much as possible to follow the technological guide-
lines provided in the Topic 5 report. Where we had existing analytical capacity, we simulated a wide range
of potential policy options concerning nutrient reduction. This allowed us to look at impacts from different
reduction levels from a particular action or set of actions. Our concern was finding the specific range for
the various potential reductions that did not result in extremely high social or economic costs. While this
exercise was independent of the recommendations of the Topic 5 report, the implications of our analysis
tended to converge with  those recommendations primarily on technical considerations of efficacy.

3.5.3 Background and General Assumptions

The Mississippi River Basin encompasses the bulk of the agricultural land area devoted to basic agricul-
tural commodities. A comparison of the crop acreage within the basin and across the entire U.S. reveals
that the land in the basin comprises the bulk of quality rain-fed land east of the critical 100-degree merid-
ian, or 22-inch rainfall line. As the maps from the Topic 3 report show, it is also the area of highest nutrient
use across broad sections of the landscape.

Each specific policy simulation conducted as part of the economic analysis has a specific set of assump-
tions, which are detailed with the analysis. In addition, the analysis used the following important general
assumptions:

•  The current “reformed” agricultural policy will continue, where producers are free to make choices
about the crops they grow and where acres are not taken out of production just to regulate supply.
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•  The analytical model upon which the policy simulations are based assumes profit-maximizing be-
havior by the producers. This assumption also implicitly, if not explicitly, conditions our analysis of
the simulation results and our judgments concerning producer or individual firm reactions to policy
options.

•  The Mississippi River will continue to be a critical transportation corridor, and the basin will have a
stable hydrology. Dredging and lock and dam maintenance will continue, constraining (to some
extent) the potential policy options.

•  From nonpoint sources, such as soils under fertilization, there can be substantial time lags before
actions like reductions in nitrogen fertilization are reflected in reduced nitrogen loss from the soil.
This is a critically important and uncertain factor when assessing the efficacy of a practice or ac-
tivity in reducing nitrogen losses to the river system. We also recognized that the effects of
changing policies or placing new activities or practices in operation are likely to be measured in
years rather than months.

•  The baseline used for investigating potential benefits in the Gulf is detailed in the Topic 2 report,
but was essentially the status quo in the Gulf’s commercial fishing industry. The numerical base-
line used for empirically estimating the costs of nutrient-reduction strategies to agricultural indus-
tries in the Mississippi Basin was described in this chapter. The U.S. Mathematical Programming
(USMP) model served as the baseline for estimating both the costs of the nutrient-reduction
strategies and the benefits to water resources within the basin (but not in the Gulf).
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CHAPTER 4

Costs of Alternative Control Options

The most tractable strategies for reducing nitrogen runoff to the Mississippi River system involve altering
the use of nitrogen fertilizer inputs (which can be observed), or enhancing the landscape’s ability to filter
nitrogen that “leaks” from cropland. In this chapter we assess both the costs of alternative fertilizer man-
agement strategies and the strategies for expanding the acreage of restored wetlands and riparian buffers
and thereby increase nitrogen filtration.

If hypoxia reduction is attempted by policy initiatives that decrease nutrient loadings to the Gulf of Mexico,
then substantial nutrient management costs are likely to be borne by agricultural industries in the Missis-
sippi Basin. Assuming constant levels of efficiency, decreased nutrient use must lead to reduced agricul-
tural productivity in the basin and to reduced total production activity as marginally fertile land is retired. If
increased nutrient management efficiency is assumed, then the adoption of alternative technologies may
raise the total cost of production and lower the basin’s total output. These costs are both direct (associ-
ated with forcibly removing low-productivity acreage from production) and indirect (in terms of the eco-
nomic impacts on the supply sector generated by reduced demand for purchased agricultural inputs). In
either case, production activity could shift to areas outside the basin, and with the production activity would
go the associated nutrient use. This increased nutrient use in the rest of the U.S. could generate costs
similar to the costs of hypoxia, although the exact nature of the impact will depend on the ecological
structure of the receiving waters. Increased agricultural product prices should also be considered a poten-
tial cost, borne by consumers throughout the U.S., as long as the land retired in the Mississippi Basin is
not compensated for by increased production on remaining land in the basin or the rest of the U.S. Of
course, increasing product prices imply that some of the nutrient management and land retirement costs
to producers may be offset by increasing gross revenues.

We simulated the sector's response to these alternative management strategies with the U.S. Mathemati-
cal Programming (USMP) model of the nation’s agricultural sector (described in the following section). The
analysis of alternative fertilizer management strategies relies solely on USMP; the analysis of the various
filtering options uses both a screening procedure to identify the acreage to be restored to wetlands or
buffers, and USMP to analyze the economic impacts on the agricultural sector of removing this land from
production. Environmental impacts for field-level changes—such as changes in rotations, tillages, and fer-
tilizer applications or retirement from cropping—are estimated in USMP based on EPIC (Erosion Produc-
tivity Impact Calculator) simulations.  (See Appendix C for further discussion of EPIC.) Nitrogen reductions
from intercepting runoff with restored wetlands or riparian buffers are estimated outside USMP based on
values from the literature identified in Chapter 5 of this report.
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4.1 USMP MODEL FOR AGRICULTURE

The USMP model was developed by USDA’s Economic Research Service to analyze the effects of gov-
ernment commodity programs and environmental policies on the U.S. agricultural sector and the environ-
ment. It captures the effects of these policies on commodity prices and quantities, net returns to
producers, net social benefit, and environmental emissions. It covers 10 crops (corn, sorghum, oats, bar-
ley, wheat, rice, cotton, soybeans, hay, and silage) and some 16 live animal products, the principal being
associated with dairy, swine, poultry, and beef cattle.  Several dozen processed and retail products are
also represented, including dairy products, pork, beef, soybean meal and oil, and livestock feeds. Markets
represented include domestic use (food, industrial uses, and livestock feed), trade (import and export),
and inventory (commercial and government). The model explicitly recognizes that these effects will most
likely vary significantly across the country, and that this variation needs to be taken into account, especially
with respect to analysis of environmental issues, by dividing the U.S. into 45 production regions. The
boundaries of these regions are defined by the intersection of the 10 USDA farm production regions and
USDA land resource regions.

A key feature of USMP that makes it well suited for this analysis is that it explicitly represents the various
management practices used by farmers to produce crops in each production region.  These practices
consist of crop rotations, which can include up to four crops (including hay and fallow); tillage practices
(conventional, conventional with moldboard plow, mulch, ridge till, and no till); and reductions in fertilizer
application (Table 4.1). Fertilizer is applied in single or split applications and at rates varying continuously
up to 60% from baseline levels, depending on the predominant practices in a region. Overall, nearly 2,400
individual production technologies representing distinct management alternatives are represented in the
model. Thus, crop production can adjust to restrictions placed on nitrogen or land use by altering any or all
of the following: acreage planted, crop mix, rotations used, tillage practices, and fertilizer application rates.

The management practices and the acreage devoted to them were identified from information contained
in the 1992 National Resources Inventory (USDA 1995a), the Cropping Practices Survey (USDA 1995b),
and the Farm Costs and Returns Survey (USDA 1995b). These USDA surveys were all designed to be
statistically representative of their target populations. As a result, the set of production technologies used
in USMP is representative of current management practices.

USMP also contains a set of associated environmental emission indicators for each of the management
practices represented in the model. This includes soil erosion (both water and wind), nitrogen loss (leach-
ing, runoff, and atmospheric), and pesticide loss, as well as indicators of soil depreciation and greenhouse
gases.

USMP is a comparative, static price, endogenous, spatial equilibrium model based on an extension of the
methodology found in McCarl and Spreen (1980). It uses a set of nested non-linear allocation functions to
represent the substitution possibilities among production techniques. These functions derived from those
relationships, both technical and economic, are derived from neoclassical theory. As a result, production
practices can adjust to incentives based on changes to their net returns without placing bounds or flexibil-
ity constraints on their use.
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TABLE 4.1. Illustrative cropping systems in the USMP model, by USDA farm production region.1

Continuous Corn (lbs/acre) Corn–Soybean (lbs/acre)
CORN BELT Convent’l. Convent’l.

MB2 Plow
No till Convent’l. Convent’l.

MB2 Plow
No till

Total nitrogen applied3 143 147 118 70 67 67
Soil erosion—water 5 7 4 5 8 4
Nitrogen loss in solution 9 9 6 8 6 8
Nitrogen loss in sediment 30 38 31 34 44 35
Nitrogen leaching 1 2 7 1 1 1
Denitrification 17 18 9 12 14 11
Total nitrogen lost 57 67 46 55 66 56

Continuous Corn Wheat–Fallow
NORTHERN PLAINS Dry Land Irrigated

Convent’l. No till Convent’l. No till Convent’l. Convent’l.
MB2 Plow

Total nitrogen applied3 68 80 172 184 14 14
Soil erosion–water 3 3 2 2 3 2
Nitrogen loss in solution 7 8 24 32 4 4
Nitrogen loss in sediment 16 17 20 18 11 7
Nitrogen leaching 4 7 1 1
Denitrification 10 13 8 8 4 4
Total nitrogen lost 37 44 53 58 18 14

Continuous Continuous Continuous Continuous
DELTA Cotton Rice Soybeans Beans & Rice

Conventional Conventional Conventional Conventional

Total nitrogen applied3 96 125 0 69
Soil erosion–water 9 2 7 6
Nitrogen loss in solution 39 26 26 31
Nitrogen loss in sediment 10 2 10 7
Nitrogen leaching 12 12 8 12
Denitrification 3 3 2 3
Total nitrogen lost 64 43 46 53
1Cropping systems are specific to each of 45 USMP-producing regions (farm production region and land
resource region combinations) and representative soils, totaling nearly 2,400 cropping activities.
2MB = moldboard.
3Nitrogen applications can vary continuously in reductions of up to 60% from baseline levels for each
cropping system, and can include split applications on corn.
Source: U.S. Mathematical Programming (USMP) model analysis, Economic Research Service, USDA.
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The base or reference projections used have been developed from the 1997 USDA Economic Baseline,
the Cropping Practices Survey, and the 1992 National Resource Inventory. For each scenario the model
tallies—in addition to changes in supply, use, prices, and farm income—changes in acreage allocated un-
der various rotation and tillage systems and associated environmental indicators for the nation, the
USDA’s 10 farm production regions, and 45 sub- or land resource regions.  See Figure 4.1 for a map of
the regions.

The environmental indicators are estimated using the EPIC biophysical model. EPIC uses information on
soils, weather, and management practices, including specific fertilizer rates and produces information on
crop yields, erosion, and chemical losses to the environment. Management practices and initial fertilizer
application rates were set consistent with agronomic practices for the 45 regions as reported in the CPS.
Yields and environmental indicators were estimated by running each of the production activities through
EPIC for up to 60 years. This process was repeated for nitrogen application rates representing 10%, 20%,
30%, and 40% reductions from their initial values. The results from the EPIC simulations were used to
construct four sets of budgets and environmental indicators for each of the initial cropping systems, in-
creasing the total number of crop production activities represented in the model to about 2,400.

Convexity constraints are used to approximate yield response to nitrogen fertilizer for each cropping sys-
tem. These constraints permit convex combinations of the specified nitrogen application rates to be
formed, thereby allowing fertilizer application rates and associated environmental indicators to span the
entire range of fertilizer rates simulated.

In addition to the convexity constraints the selection of fertilizer application rates is affected by a risk pre-
mium charged to the reduced nitrogen fertilizer application activities. This is based on the notion that
farmers, given their uncertainty about growing conditions in any year, are behaving rationally when they
apply a constant amount of fertilizer year in and year out based on a yield target. Thus, producers are as-
sumed to operate at that portion of the typical fertilizer response curve corresponding to the upper "shoul-
der" or inflection representing maximum physical yield at that level of fertilizer application.  In particular,
these assumptions regarding fertilizer application rates imply that any reduction in fertilizer application
from the baseline will result in reduced physical yield, but not necessarily reduced economic returns. How-
ever, this type of behavior when evaluated in a partial budgeting framework indicates that farmers could
increase their returns by reducing the fertilizer application rate.

Thus, the risk premium being charged represents the uncertainty cost borne by farmers. It reflects the
cost they pay to avoid the censoring of the upper tail of the yield distribution, which would occur if they re-
duced fertilizer application rates. This implies that the only way to get farmers to lower their fertilizer appli-
cation rates is to provide them with an incentive greater than the risk charge or to introduce technologies
that will reduce their uncertainty about growing conditions. (Another approach being offered on a pilot ba-
sis is providing insurance against production losses due to low nitrogen levels.)

The charge used on each system is based on the difference between the net returns realized by reducing
the fertilizer application rate and that achieved when using the observed application rate. This difference is
doubled, based on the assumption farmers will need more than this difference to reduce application rates.
This calculation is repeated for each successive reduction in the fertilizer rate until the increase in net re-
turn calculated is less than the net return of the application rate before it. At this point, the charge is held
constant for the remaining reductions in application rates.
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FIGURE 4.1.  U.S. mathematical programming (USMP) model regions.
(Data not available for SPD, SPP, SPN, and SEU.)

These assumptions result in overall fertilizer application consistent with observed data reported in Table
1.1 of the Topic 5 report and by Goolsby et al. (in press). The USMP baseline has 6.859 million metric
tons of N fertilizer used on crops in the basin, compared with 6.578 million metric tons reported in Table
1.1. USMP N application rates compare closely to application rates from the ERS Cropping Practices Sur-
vey.

For the analysis of wetland restoration potential, a hybrid modeling technique was employed, combining
(1) a screening procedure to identify acreage and production affected by wetland restoration with (2) an
impact analysis conducted using the USMP model. Cropland suitable for
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restoration to wetland was screened based on profitability, similar to methods reported in Heimlich (1994)
and Claassen et al. (1996). All cropland on wetland (hydric) soils in the National Resources Inventory, ex-
cept artificial wetlands and wetland converted in violation of Swampbuster, is assumed to be eligible for
enrollment in an expanded wetland restoration program (WRP). However, a restriction that no more than
25% of total cropland in a local area (8-digit hydrologic unit) be enrolled was assumed. This is similar to
restrictions in the Conservation Reserve Program and is intended to minimize impacts on local farm
economies.

The costs of permanent easements are assumed to compensate landowners for the opportunity cost of
agricultural production on the restored wetland and for all restoration expenses. Easement cost equals full
opportunity costs. Opportunity costs are the maximum of the value of crop production, pasture, bottom-
land hardwood forestry, or pine (drained) forestry. A discount rate of  6% is assumed, and since ease-
ments are permanent, an infinite time horizon is used. Landowners are assumed to be indifferent to
enrolling land in the expanded WRP or continuing crop or other agricultural production at these rates of
compensation.

Crop opportunity cost calculations depend on site-specific crop yields derived from five-year average
yields in the county, adjusted for a productivity index applied to soil characteristics. Only variable produc-
tion costs are considered, since WRP enrollment is assumed to be a marginal change in farm acreage
that will not affect fixed costs. No farm program payments are reduced by enrollment in this program.
Crop prices assumed are from year 2001 of the February 1997 USDA baseline, and do not account for the
reduced prices currently prevailing. Restoration costs are differentiated by drainage condition and region
(Table 4.2). Administrative costs, including appraisal, survey, recording, and title fees, are estimated to be
3% of easement costs (Misso 1998).

TABLE 4.2  Cost per acre of land restored.

Region Fully
Drained

Cropped
Wetland

Prairie Pothole 100 50
Delta and Southeast 800 600
All Other 500 300

Source: Heimlich et al. 1989.

For the purposes of this study we divided the 45 USMP regions into two groups: those inside and those
outside the Mississippi Basin. Because the USMP regions do not follow watershed boundaries, the alloca-
tion is fairly crude. However, the most important crop-producing regions in the Mississippi Basin are wholly
included in the USMP interpretation of the basin. Table 4.3 shows baseline conditions in the model for
crop acreage, prices, fertilizer use, pollutant loss, and tillage practices.
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TABLE 4.3. Baseline for the U.S. mathematical programming (USMP)
model.

Crop Type Crop Acreage (in millions)
Miss. Basin           Total U.S.

U.S. Crop
Price

Corn 64.7 81.3 $2.80/bu
Sorghum 9.0 10.9 $2.50/bu
Barley 3.8 7.2 $2.60/bu
Oats 4.0 4.7 $1.70/bu
Wheat 65.8 75.5 $4.30/bu
Rice 1.4 2.9 $10.31/cwt
Soybeans 50.3 62.3 $6.45/bu
Cotton 8.7 14.0 $331.20/bale
Silage 4.3 6.7 $21.69/ton
Hay 38.8 62.4 $60.49/ton
Total 250.8 328.0

Fertilizer Fertilizer Use (+)/
Pollutant Loss (-)

Miss. Basin           Total U.S.

Nitrogen
Phosphorus

+7.52/-5.18
+3.51/-0.41

+9.67/-6.61
+4.58/-0.53

Sediment -844.3 -1123.2

Tillage
Method

Millions of Acres
  Miss. Basin           Total U.S.

Conventional 131.1 169.6
Moldboard 49.0 74.9
Mulch 43.8 50.0
No Till 25.5 32.2
Ridge Till 1.4 1.4

4.2 CROPLAND NITROGEN CONTROL

We used the model to perform two tasks. The first was to identify the level of nitrogen-loss      reduction
where agriculture starts to become significantly constrained, in terms of crop prices, acreage in produc-
tion, and exports. Then we used the model to estimate the costs and effectiveness of different strategies
for achieving an “acceptable” nitrogen-loss reduction. However, a policy cannot be based on nitrogen loss,
since it cannot be observed. Instead, a policy must be based on those factors of production that can be
observed, such as input use, rotations, and tillage practices. In either case, the model finds the optimal
combination of rotations, conservation practices, tillage practices, and fertilizer application rates to meet
the stated goal.
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4.2.1 Parametric Reduction in Nitrogen

We used the USMP model to evaluate how the agricultural sectors both within the Mississippi Basin and
nationally respond to constraints on nitrogen loss from cropland in the basin of 20%, 30%, 40%, 50%, and
60%. The USMP model calculates only nitrogen loss at the edge of the field or at the bottom of the root
zone. We assumed that reducing edge-of-field or root-zone loss would generate a similar percentage re-
duction in nitrogen loadings to water resources from cropland. It is important to note that the nitrogen-loss
reductions we modeled are generally beyond the range where farmers can reasonably be expected to be
able to reduce fertilizer application rates without reducing physical yields.

The nitrogen-loss constraints we modeled are for the basin as a whole, and not for each acre.  Using a
basin-wide constraint reduces the cost of the policy over a per-acre constraint, in that it allows low-cost
areas (in terms of reducing nitrogen loss by one unit) to contribute a greater share of achieving the envi-
ronmental goal. We selected these constraints because they span a range of N-loss reductions from what
is claimed to be feasible by proponents of “win-win” nutrient management policies (20%), to a constraint
that would severely stress the sector (60%).

In response to the N-loss constraints, the USMP model adjusted crop rotations, tillage practices, and fer-
tilizer inputs within the Mississippi Basin in order to meet the constraint while maximizing welfare. The
model favors those crops and cropping practices that have low nitrogen “leakage.” Where the model can-
not find a crop-production system that allows for positive net returns, the land is retired from production.
Outside the basin, where there are no constraints on N loss, farmers are free to respond to price changes.
Since the basin is such an important crop-producing region, changes in production are likely to have no-
ticeable impacts on prices.

We first present the results in terms of the 20% scenario, and use these to highlight how the model per-
formed. The 20% scenario produced relatively modest impacts. Within the basin, total crop acreage is
reduced by about 6%. The impacts on crop acreage and prices at the national level are within the range
seen over the period 1987–96 for all crops (Tables 4.4 and 4.5). Production outside the basin is stepped
up in response to higher prices. The rest of the country cannot make up all the production losses in the
basin, however, because of limitations on acreage and land that is generally not as productive. Conse-
quently, prices rise for most crops, which reduces exports for most crops, but not significantly (Table
4.6).3 Net social welfare (producer plus consumer surplus) is reduced by 0.08%, or about $830 million
(Table 4.7).

                                                
3The USMP model results indicate that all the scenarios result in increased imports for some crops, but
the impacts in percentage terms are much less than the impacts on exports.
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TABLE 4.4.  Percentage change in crop acreage as a result of reductions in N loss.

Area Corn Sor-
ghum

Bar-ley Oats Wheat Rice Soy-
beans

Cot-
ton

Sil-
age

Hay Total

20% Reduction in N Loss
MB1

RUS1

US

-1.3
4.8

-0.1

-23.9
26.3

-15.7

-4.6
0

2.2

-5.2
0

-4.4

-8.5
3.1

-7.0

-2.0
0

-0.9

-4.2
2.5

-2.9

-11.2
3.8

-6.0

-2.1
0

-1.1

-6.0
0.4

-3.5

-5.8
2.8

-3.8

30% Reduction in N Loss
MB1

RUS1

US

-4.5
9.6

-1.6

-38.8
42.1

-24.7

-12.8
2.9

-5.6

-10.8
0

-8.8

-20.6
7.2

-17.1

-4.0
0

-1.8

-10.9
6.7

-7.5

-19.3
5.7

-10.0

-5.2
0

-2.5

-13.0
1.3

-7.6

-13.3
6.0

-8.8

40% Reduction in N Loss
MB1

RUS1

US

-8.2
15.7
-3.3

62.0
57.9

-41.2

-19.3
5.9

-7.3

-19.1
14.3

-15.5

-31.0
11.3

-25.6

-6.9
0

-3.1

-19.1
12.5

-13.0

-12.9
5.7

-5.4

-9.0
4.2

-4.2

-24.4
2.5

-14.2

-21.3
10.0

-14.0

50% Reduction in N Loss
MB1

RUS1

US

-16.3
23.5
-8.2

-64.6
68.4

-40.8

-32.3
11.8
11.0

-26.5
14.3

-21.3

-42.5
14.4

-35.1

-14.9
0

-6.2

-30.7
18.3

-21.1

-10.2
9.4

-2.7

-15.6
8.3

-7.7

-46.9
3.8

-27.6

-32.7
14.4

-21.6

60% Reduction in N Loss
MB1

RUS1

US

-26.1
32.5
14.1

-78.2
89.4

-49.5

-43.5
17.6

-14.9

-39.1
14.3

-31.6

-51.8
18.6

-42.8

-40.6
6.7

-16.0

-43.3
27.5

-29.8

-10.7
11.3
-2.1

-29.3
12.5

-15.2

-63.3
5.5

-37.3

-44.0
19.4

-29.1
1MB = Mississippi Basin; RUS = Rest of U.S.

TABLE 4.5.  Percentage change in crop price as a result of reductions in N loss.

Crop Percentage Reduction in N Loss
20 30 40 50 60

Corn 9.4 19.1 29.9 43.8 61.8
Sorghum 19.3 31.7 44.4 55.4 75.1
Barley -0.5 2.6 9.0 18.5 24.3
Oats -3.3 4.4 12.4 26.2 46.7
Wheat 5.4 14.1 24.4 32.6 40.2
Rice 1.3 2.4 3.4 5.9 13.7
Soybeans 2.5 6.6 11.7 21.0 34.2
Cotton 2.9 5.5 6.6 8.5 10.7
Silage 0.4 1.2 2.0 3.5 6.4
Hay 1.0 2.2 4.5 7.8 11.0
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TABLE 4.6.  Percentage change in export volume as a result of reductions in N loss.

Crop Percentage reduction in N Loss
20 30 40 50 60

Corn -5.3 -10.9 -17.0 -24.9 -35.3
Sorghum -22.6 -37.1 -52.0 -64.8 -87.9
Barley 0.3 -1.7 -5.9 12.0 -15.8
Oats 2.1 -2.9 -8.0 -17.0 -30.4
Wheat -8.8 -22.9 -39.6 -52.8 -65.2
Rice -2.8 -5.0 -7.3 -12.5 -29.1
Soybeans 1.9 -5.2 -9.1 -16.3 -26.6
Cotton 3.8 -7.3 -8.7 -11.4 -14.2

TABLE 4.7.  Summary of economic costs of N loss-reduction strategies.

Scenario Social Welfare
 (millions of $)

N-Loss Reduction
(1,000 metric tons)

Unit Cost
($/ton)

N-Loss Reduction
20%
30%
40%
50%
60%

-831
-2,677
-6,343

-12,239
-21,109

941
1,412
1,882
2,352
2,822

883
1,,896
3,370
5,204
7,480

Fertilizer Reduction
20%
45%

-347
-2,922

503
1,027

690
2,845

500% Fertilizer Tax -14,932 1,027 14,539

Wetlands Acreage1, 2

1,000,000
5,000,000
10,000,000
18,000,000

-406
-3,115
-7,537

-15,506

67
350
713

1,300

6,060
3,503

10,571
11,928

Buffer3 -18,014 692 26,032

20% Fert. Reduction in
5,000,000 Acres

-4,854 882 5,501

1Social welfare for wetland strategies includes changes in consumer and producer surpluses, plus wetland
restoration costs.
2Wetland filtering capacity: 15 g/m2.
3Buffer filtering capacity: 4 g/m2.
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Increases in net returns are not felt equally by crop and livestock sectors. The livestock sector purchases
grain for feed, so the increase in prices hurts livestock producers. In looking at these two sectors, we had
to deal with a minor shortcoming of the model. The income and cost data used to build the model cannot
be disaggregated to the same level of geographic detail as the data on the physical aspects of agriculture.
While the crop acreage, production, and environmental factors were all modeled on the basis of the basin,
the resulting impacts on farm net returns can only be reported on the basis of the multi-state farm produc-
tion regions. We selected the Corn Belt, Northern Plains, and Mississippi Delta regions as most repre-
sentative of the basin, as defined in the USMP. These three regions contain over 70% of the cropland in
the basin. Net farm income increases for crop producers in these regions when nitrogen losses are re-
stricted (Figure 4.2). However, this does not mean that all farmers within the basin benefit. Those produc-
ers who have economically marginal cropland that is not profitable to farm given the N-loss constraints
suffer a loss in net returns.

The impact of the 20% N-loss reduction constraint on environmental indicators shows the importance of
considering all the impacts of a policy (Figures 4.3–4.5). Nitrogen losses within the basin are reduced
20%, as modeled. Adjustments within the basin also result in decreases in phosphorus loss and soil ero-
sion. Each of these reductions also generates water quality benefits. However, the increases in crop
prices result in more intensive production on existing acreage outside the basin, and in an overall increase
in acreage in production. Without any environmental constraints, nitrogen loss, phosphorus loss, and soil
erosion increase in the rest of the U.S., to the possible detriment of water quality.

As the constraint on nitrogen loss is further tightened, the economic impacts on the agricultural sector
rapidly escalate. With a 30% reduction in N loss, crop prices increase above recent levels for most crops,
and crop acreages are below recent levels. Over 20% of the crop acreage within the basin is retired. Ex-
ports are significantly reduced, particularly for wheat and corn. The negative environmental impacts out-
side the basin from increases at the intensive and extensive margins of agricultural production become
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FIGURE 4.2.  Impacts of nitrogen-loss restrictions on producer net returns.
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FIGURE 4.3.  Impacts of nitrogen-loss restrictions on nitrogen loss.

FIGURE 4.4.  Impacts of nitrogen-loss restrictions on phosphorus loss.
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FIGURE 4.5.  Impacts of nitrogen-loss restrictions on soil erosion.

4.2.1.1 ACHIEVING AN ENVIRONMENTAL GOAL

After reviewing these results, we selected the 20% reduction in edge-of-field N-loss scenario as the one
that offers the best combination of sizable nitrogen-loss reductions and acceptable economic costs. The
question now is: How can we achieve this goal with policy tools that are based on observable factors of
production, such as fertilizer use, tillage practices, and crop rotations?

The results of the 20% N-loss constraint exercise give us the least-cost solution for achieving that goal, in
terms of regional allocation of cropland, rotations, tillage practices, and fertilizer application rates. It is
technically possible to achieve this solution, by “prescribing” optimal agronomic practices for every enter-
prise recognized by the model, either through regulation or through other types of incentive. However, the
transaction costs (developing site-specific plans and monitoring all producers’ activities) would almost
certainly outweigh the benefits. In addition, the results of a model such as USMP are not detailed enough
for a real application of the  results to the ground. Instead, policy must be designed around a few factors
that are easy to observe and that are closely related to nitrogen loss.

We reviewed the results of the N-loss restriction scenarios to try to identify those “drivers” that seemed to
be most responsible for meeting the constraint. We determined that a combination of nitrogen fertilizer-
use reductions and land retirement were most responsible. Fertilizer use appeared to be the most impor-
tant factor in achieving a 20% N-loss reduction goal; tillage practices and rotations were not important
factors in the USMP model for achieving this goal. Therefore, we focused on reducing nitrogen fertilizer
use.
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4.2.2 Restricting Fertilizer to Achieve the Nitrogen-Loss Goal

One way of achieving the N-loss goal is to restrict fertilizer use through a regulatory standard.  We first ran
the model with a basin-wide 20% restriction on fertilizer use. The reduction in fertilizer nitrogen use on
crops in the 20% N-loss scenario was 24%, suggesting that a 20% reduction in N fertilizer may result in a
sizable reduction in N loss. We let the model allocate the fertilizer-use reduction across the basin, rather
than require each farmer to reduce fertilizer use by 20%. This would minimize the costs to the sector by
allowing farmers who can most afford to reduce fertilizer use to provide a greater share of the reduction.

The results show what happens when nitrogen fertilizer use is the basis for a policy, rather than edge-of-
field/bottom-of-root-zone nitrogen loss, which is the actual policy goal. Producers respond to the restriction
by reducing fertilizer use and by shifting to crops and tillage practices that use less fertilizer, rather than
taking those actions that necessarily reduce nitrogen loss. Under this scenario, production shifts toward
nitrogen-fixing legume crops, such as soybeans, would be optimal behavior but would also tend to
dampen the effectiveness of nitrogen-use restrictions.

The economic consequences of reducing fertilizer use by 20% are less pronounced than the 20% N-loss
restriction. Farmers can apparently meet the constraint fairly painlessly by reducing purchased fertilizer
use and replacing it with nitrogen fixation from legumes. As shown in Table 4.8, crop acreage is reduced
by only 2% in the basin and by only 1% for the nation as a whole. Increases in commodity prices are about
half those seen in the 20% N-loss constraint scenario. In Table 4.9, net returns to the crop sector increase
in the basin’s three major farm production regions, and exports decrease for all crops but soybeans. Net
social cost declines by 0.04%, or $347 million (Table 4.7).

TABLE 4.8.  Comparison of fertilizer-reduction strategies in the Mississippi Basin (MB).

Crop Percent Change in Acreage in MB Percent Change in Price
20%

 Fertilizer
Constraint

45%
 Fertilizer1

Constraint

Combined 20%
Fertilizer

Constraint

45%
Fertilizer1

Constraint

Combined

Corn 0.9 -5.9 1.8 5.5 28.2 9.2
Sorghum -6.6 -29.9 -6.9 6.4 35.5 10.6
Barley -2.4 -15.7 -3.4 1.8 12.2 3.3
Oats -1.3 -7.8 -3.0 2.9 14.3 7.5
Wheat -3.3 -14.5 -4.9 2.3 13.4 3.5
Rice -1.7 -8.2 -7.1 1.0 3.3 2.8
Soybeans 0.0 0.2 -1.7 0.2 -1.3 2.0
Cotton -13.2 -29.3 -15.3 2.3 7.0 4.0
Silage -2.1 -11.6 -4.6 0.9 4.0 1.5
Hay -0.5 -2.4 -3.5 0.1 0.3 0.7
Total -2.0 -8.4 3.6

1Price and acreage for changes for 500% nitrate tax the same.
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TABLE 4.9.  Comparison of economic impacts of fertilizer constraints and taxes.

Farm Production       Re-
gion and Crop Type

20%
 Fertilizer Con-

straint

45%
 Fertilizer Con-

straint

500% Tax Combined

Percentage Change in Net Returns—Crops
Corn B., North. Pl., Delta1 4.2 14.3 -14.3 6.7
Total U.S. 4.6 16.8 -8.4 7.4

Percentage Change in Net Returns—Livestock
Corn B., North. Pl., Delta1 -1.6 -8.0 -8.0 -2.7
Total U.S. -0.9 -4.6 -4.6 -1.4

Percentage Change in Export Volumes
Corn -3.1 -16.1 -16.1 -5.3
Sorghum -7.5 -41.5 -41.5 -12.4
Barley -2.7 -17.1 -17.1 -4.6
Oats -1.9 -9.3 -9.3 -4.9
Wheat -4.3 -25.2 -25.2 -6.6
Rice -2.2 -6.6 -6.6 -6.1
Soybeans 0.1 1.0 1.0 -1.5
Cotton -3.1 -9.2 -9.2 -5.3
1Corn Belt, Northern Plains, and Delta farm production regions.

Fertilizer use is serving as a proxy for, but it is not perfectly correlated with, nitrogen loss. N-loss reduc-
tions are less than might have been expected. Farmers shift to rotations that include soybeans, which is a
legume and produces its own nitrogen. Soybean acreage increases relative to other crops. Nitrogen can
leak from these rotations, even though purchased fertilizer use is reduced. Reducing nitrogen fertilizer use
by 20% only reduced nitrogen loss by 10.7% in the basin—about half the desired goal (Table 4.10). Soil
erosion increases in both the basin and the U.S., indicating that more erosive practices are being em-
ployed on existing cropland, or that more cropland is being placed in production.

TABLE 4.10.  Impacts of fertilizer reduction on environmental indicators.

Indicators 20% Fertilizer
Constraint

45% Fertilizer1

 Constraint
Combined

MB2 RUS2 US MB2 RUS2 US MB2 RUS2 US

N Loss -10.7 1.7 -8.0 -21.8 7.6 -15.5 -18.8 2.2 -14.2
P Loss3 -3.9 1.6 -2.7 -9.4 5.8 -6.0 -5.5 1.7 -3.9
Erosion3 1.6 1.0 1.5 2.6 4.6 3.1 1.7 1.3 1.6
1500% N fertilizer tax has identical results.
2MB = Mississippi Basin; RUS = Rest of U.S.
3For P loss and sediment, we did not estimate wetland filtering. Reductions are strictly edge-of-field from
the Erosion Productivity Impact Calculator (EPIC) model.
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What level of fertilizer reduction will generate a 20% reduction in N loss? Results from the model indicate
that a 45% reduction in fertilizer use will decrease N loss by 20%. Tables 4.8–4.10 summarize the impacts
of a mandated 45% basin-wide reduction in nitrogen fertilizer use. The impacts on acreage and prices are
much more pronounced than the 20% reduction in N-loss constraint, except for soybeans. Soybean acre-
age actually increases as soybeans are included in rotations to provide nitrogen to other crops. Export
volumes are reduced for all crops, except soybeans. Net returns increase for the crop sector. Total social
welfare declines by 0.3%, or $2.9 billion, which is more than for the cost-effective 20% N-loss scenario
(Table 4.7). The difference in social costs can be viewed as the cost of not being able to base policy di-
rectly on nitrogen loss.

The environmental impacts of the 45% fertilizer constraint are more pronounced than for the 20% fertilizer
constraint (Table 4.10). Nitrogen loss within the basin is reduced, but increases by 7.6% in the rest of the
U.S. Soil erosion increases both within and outside basin. Erosion increases in the basin despite the re-
duction in cropland in production, indicating that more erosive practices and rotations are being used than
under the cost-effective solution. In contrast, soil erosion in the basin decreased in the least-cost 20% N-
loss scenario.

4.2.3 Taxing Fertilizer to Achieve the Nitrogen-Loss Goal

An alternative to a regulation to reduce N fertilizer use is to place a tax on fertilizer. A tax raises the price
of fertilizer relative to other inputs, spurring farmers to find ways of reducing its use. Some states already
use fertilizer taxes to raise revenue, but the low tax levels coupled with an inelastic demand for fertilizer
ensure only negligible impacts on use.

The results from the USMP model indicate that a tax of 500% on nitrogen fertilizer would be required to
achieve a 45% reduction in fertilizer use (and an approximate 20% reduction in N loss). The magnitude of
the tax is supported by the finding that the demand for nitrogen fertilizer is inelastic (Vrooman and Larson
1991; Fernandez–Cornejo 1993). The impacts on crop production, crop prices, input use, and environ-
mental indicators are identical to the 45% reduction standard (Tables 4.8–4.10). The only difference is in
net returns to crop farmers and social welfare (Table 4.7). Because of the transfer of tax revenue to the
government, net returns to producers are lower than for a fertilizer standard. Social welfare is reduced by
1.5%, or $14.9 billion (Table 4.7). Net returns in the Corn Belt, Northern Plains, and Delta farm production
regions are reduced by 14.3% (Table 4.9). If the revenue from the tax is returned to producers as a re-
ward to adopting nutrient management practices, the welfare impacts are the same for taxes as for the
standard.

4.3 WETLAND RESTORATION FOR DENITRIFICATION

An alternative to reducing N loss at the source in agricultural fields is to intercept N in streams using re-
stored wetlands that will cause denitrification. Table 4.2 of the Topic 5 report discusses restoring wetlands
as an option to trap and denitrify surface- and ground-water flows into the Gulf. The report calculated that
52,267–73,173 km2 (13–18 million acres) of additional wetlands in the Mississippi Basin would be required
to reduce total N discharge to the Gulf by 50–70%.  We used the screening process described above,
along with the USMP model, to identify the constraints on agriculture—in terms of crop prices, acreage in
production, and exports—caused by successively higher levels of wetland restoration.

In this section, we estimate the direct costs and agricultural economic impacts of alternative programs to
restore 4,047 km2, 20,234 km2, 40,468 km2, and 72,844 km2 (1, 5, 10, and 18 million acres) of cropland
formerly converted from wetlands. Total direct costs for permanent easements and restoration of wetlands
selected at least cost range from $495 million to $32.4 billion (Table 4.11). Restoration costs range from
75% to 24% as enrollment increases. Easement costs are $312–$3,377 per hectare of wetlands, while
restoration costs remain about $1,000 per hectare.

TABLE 4.11.  Direct costs of wetland restoration, enrollment at least cost.
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Direct Costs Wetland Area Restored
4,047 km2

(1 mill. acres)
20,234 km2

(5 mill. acres)
40,469 km2

(10 mill. acres)
72,844 km2

(18 mill. acres)

Program Costs (millions of $)
Easement Cost
Restoration Cost

495
126
369

4,694
2,531
2,163

13,732
9,023
4,709

32,361
24,601
7,760

Unit Costs—$/hectare ($/acre)
Easement Cost (including upland)
Restoration Cost/Wetland Area

1,224 (495)
312 (126)
912 (369)

2,320 (939)
1,251 (506)
1,069 (433)

3,393 (1,373)
2,230 (902)
1,164 (471)

4,443 (1,798)
3,377(1,367)
1,065 (431)

We used the USMP model to evaluate how the agricultural sector, both within the Mississippi Basin and
nationally, responds to retiring cropland for wetland restorations. Cropland retired from production to re-
store wetlands is subtracted from the cropland used in the USMP model’s baseline solution in each farm
producing region. The amount of land retired is adjusted for differences in productivity between the aver-
age cropland acreage in the producing region and the productivity of the cropland identified as most likely
to be restored to wetland in the screening step described above. In general, cropland likely to be restored
to wetland is less productive than average cropland. Reducing cropland reduces production, which leads
to increased prices.  Higher prices, in turn, cause additional land to enter production, both within the basin
and in the rest of the U.S. Acreage, price, and net return results presented below reflect the new equilib-
rium reached as a result of the original acreage reduction.

To match a 20% reduction in N losses from the USMP baseline level, 18 million acres of wetlands would
have to be restored. Nitrogen losses in the USMP baseline are to the edge of the field and the bottom of
the root zone, and are not directly comparable to the 1.5 million metric tons of N losses to the mouth of the
basin reported in Table 4.2 of Topic 5. Therefore, the 20% loss is roughly equivalent to a 70% reduction in
N losses to the mouth of the basin. Differences in the magnitude of impacts with fewer wetlands restored
are also depicted and discussed.

A 72,844-km2 (18-million-acre) increase in wetland restoration amounts to nearly 20 times more acreage
than the existing Wetland Reserve Program, focused exclusively on the Mississippi Basin. This scenario
produced relatively large impacts on the agricultural economy. The impacts on crop acreage and prices at
the national level are much greater than the range seen over the period 1987–96, for all crops (Tables
4.12 and 4.13). Crop acreages generally decline by 3–20% in the basin, and U.S. crop prices increase by
2–18%. There is a 1% increase in production outside the basin overall in response to higher prices, but
major crop acreage increases by 1–4%, while silage and hay acreage decreases. Higher prices reduce
exports for most crops, ranging from 2% to 12% (Table 4.14).
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TABLE 4.12.  Percentage change in crop acreage, enrollment at least cost.

Wetland Area Restored
Crop 4,047 km2

(1,000,000 acres)
20,234 km2

(5,000,000 acres)
40,469 km2

(10,000,000 acres)
72,844 km2

(18,000,000 acres)
MB1 RUS

1
US MB1 RUS

1
US MB1 RUS

1
US MB1 RUS

1
US

Corn -0.1 0.0  0.0 -0.6 0.6 -0.3 -1.6 1.8 -1.0 -4.7 3.0 -2.7
Sorghum -0.3 0.0 -0.2 -1.1 0.0 -0.7 -0.4 0.0 0.2 2.5 10.5 2.4
Barley -0.4 0.0 -0.2 -1.6 0.0 -0.7 -2.0 0.0 -0.7 -1.9 2.9 -0.5
Oats -0.2 0.0 -0.2 -1.5 0.0 -1.2 -3.0 0.0 -2.5 -5.8 0.0 -4.9
Wheat -0.4 0.0 -0.3 -1.6 1.0 -1.4 -2.3 0.0 -2.0 -3.8 1.0 -3.1
Rice -0.1 0.0 0.0 -4.8 0.0 -2.1 -10.4 0.0 -4.5 -19.3 0.0 -6.7
Soybeans -0.1 0.0 0.0 -1.0 0.8 -0.7 -2.8 0.8 -2.1 -7.7 2.5 -5.0
Cotton -0.2 0.0 -0.1 -1.1 0.0 -0.5 -1.8 1.9 -0.7 -3.2 3.8 -1.1
Silage -0.2 0.0 -0.2 -1.6 0.0 -1.7 -3.5 0.0 -3.6 -8.4 -8.3 -8.1
Hay -0.3 0.0 -0.2 -2.0 0.0 -1.3 -4.6 -0.4 -3.0 -12.0 -0.8 -6.5
Total -0.2 0.1 -0.2 -1.3 0.1 -0.9 -2.6 0.5 -1.9 -6.0 1.0 -3.8
1MB = Mississippi Basin; RUS = Rest of U.S.
Source: U.S. Mathematical Programming Model analysis, Economic Research Service, USDA.

TABLE 4.13.  Percentage change in crop prices, enrollment at least cost.1

Wetland Area Restored
Crop 4,047 km2

(1,000,000 acres)
20,234 km2

(5,000,000 acres)
40,469 km2

(10,000,000 acres)
72,844 km2

(18,000,000 acres)

Corn 0.22 1.77 4.90 11.23
Sorghum 0.31 2.08 4.71 9.98
Barley 0.22 1.04 1.97 3.92
Oats 0.30 2.10 6.66 17.88
Wheat 0.26 1.14 1.82 3.08
Rice 0.03 1.60 3.43 5.14
Soybeans 0.07 1.21 3.99 8.72
Cotton 0.06 1.22 2.54 4.06
Silage 0.06 0.45 0.95 2.22
Hay 0.06 0.37 0.88 1.94

Source: U.S. Mathematical Programming Model analysis, Economic Research Service, USDA.
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TABLE 4.14.  Percentage change in crop exports, enrollment at least cost.1

Wetland Area Restored
Crop 4,047 km2

(1,000,000 acres)
20,234 km2

(5,000,000 acres)
40,469 km2

(10,000,000 acres)
72,844 km2

(18,000,000 acres)

Corn -0.1 -1.0 -2.8 -6.4
Sorghum -0.4 -2.4 -5.5 -11.7
Barley -0.3 -1.4 -2.9 -2.5
Oats -0.2 -1.4 -4.3 -11.6
Wheat -0.5 -2.1 -3.4 -5.0
Rice -0.1 -3.4 -7.3 -10.9
Soybeans -0.1 -0.9 -3.1 -6.8
Cotton -0.1 -1.6 -3.4 -5.4

1Includes commercial exports and exports under export enhancement programs.
Source: U.S. Mathematical Programming Model analysis, Economic Research Service, USDA.

Net farm income increases overall in the Corn Belt, Northern Plains, and Delta (representing the entire
basin), as well as for the U.S. (Table 4.15). Increases in crop prices more than make up for the reduction
in output. Increases in net returns are not felt equally by crop and livestock sectors. The livestock sector
purchases grain for feed, so the increase in prices hurts livestock producers inside the basin as well as in
the U.S. The increase in crop prices also hurts consumers by reducing consumer surplus. In total, net na-
tional social welfare (producer plus consumer surplus, plus wetland restoration costs) is reduced by 1.5%,
or $15.5 billion (Table 4.7).

TABLE 4.15.  Percentage change in farm net cash returns and net social benefit, enrollment at least
cost.1

Type of Wetland Area Restored
Enterprise 4,047 km2

(1 million acres)
20,234 km2

(5 million acres)
40,469 km2

(10 million acres)
72,844 km2

(18 million acres)

Crop Enterprises
CB, NP, Delta1 0.2 1.2 3.1 7.2
Total U.S. 0.2 1.4 3.7 7.8

Livestock Enterprises
CB, NP, Delta1 -0.1 -0.6 -1.8 -3.9
Total U.S. 0.0 -0.3 -1.0 -2.1

Total Farm Net Cash
Return–U.S.

0.1 0.9 2.4 5.5

Total Net Social
Benefit2–U.S.

-0.04 -0.31 -0.74 -1.50

1Corn Belt, Northern Plains, Delta farm production regions.
2Change in farm net cash income and consumer prices for food and fiber products.
Source: U.S. Mathematical Programming Model analysis, Economic Research Service, USDA..
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The impact of the 72,884-km2 wetland restoration on environmental indicators shows the importance of
considering all the impacts of a policy (Table 4.16). Nitrogen losses avoided on the restored wetlands, net
of increases from new acres brought into production, within the basin are reduced by more than 173,000
metric tons. Additionally, and more important, is the estimated 728,424–1,092,636 metric tons in annual
denitrification of surface and ground waters flowing through the restored wetlands. The total reduction
from both sources is 19.9–27.6% of USMP baseline N losses. These two classes of N-loss reductions
technically cannot be directly compared. Reductions in nitrogen associated with sediment, leached, and
dissolved in runoff are only estimated at the edge of the field and bottom of the root zone and are not ad-
justed for fate and transport to the stream system. Estimates of denitrification in wetlands are from the
nitrogen delivered to streams. However, the sum of the N-loss reductions can be considered as a relative
measure of total reductions achieved by each wetland restoration level because the fate and transport
adjustments needed for each restoration level are likely of the same order of magnitude.

Adjustments within the basin also result in decreases in phosphorus losses and soil erosion. Each of
these reductions also generates water quality benefits. However, the increases in crop prices result both in
more intensive production on existing acreage outside the basin, and in an increase in acreage in produc-
tion. Without any environmental constraints, soil erosion increases in the rest of the U.S., to the probable
detriment of water quality.

As less cropland acreage is restored to wetlands, economic impacts on the agricultural sector decrease.
With restoration of 4,047–40,468 km2 (1–10 million acres) of wetlands, total crop acreage in the basin de-
creases from 0.2% to 2.6% (Table 4.12). Offsetting increases in the rest of the U.S. are insufficient to
make up the losses, resulting in a 0.2–1.9% decrease in U.S. crop acreage.

TABLE 4.16.  Change in nutrient and sediment losses, enrollment at least cost.

Area/Type Wetland Area Restored
of Loss 4,047 km2

(1 million acres)
20,234 km2

(5 million acres)
40,469 km2

(10 million acres)
72,844 km2

(18 million acres)

Metric Tons Lost to Field Boundary1 in the Mississippi Basin
N Loss -5,443 -40,823 -90,718 -173,272
P Loss -634 -4,536 -9,979 -17,237
Erosion -1,470,547 -7,483,367 -15,653,473 -29,478,968

Metric Tons of N Trapping2 in the Mississippi Basin
Low -40,470 -202,340 -404,680 -728,424
High -60,705 -303,510 -607,020 -1,092,636

Metric Tons Lost to Field Boundary1 in the Rest of the U.S.
N Loss 0 3,629 9,072 19,051
P Loss 0 0 907 908
Erosion 50,802 454,500 1,275,502 2,360,495

Metric Tons Lost to Field Boundary1 in the Entire U.S.
N Loss -5,443 -37,195 -81,647 -154,221
P Loss -634 -4,536 -9,072 -16,329
Erosion -1,419,744 -7,028,867 -14,377,971 -27,118,473

1Estimated losses to edge of field or bottom of the root zone based on EPIC simulations.
2Based on an estimated 10–15g-N/m2/yr (Table 4.2 of Mitsch et al. 1999).
Source: U.S. Mathematical Programming Model analysis, Economic Research Service, USDA.
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Rice, hay, silage, and soybeans are the major crops affected. Resulting crop price increases range from
negligible to 7%, with the largest increases in oats, corn, and soybeans (Table 4.13). Export volumes de-
cline by as much as 7% for sorghum, oats, and rice (Table 4.14). Farm net cash income for the U.S. in-
creases by as much as 2.4%, with up to 4% increases for crops and decreases for livestock net income
(Table 4.15). Higher consumer prices offset farm net cash income gains, resulting in net social benefits
decreasing by up to 0.74%. Nitrogen, phosphorus, and sediment losses from reduced crop production and
wetland trapping in the basin are proportionally reduced as fewer wetlands are restored, ranging from 1%
to 15% of baseline levels. However, offsetting losses in the rest of the U.S. also increase (Table 4.16).
Both 4,047 km2 and 20,234 km2 (1–5 million acre) restoration levels are probably feasible without unduly
constraining the agricultural economy, but levels beyond this have significant impacts.

4.3.1 Targeting Wetland Enrollment

An alternative wetland targeting strategy is to target restoration on the basis of regional nitrogen loads,
rather than on the cost of land retirement. An extra reduction in nitrogen filtering could make such a tar-
geting strategy more favorable on a per-unit N-reduction cost basis. Based on the previous analysis of the
agricultural impacts from different levels of wetland restoration, we chose a 20,234-km2 (5-million-acre)
level for further analysis. In addition, we examined the mechanism for achieving such a level of restora-
tion, direct and indirect costs, and nitrogen reductions.

A program similar to the current Wetland Reserve Program (WRP), operated by USDA’s Natural Re-
sources Conservation Service (NRCS), is assumed to be the mechanism by which these lands are re-
stored as wetlands. Landowners who choose to participate in the WRP sell a conservation easement to
USDA to restore and protect wetlands. The landowner voluntarily limits future use of the land, yet retains
private ownership. The landowner and NRCS develop a plan for restoring and maintaining the wetland.
Permanent easements are conservation easements in perpetuity. In the current program, easement pay-
ments are the lesser of: the agricultural value of the land, an established payment cap, or an amount of-
fered by the landowner. In addition to paying for the easement, USDA pays 100% of the costs of restoring
the wetland. The current WRP has an enrollment cap of 3,946 km2 (975,000 acres), and about 2,100 km2

(533,000 acres) have been enrolled (USDA 1997).

In the absence of explicit criteria for enrolling restorable cropland to maximize nitrogen reduction, we as-
sumed two scenarios: (1) the acreage enrolled is proportional to the total nitrogen yield by hydrologic unit,
and (2) the acreage is enrolled at least cost from hydrologic units that yield some nitrogen. The geo-
graphic pattern of enrolling 5 million acres under the two scenarios is shown in Figure 4.6. Enrolling pro-
portional to nitrogen yield produces a more uniform distribution than enrolling at least cost, which is
concentrated in watersheds with cropland on wetland soils, with poor drainage, or low productivity. The
more concentrated enrollment in the least-cost pattern raises the possibility of diminishing marginal nitro-
gen reduction, as more and more land is enrolled in the same watersheds. On the other hand, by widely
distributing enrollment, the proportional enrollment pattern may be more likely to maximize the amount of
drainage water filtered by the restored wetlands.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf46

FIGURE 4.6.  Wetland restoration alternatives. (NOTE: Some wetland sites in the lower Great Lakes
were inadvertently brought into the solution. For the 1 million acres of wetland, this probably slightly low-
ered the cost of this solution.)
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Total direct costs are significantly higher than least cost when restored land is drawn in proportion to nitro-
gen yields. Nitrogen yields tend to be high in areas where cropland is more productive, leading to higher
opportunity costs. Easement and restoration costs under the proportional scenario rise from $1.3 billion to
$39.5 billion as wetland acreage enrolled increases. Costs per wetland hectare restored increase from
$3,153 to $5,419. Easement costs per hectare double as land enrolled under the proportional scenario
increases, while restoration costs remain nearly constant at about $1,000 per hectare.

A comparison of the performance of a 20,234-km2 (5-million-acre) wetland restoration level enrolled pro-
portional to nitrogen yields and at least cost is detailed in Table 4.17. Indirect costs, in terms of changes in
farm net cash income and consumer surplus due to changes in crop prices, are higher for proportional
enrollment. Field N reductions are about 25% higher. It is not known how much different nitrogen trapping
and denitrification in wetlands enrolled proportional to N loadings would be from least-cost enrollment. As-
suming equal levels (at 10 g per m2), least-cost enrollment reduces USMP baseline N loss by 5.3%, com-
pared with 5.7% for proportional enrollment. Direct costs per kg of N reduction are $3.02 for proportional
enrollment and $1.92 for least-cost enrollment. If the sum of direct and indirect costs is considered, pro-
portional enrollment costs $17.50 per kg reduced per year, compared with $14.32 per kg for least-cost
enrollment. Based on this analysis, further discussions of wetland restoration will be based on the least-
cost targeting strategy.

TABLE 4.17.  Performance of a 20,234-km2 (5-million-acre) wetland restoration program.

Performance
Indicators

Enrolled at Least Cost Enrolled Proportional
to N Yield

Total    (millions
of $)

$/Hectare
($/Acre)

Total    (millions
of $)

$/Hectare
($/Acre)

Annual Direct Costs 114 29 (23) 126 30 (25)
Restoration 101 8 (20) 100 8 (20)
Administrative1 14 1(3) 27 2 (5)

Annual Indirect Costs 243,163 19.6 303,510 24.4
Farm Cash Income2 -586 -47 (-117) -921 -74 (-183)
Consumer Surplus 3,600 290 (716) 5,314 428 (1,057)
Net Social Benefit 3,014 242 (599) 4,394 353 (873)

Metric Tons Kg Metric Tons Kg
N Reductions3 243,163 19.6 303,510 24.4
Field Losses4 40,823 3.3 58,967 4.7
Trapping5 202,340 16.3 202,340 16.3
P Reductions 4,536 0.4 6,350 0.5
Sediment Reduction 7,483,367 602.1 9,355,796 752.7
1Three percent of easement and restoration costs (Misso, personal communication).
2Includes the opportunity cost of land idled to restore wetlands, compensated by easement cost paid to
landowners.
3Field losses and trapping are not strictly additive.
4Estimated losses to the edge of the field or the bottom of the root zone are based on EPIC simulations.
5Based on an estimated 10–15 g-N/m2/yr (Table 4.2 of Mitsch et al. 1999).
Source: U.S. Mathematical Programming Model analysis, Economic Research Service, USDA.
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4.4 RIPARIAN BUFFERS FOR NITROGEN FILTERING AND
DENITRIFICATION

Another strategy to intercept N runoff from agricultural fields and other nonpoint sources before it reaches
streams is to convert land bordering stream edges into vegetated riparian buffers that trap nutrients and
sediment, and to promote denitrification in the root zone of the buffer vegetation. Section 3.2.4 of Topic 5
discusses the construction and efficiency of such buffers. Because the nitrogen removal efficiency of ri-
parian buffers is about one-fourth that of wetlands, the Topic 5 team calculated that 196,000–274,400 km2

(48–68 million acres) of riparian buffers in the Mississippi Basin would be needed to reduce basin nitrogen
loads by 50–70% (Table 4.3).

At an average width of 30 meters (100 feet) on each side of a stream, or 24 acres per linear mile, 2–3 mil-
lion miles of riparian buffers would translate into some 24–36 million acres, larger than the entire 7-million-
acre goal of the USDA Stream Buffer Initiative (NRCS web site).

Based on the screening process for restorable wetland sites described above, along with the USMP
model, we identified the constraints on agriculture—in terms of crop prices, acreage in production, and
exports—caused by a comparable level of riparian buffer restoration. In this section, we estimate the di-
rect costs and agricultural economic impacts of a program to restore 109,266 km2 (27 million acres) of
riparian buffers, involving 18 million acres of cropland, enrolled in areas proportional to nitrogen yields.
This level of riparian buffer restoration is expected to reduce USMP baseline N losses by 15% through a
combination of field reductions from land taken out of crop production and denitrification of intercepted
runoff and base flow by the buffer strip vegetation. This corresponds to about 44% of  N losses to the
mouth of the basin, as estimated in Table 4.3 of Topic 5. As the Topic 5 authors stress, the location and
nature of the riparian buffers needed would have to be chosen with a precision that neither team could
model. Specifically, if the location within the producing regions of the USMP model of the riparian buffer
areas needed differs substantially from that of the wetland restoration areas identified in the screening
process, the overall economic impacts could differ from what is estimated here.

Total direct costs for permanent easements and restoration of riparian buffers are estimated at $46.3 bil-
lion (Table 4.18). Easement costs are estimated at $4,348 per hectare of cropland. However, because
cropping does not generally extend directly to the water’s edge, we assumed that one-third of the buffer
area would not be cropped and would have an opportunity cost of zero, implying zero easement cost.
Restoration costs assume that 40% of the buffer areas, mostly in the Northern Plains, will be planted to
grass at the average cost incurred to establish such buffers in the Conservation Reserve Program in
1996, while the remaining 60%, mostly in the Corn Belt and Delta regions, will be planted to trees. The
total buffer area of the will be planted, despite the assumption that only two-thirds of it is cropland that will
be paid compensation.

We used the USMP model to evaluate how the agricultural sector, both within the Mississippi Basin and
nationally, responds to retiring cropland for riparian buffer restorations. Cropland retired from production to
restore buffer strips is subtracted from the cropland used in the USMP model’s baseline solution in each
producing region. The amount of land retired is adjusted for differences in productivity between the aver-
age cropland acreage in the producing region and the productivity of the cropland identified as most likely
to be restored to buffers, as in the screening step described above. In general, cropland likely to be re-
stored to buffers is less productive than average cropland because of drainage problems. Reducing crop-
land reduces production, which leads to higher prices. Higher prices, in turn, cause additional land to enter
production, both within the basin and in the rest of the U.S. Acreage, price, and net return results pre-
sented below reflect the new equilibrium reached as a result of the original acreage reduction.
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TABLE 4.18.  Direct costs of wetland restoration, enrollment at least cost.

Area/Types of Costs Cropland Stream Margin Total

Area1—km2 (millions of acres) 72,844 (18) 36,422 (9) 109,266 (27)

Program Costs —millions of $
Easement Cost
Restoration Cost2

38,998
31,670
7,328

3,664
0

3,664

42,662
31,670
10,993

Unit Costs—$/hectare ($/acre)
Easement Cost
Restoration Cost

5,354 (2,167)
4,348 (1,759)
1,006 (407)

1,006 (407)
0

1,006 (407)

4,240 (1,389)
3,234 (982)
1,006 (407)

1Assumes that one-third of the buffer is stream margin that is not cropped and thus has zero opportunity
cost.
2Assumes that 40% of buffers will be planted to grass at an average cost of $170 per acre, based on 1996
CRP filter strip costs for selected states, and 60% will be planted to trees at an average cost of $565 per
acre.

A 109,622-km2 (27-million-acre) increase in riparian buffer restoration amounts to buffering 1.1 million
miles of streams, more than the goal of the USDA Conservation Buffer Initiative, focused entirely on the
Mississippi Basin. This scenario produced rather severe impacts on the agricultural economy. The im-
pacts on national crop acreage and prices are greater than those seen during 1987–96 for all crops (Table
4.19). Crop acreages generally decline by 2–20% in the basin and 1–8% in the U.S. Crop prices increase
by 2–21%. Production increases substantially outside the basin in response to higher prices, which in turn
reduce exports significantly for most crops.

Net returns to crop producers in the Corn Belt, Northern Plains, and Delta (representing the basin) in-
crease by 5.8% for these regions, as well as 4.9% for the U.S. (Table 4.19). Increases in crop prices more
than make up for the reduction in output, except in the Delta region. Increases in net returns are not felt
equally by the crop and livestock sectors. Higher prices for feed grain hurt livestock producers both inside
and outside the basin. Higher crop prices also hurt consumers by reducing the consumer surplus. In total,
net national social welfare (producer plus consumer surplus) is reduced by 1.8%, or $18 billion.

The impact of the 109,266-km2 riparian buffer restoration on environmental indicators shows the impor-
tance of considering all the impacts of a policy (Tables 4.19 and 4.20). Nitrogen losses avoided on the
restored riparian buffers, net of increases from new acres brought into production, within the basin are
reduced by almost 255,000 metric tons, as modeled. Additionally, and more important, is the estimated
437,000 metric tons in annual denitrification of surface and ground waters flowing over and through the
restored riparian buffers. This is 15% of USMP baseline N losses to the edge of the field and the bottom of
the root zone, and 44% of N losses to the mouth of the basin, as estimated in Table 4.3 of the Topic 5
report.

These two classes of nitrogen-loss reductions technically cannot be directly compared. Reductions in ni-
trogen associated with sediment, leached, and dissolved in runoff are only estimated at the edge of the
field and bottom of the root zone and are not adjusted for fate and transport to the stream system. Esti-
mates of filtering and denitrification in riparian buffer areas are from the nitrogen intercepted on the way to
streams. However, the sum of the nitrogen-loss reductions can be considered as a relative measure of
total reductions achieved by different approaches and restoration levels because the fate and transport
adjustments needed for each are likely of the same order of magnitude.
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TABLE 4.19.  Change in crop acreage, prices, returns, and nutrient losses for a 109,266-km2 (27-
million-acre) riparian buffer restoration program enrolled proportional to nitrogen yield.

Indicators Miss. Basin Rest of U.S. Total U.S. Total U.S.

Percent Change in Crop Acres Percent Change in
Crop Prices

Corn -4.7 3.0 -3.1 13.1
Sorghum 2.5 10.5 3.5 11.4
Barley -1.9 2.9 -0.1 4.7
Oats -5.8 0.0 -4.6 21.3
Wheat -3.8 1.0 -3.2 3.3
Rice -19.3 6.7 -8.4 6.4
Soybeans -7.7 2.5 -5.8 10.3
Cotton -3.2 1.9 -1.2 4.8
Silage -8.4 -8.3 -8.2 2.2
Hay -12.0 -0.8 -7.8 2.3
Total -6.0 1.0 -4.3 NA

Percent Change in Returns1

Crop Enterprises 7.7 11.4 9.0
Livestock Enterprises -4.5 -1.9 -2.4
Total Farm Net Cash Return 5.8 4.0 4.9

Percent Change in Nutrient and      Sedi-
ment Losses to Field Boundaries

N Loss -5.4 2.0 -3.8
P Loss -6.0 1.6 -4.2
Erosion -4.5 1.2 -3.1
N Trapping2 -27.9 NA NA

1Returns for the Mississippi Basin are for the Corn Belt, Northern Plains, and Delta regions because
USMP return information cannot be disaggregated lower than USDA farm production regions.
2Based on 4 g N/m2/year from Mitsch et al. 1999.

Adjustments within the basin also result in decreases in phosphorus losses and soil erosion. Each of
these reductions also generates water quality benefits. However, the increases in crop prices result in
more intensive production on existing acreage outside the basin, and in an increase in acreage in produc-
tion. Without any environmental constraints, soil erosion increases in the rest of the U.S., to the probable
detriment of water quality. The important thing to note is that, under the assumptions about N-loss reduc-
tion per m2 of buffer and the cost of retiring land from production and restoring vegetation, this massive
riparian buffer restoration effort is not cost-effective at reducing N losses relative to fertilizer reductions or
wetland restoration (Table 4.7).



Chapter 4:  Costs of  Alternative Control Options 51

TABLE 4.20. Performance of a 109,266-km2 ((27-million-acre) ri-
parian buffer restoration program.

Performance Indicators Enrolled Proportional to N Yield

Total       (millions
of $)

$/Hectare1

($/Acre)
Annual Direct Costs 2,157 197 (80)
Easement 1,645 151 (61)
Restoration 512 47 (19)

Annual Indirect Costs 35,004 3,203 (1,296)
Farm Cash Income2 -3,634 -333 (-135)
Consumer Surplus 21,136 1,934 (783)
Net Social Benefit 17,502 1,602 (648)

Metric Tons Kg
N Reductions2 691,983 63.3
Field Losses3 254,918 23.3
Trapping4 437,064 40.0

P Reductions 907 0.1

Sediment Reduction 51,013,719 4,668.8
1Per acre of riparian buffer.
2Field losses and trapping not strictly additive.
3Estimated losses to the edge of the field or the bottom of the root zone
are based on EPIC simulations.
4Based on 4 g N/m2/year from Mitsch et al. 1999.
Source: U.S. Mathematical Programming Model analysis, Economic Re-
search Service, USDA.

4.5 MIXED POLICY

The apparent economic sensitivity of agriculture in the Mississippi Basin to nitrogen-use restrictions sug-
gests that meaningful nitrogen-loss targets will be difficult to accomplish solely by restricting nutrient input.
One alternative policy is to combine moderate nitrogen-use restrictions with technologies that slow or pre-
vent the loss of nitrogen from the fields. Restored and constructed wetlands appear to be a promising
“natural” technology that can sequester nitrogen and reduce the fraction that is eventually discharged into
the Gulf of Mexico. One of the conclusions from the literature is that a mixed policy that uses several dif-
ferent tools may be the most cost-effective approach when there is a great deal of variation in physical
and economic conditions (Shortle and Abler 1994).

We explored how a policy combining wetland creation and fertilizer reduction compared with a wetland- or
fertilizer-only policy. We reviewed these results to identify which combination of fertilizer reduction and
wetland creation might achieve the 20% N-loss goal at least cost. We selected the proportional 5-million-
acre wetland restoration with a 20% reduction in N fertilizer use. When running the USMP model, we first
removed the 5 million acres from the cropland base (replicating the proportional 5-million-acre wetland
scenario described above), and then applied the basin-wide 20% fertilizer reduction constraint to the re-
maining cropland. The results are summarized in Tables 4.8–4.10. The sum of the N reductions for the
individual policies is 18.8%, assuming high wetland N filtering, which is slightly less than the 20% N reduc-
tion goal. Price and acreage impacts are substantially lower than for the fertilizer-based policies that
achieve a similar goal. Social welfare is reduced by 0.5%, or about $4.8 billion, which is substantially less
than the wetland-only policy (Table 4.7). Net returns to crop producers increase in both the basin (repre-
sented by the Corn Belt, Northern Plains, and Delta) and the U.S., and export volumes decrease for all
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crops. Nitrogen loss increases slightly in the rest of the U.S., and soil erosion increases slightly in the ba-
sin and in the rest of the U.S.

4.6 SUMMARY

Figure 4.6 summarizes the results of the fertilizer use and wetland restoration scenarios. Results are
compared on the basis of cost per unit of N-loss reduction (ignoring benefits for the time being). Costs are
defined as changes in consumer-producer surplus for the fertilizer strategies, and consumer-producer
surplus plus wetland easement and restoration costs for the wetland and buffer strategies. Note the para-
metric N-loss curve, which represents the least cost for achieving N-loss reductions.

The strategy that comes closest to the least-cost solution is the 45% fertilizer restriction. The 20% fertilizer
restriction costs less, but does not meet the policy goal. The wetland and buffer strategies are all much
more costly, due mostly to the opportunity cost of retiring cropland and restoration costs. The combined
policy does somewhat better, but is still more expensive than the fertilizer strategy because of the land
retirement opportunity costs and wetland restoration costs.

4.7 POINT-SOURCE REDUCTION THROUGH NONPOINT TRADING

Agriculture is only one source of nitrogen in the basin, albeit the largest. An alternative to addressing agri-
cultural sources is to address point sources, which are much easier to observe and to control. For this
analysis, we assume a policy of requiring all point sources discharging N in the Mississippi Basin to install
advanced nutrient removal technology. Such a policy would be the easiest to implement given current
water quality laws, where only point sources of pollution are controlled through command-and-control poli-
cies. We impose what we think to be a fairly stringent requirement that all treatment plants achieve a dis-
charge level of 3 mg/l.

An alternative to reducing only point sources is to reduce nonpoint sources, either in combination with
point sources or alone. If the cost of reducing a unit of N is less for nonpoint sources, then efficiency con-
siderations would suggest that reductions are targeted to these sectors first. A way to do this under cur-
rent water quality laws is through a trading system. Simply, trading allows point sources to “purchase”
required reductions from cheaper sources as a means of meeting their discharge requirements.

For example, suppose a point source is required to reduce its N loadings by 50%, and that this costs the
firm $150 per pound of N reduced. Also suppose that improved nutrient management practices on crop-
land in the same basin could produce the same reduction in N loads for only $20 per pound. Efficiency is
gained if the point source can pay the nonpoint source to install nutrient management practices, rather
than installing the more expensive treatment technology. An equivalent reduction in N discharge can be
achieved at a lower cost to society. Such a system is being used in some basins in North Carolina (EPA
1992). This can be considered a privately funded cost-share program for nutrient management. For the
purposes of this analysis, we assume there is no complementary, publicly supported program or policy for
reducing agricultural nonpoint-source pollution.
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Information on the costs of different methods for modifying existing municipal sewerage treatment plants
so as to further reduce N was adapted from cost equations developed originally by Hazen and Sawyer and
Smith Associates (1988), as modified and reported in Camacho (1992) for the Chesapeake Bay Program.
The retrofit planning cost curves provide estimates for four types of secondary N treatment to accomplish
biological N removal: extended aeration, activated sludge, activated sludge with nitrification, and activated
sludge with fixed film. Curves were estimated for two levels of total nitrogen (TN) removal (8.0 mg/l and
3.0 mg/l seasonal), for two levels of plant discharge size (0.5–5.0 mgd and 5.0–30.0 mgd), and for areas
with and without bans on phosphate discharges. Equations for annualized capital and operation and
maintenance costs, in 1990 constant dollars, were estimated as nonlinear equations of the form:

Capital = a (Flow)b

             and
O&M = c (Flow)d

           where
Capital = capital costs
O&M = operation and maintenance costs
Flow = design flow in millions of gallons per day (mgd)
a,b,c,d = regression coefficients and exponents

These cost curves generally drop rapidly from negligible discharges to 5 mgd, then remain relatively flat
but decreasing over the 5–30 mgd range (see Figure 4.7). For this report, we assume that all municipal
sewage treatment plants must install activated sludge with nitrification, so that an N-discharge target of 3
mg/l is met. This particular technology offered the best combination of performance and cost over the
range of treatment level required in the basin.

Data on nitrogen discharged from treatment plants and total discharge were obtained from each county in
the basin (Gianessi and Peskin 1984). The cost equations were evaluated for a hypothetical plant, with
flow and N discharge equal to the total municipal and industrial discharge in each county in the basin. The
total capital and O&M cost of the retrofit was then divided by the difference in N discharge between the
base condition and the 3.0 mg/l level, to calculate an annual cost per pound of N reduction, which ranged
from $1.79 to $22,976.81.

The supply of N credits from agriculture was estimated for each region within the USMP agricultural
model. The model is used to estimate price and quantity effects on the agricultural sector in response to
the creation of a market for N reductions.
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FIGURE 4.7.  Social cost per unit of N reduction, without intra-basin benefits, by control method.

To represent the demand for nonpoint reductions in N on the part of point sources within the USMP
model, meta-cost functions were estimated for each model subregion from the estimated county waste-
water treatment costs (Figure 4.8). These meta-cost functions can be viewed as demand functions for
trading point- and nonpoint-source N reductions (Figure 4.9). That is, the curve shows the cost point
sources in the subregion need to incur in order to achieve a given cumulative reduction in N discharge.
Point sources should be indifferent to paying that cost for N reduction by retrofitting or by compensating
farmers for nonpoint-source reductions in N of equivalent size. Average N effluent concentrations, and
average treatment costs weighted by the relative N discharge in each county, are shown for each subre-
gion in Table 4.21.

Given the demand for nitrogen reductions, the agricultural sector in each region can supply N-reduction
credits by changing fertilizer application rates, switching production practices, or growing different crops.
The amount of credits sold within a region depends on the demand for N credits and the costs of reducing
N losses in agriculture. Agriculture will supply N credits up to the point where the marginal cost of produc-
ing the next credit is greater than the marginal cost of treatment, or until the total point-source demand is
met. We used the USMP model to determine the amount of N reduction purchased by point sources in
each region.
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FIGURE 4.8.  Planning-level biological nitrogen removal retrofit cost curves.

The price of the marginal sale of N credits in each region is reported in Table 4.21, as well as the amount
of N credits purchased by the point sources. The results are reported for each of the 21 USMP regions
that are in the Gulf of Mexico drainage area. Given the opportunity to purchase N-reduction credits from
agriculture within their respective regions, point sources would pay agriculture to reduce N loads by 407.93
million pounds, or 47% of total point-source reductions obtainable by the required technology. In 12 re-
gions, point sources could meet their total responsibility by buying credits. In the other nine, agriculture
could not meet the entire demand because point sources could meet at least part of their obligation more
cheaply by installing the advanced treatment technology. However, credits were purchased in all regions.
Point sources realized cost savings of about $14 billion by not having to install advanced treatment and
instead purchasing N reductions from agriculture.

The ability of farmers in the Mississippi Basin to sell N-reduction credits to point sources has important
implications for agriculture in the basin and the rest of the country. Table 4.22 summarizes the changes in
crop prices, acres planted, and farm income in the Mississippi drainage area and rest of the U.S. With the
exception of hay and silage, the prices of most commodities increase. Within the basin corn, soybean,
wheat, and rice are shifted into other crops, primarily oats, silage, and hay. Elsewhere in the U.S., the
acreage planted to all crops, except soybeans and hay, increases. Total acreage planted increases in the
basin and decreases in the rest of the U.S.
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TABLE 4.21.  Summary of point-source control costs, total demand for credits, amounts pur-
chased, and the cost of a marginal credit.

Region Effluent Con-
centration

Total Point-
Source N

Reduction Re-
quirement

Weighted
Average

Treatment
Cost

Pounds N
Traded

Cost of
Marginal

Credit

mg/l millions of lbs $/pound millions of lbs $/pound

NTN 14.8 45.21 40.16 1.27 98.83
LAF 28.1 1.78 35.97 1.78 20.75
LAK 14.6 41.14 40.69 41.14 15.67
LAM 22.2 97.41 20.62 97.41 11.55
CBM 19.7 250.41 29.85 135.21 16.62
CBN 21.1 48.36 36.42 10.55 45.99
CBO 30.8 1.50     48.94 1.50 35.12
NPF 30.5 5.84 48.17 5.84 31.18
NPG 24.8 3.49 64.64 3.49 44.08
NPH 29.6 15.20 39.44 15.20 15.20
NPM 27.8 27.37 24.59 27.37 18.34
APN 18.8 94.02 34.17 1.29 187.97
STN 27.3 29.99 34.92 3.16 61.46
DLN 25.9 11.43 29.80 3.36 31.66
DLO 25.6 76.37 24.04 8.38 41.92
SPH 18.6 9.40 41.64 9.40 25.46
SPJ 28.0     65.86 24.29 4.69 53.31
SPM 22.8 6.74 29.82 6.23 20.56
MNF 25.0 1.57 53.03 1.57 26.69
MNG 21.8 27.68 30.26 27.68 21.94
MNH 23.4 1.41 61.69 1.41 38.14
Total 862.18 407.93

Note: The locations of the regions appear in Figure 4.

TABLE 4.22.  Changes in crop prices and acreage planted in trading
scenario, by Mississippi drainage and rest of U.S.

Crop Percent
Change in

Price

Percent Change in
Acreage Planted

Miss. Basin         Rest of U.S.

Corn 2.4 -0.3 0.6
Sorghum 1.6 1.3 0.0
Barley 0.4 0.0 0.0
Oats 4.2 6.4 0.0
Wheat 0.5 -0.3 5.4
Rice 3.0 -5.3 6.7
Soybeans 0.9 -0.7 -0.8
Cotton 0.6         0.6 1.9
Silage -0.1 2.5 0.0
Hay -1.5 8.0 -0.8
Total 1.1 -0.1
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FIGURE 4.9.  Demand for N reduction for point-source trading.

This increase may be an indication of a moral hazard problem. The newly created market for N-loss re-
ductions encourages the expansion of cropland so that farmers have more N-reduction credits to sell.
Total acreage planted in the U.S. increases by about 0.8%, and net cash returns for crop production in the
entire U.S. increase by about 1% ($465 million).

The changes in crop production have implications for environmental quality (Table 4.23). In the basin, N
losses are reduced, as might be expected. However, these N-loss reductions are nowhere near the 20%
goal stated previously. This demonstrates point sources’ relatively small contribution to the overall nitrogen
loading problem. In the rest of the country, N losses increase as the rise in the prices of some major crops
spurs growth in production and fertilizer use. Changes in production practices in the basin result in a small
increase in soil erosion, primarily from an expansion of moldboard plowing. The increase in erosion could
have negative consequences for water quality in the basin. Changes in crops and management practices
also result in greater phosphorus losses in the basin, and virtually no change in phosphorus losses outside
the basin. The consequences of changes in erosion and phosphorus losses would need to be considered
in a complete benefit–cost assessment of a trading program.
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TABLE 4.23.  Changes in physical environmental indicators for
trading scenario, by Mississippi drainage and rest of U.S.

Indicator Percent Change
Miss. Basin Rest of U.S.

Nitrogen Loss -0.8 0.2
Phosphate Loss 0.5 0.0
Soil Erosion 0.9 0.0
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CHAPTER 5

Environmental Benefits

As with costs, the range of potential benefits can be extensive. Costs are often amenable to being calcu-
lated on an accounting or engineering basis, and a model like USMP makes this process appear even
more precise than it is likely to be in fact. Benefits, especially when related to environmental issues, are
often less defined because the public values things that have not been traditionally thought of in terms of
dollars and cents.

In this case we tried to look at a broad range of benefits corresponding to our broad range of costs. Some
benefits should be amenable to quantification in economic terms, like benefits to commercial fisheries in
the Gulf of Mexico. Others, like the restoration of ecosystem health in the Gulf, are important, but we do
not feel comfortable placing a price tag on them. While the restoration of these ecological communities
may be nearly impossible to value in a direct monetary sense, they can be reasonably expected to provide
some basis of support for the species that comprise the Gulf’s commercial and recreational fishing indus-
tries.

Improved water quality within the Mississippi Basin certainly has some economic value, as evidenced by
studies from specific watersheds or relating to specific water uses. While we reference examples of these
studies, we are unable to aggregate and extend them to estimate the basin-wide benefits of improved
water quality. We can give estimates for reduced erosion damage for the basin, which can be counted as
a benefit when farm practices adopted to reduce nitrogen losses also reduce erosion. Finally, to some
extent because we have national programs to restore wetlands, there is a body of literature estimating
benefits from wetlands, and we can estimate the within-basin benefits from creating wetlands to reduce
nitrogen flows to the Gulf.

5.1 SUMMARY OF GULF OF MEXICO BENEFITS

Because a number of marine species in the northern Gulf of Mexico are targets of commercial and rec-
reational fishing, they have direct economic value that can, in principle, be estimated. Benefits would be
expected to arise from reduced hypoxia if, under current conditions, the revenue and/or cost structures of
the commercial industries are being negatively affected by the presence of hypoxia. Such negative effects
may have occurred due to decreases in the stock of commercially viable species, shifts in the location of
fishing grounds associated with those species, or changes in the quality of the species being harvested.
These changes, if they occurred, would have led to changes in the target species being harvested, per-
haps to species less preferred by consumers and, thus, bringing a lower dockside price. Shifts in the fish-
ing grounds could have led to increased effort required for a unit harvest, although it is also possible that
effort could be reduced if hypoxia crowded species into nearshore waters.
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Estimating these benefits in the commercial fishery may be particularly straightforward, as the information
needed to assess hypoxic effects is generally detailed and systematically collected for commercially im-
portant species. While the economic importance of the recreational fishery both in the Gulf of Mexico and
in the freshwater riverine systems of the Mississippi Basin cannot be overstated, little systematic data
have been collected that would allow the identification of the economic effects of hypoxia. This lack of in-
formation is especially acute with respect to the charter and trip-support industries.

The Topic 2 report, Ecological and Economic Consequences of Hypoxia, estimated the benefits resulting
from reduced hypoxia in the Gulf of Mexico. Table 5.1 briefly summarizes their conclusions (Diaz. and
Solow 1999). The implicit baseline used in the Topic 2 analysis was current conditions in the ecological
communities and the commercial fishery. Historical time-series and geographical data were examined to
discern the effects of hypoxia on the Gulf of Mexico ecosystem and the fishing industry over the last 30
years. Because of conceptual and measurement problems, we could not calculate reliable estimates of
the noncommercial use and nonuse values of restored ecological communities. Thus, the following dis-
cussion focuses on the other potential benefits of reduced hypoxia in the Gulf—namely, the impacts on
the commercial and recreational fisheries.

TABLE 5.1.  Summary of estimated benefits associated with hypoxia reduction in the Gulf of Mex-
ico, as presented in the Topic 2 report.

Potential Benefits of Hypoxia Reduction Conclusions from Topic 2 Report1

Restoration of ecological communities in
the Gulf of Mexico.

Data not available to estimate benefits.

Increased commercial harvesting of white and
brown shrimp.

Given available data, no estimable benefits from
hypoxia reduction.

Increased commercial harvesting of Gulf      men-
haden.

Given available data, no estimable benefits from
hypoxia reduction.

Increased commercial harvesting of red snapper. Given available data, no estimable benefits from
hypoxia reduction.

Increased recreational harvesting. Data not available to estimate benefits.

Source: Diaz and Solow 1999.

The Topic 2 analysis focused primarily on the two main shrimp species in the northern Gulf: brown shrimp
and white shrimp.  The reasons for concentrating the search for benefits on these two species were two-
fold. First, these species are commercially important. As a result, the data for these fisheries are relatively
good, particularly in terms of their geographic resolution and potential overlap with areas of hypoxia. Sec-
ond, as benthic species, their potential for experiencing hypoxic effects would likely be relatively high, al-
though a search of the literature identified only one quantitative assessment of the effects of hypoxia on a
commercial shrimp fishery, and those effects were considered insignificant (Zimmerman et al. 1996).

The Topic 2 assessment of the economic benefits associated with hypoxia reduction suggested that,
given the available data, no effect in the shrimp fisheries data could be attributed with high confidence to
hypoxia. It was noted that the failure to identify hypoxic effects in the fisheries data was consistent with the
results of the broader Topic 2 ecological study. Given that no historical effect could be identified, the impli-
cation is that efforts to reduce hypoxia in the Gulf of Mexico will not generate benefits for the white and
brown shrimp fisheries.

Additional analyses were performed for two other species—Gulf menhaden and red snapper—to address
specific concerns about the affects of hypoxia and potential hypoxia reductions on the spawning and grow-
out waters of these species. No statistically reliable impacts that they could attribute to hypoxia were iden-
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tified in the historical data. The inability to associate hypoxia with significant changes in the historical data
for the important northern Gulf of Mexico fisheries led the Topic 2 report to conclude that there was no
need to assess the direct economic benefits of reducing hypoxia in the Gulf of Mexico. Given the lack of
available data, no attempts were made to estimate the benefits that might accrue to the recreational fish-
ing industry, although there is no reason to assume that the results would be significantly different from
those generated for the commercial industry.

It is worth emphasizing, as did the Topic 2 report, that failure to identify hypoxic effects in the commercial
fisheries data does not mean that they do not exist. But, if hypoxic effects do exist, their magnitude must
be small in relation to other sources of variability in the data. The ability of the Topic 2 team to account for
different sources of variability in the fisheries data was limited by the quality and extent of the information.
In particular, data about the severity of hypoxic conditions in the Gulf of Mexico were limited to estimates
for 1985–95. Given the naturally high variability of fisheries data, this time series may have been too short
to establish a relationship between the severity of hypoxia and reactions within the commercial fisheries.
The Topic 2 team did attempt to develop a proxy variable for hypoxia based on nutrient discharge, thereby
extending the length of the time series, but no linkage with the commercial fisheries was discovered. Still,
the inability to identify hypoxic effects in the historical data does not imply that effects would not occur
should hypoxia continue or expand in the Gulf of Mexico, as experience with hypoxia in other geographic
areas indicates that effects of hypoxia become progressively larger as hypoxia worsens (Caddy 1993).

5.2 INTRA-BASIN BENEFITS

While hypoxia reduction in the Gulf of Mexico may have many potential direct economic benefits, many
indirect benefits may also be generated within the Mississippi Basin as a result of alternative nutrient
management policies. Reducing nutrient loads by more efficient management of organic and inorganic
fertilizers in crop production and concentrated livestock operations can generate monetary benefits for
agricultural producers by lowering nutrient input or disposal costs. Alternative nutrient management
strategies can also reduce soil erosion, depending on the adopted tillage technologies. Given the basin’s
size, it is unlikely that a complete information set exists to directly estimate these agricultural benefits.
However, estimates can be obtained by using established agricultural policy simulation models and infor-
mation contained in the literature.

Along with the potential indirect agricultural benefits from reduced hypoxia, reduced nutrient loadings from
agriculture should decrease contamination of surface- and aquifer-based drinking-water supplies, and
thus reduce the cost of obtaining potable drinking water. Decreased contamination of surface waters could
also significantly expand the area of recreational waters suitable for such nonconsumptive uses as swim-
ming—an important objective of the Clean Water Action Plan. Reduced nutrient loads—especially those
originating from livestock operations—should decrease the potential for the development of various water-
borne human pathogens. Using management technologies, such as constructed and restored wetlands, to
reduce the downstream flow of nutrients would generate both consumptive (hunting, fishing) and noncon-
sumptive (bird watching, boating) benefits. Although all of these indirect benefits are potentially quantifi-
able, at best only partial information sets exist upon which to base reliable monetary estimates.

Loss of nutrients, sediment, and pesticides from agricultural land may cause economic losses for land-
owners and others effected by reduced environmental quality. Costs to landowners may derive from re-
duced farm productivity due to soil and nutrient loss or from expenditures to correct or avoid problems,
such as clogged drainage ditches, flooding, or water contamination. These "on-farm" types of impacts
may be experienced by farm operators and/or by adjacent landowners.

Nutrient, sediment, and pesticide losses from agricultural land may also reduce the quality of freshwater
resources and related ecosystems, and thereby reduce the value of services provided to their users.
These services may include recreational uses, such as fishing and swimming; consumptive uses, such as
drinking water; and aesthetic values associated with proximity to the resource. Other values associated
with preservation of wildlife habitat and ecosystem diversity may also be important. While the on-farm im-
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pacts may be substantial, the off-farm benefits of control are generally considered to be much more sig-
nificant (Crosson 1986).

Economic measures to determine the magnitude of these losses vary depending on the type of activity.
Conceptually, any measure seeks to estimate the "willingness to pay" to avoid a loss or, possibly, to bene-
fit from an improvement in the resource. Willingness to pay has been accepted as the standard measure
of changes in economic welfare for many federal environmental management evaluations (U.S. Water
Resources Council 1983; Morgenstern 1997). In the case of on-farm impacts of nutrient, sediment, and
pesticide losses, direct expenditures to correct or avoid problems are one measure of willingness to pay.
However, losses to users of water resources are often more difficult to identify and may involve both use
and nonuse values.

Use values are related to recreational or other consumptive activities and are measured through revealed
or stated preference methods of economic valuation (Freeman 1993). Nonuse values are less tangible
and may result from a variety of concerns about water resource preservation; these values are typically
measured through stated preference methods. Many studies of nonpoint pollution provide estimates of
"damages" as a measure of the potential economic benefits from reduced loadings. These estimated
damages may understate the total benefits if they do not include the full range of potential benefits
(Raucher et al. 1991).

This section discusses in greater detail the potential river system and watershed benefits from strategies
for reducing nitrogen loadings, and provides empirical estimates of these benefits within the Mississippi
River drainage basin, when available. Due to the limited research on the benefits of reduced loading
strategies, no aggregate estimate is provided for the drainage basin. Also, these benefit estimates are not
directly related to particular control strategies.

Reductions in nutrient applications to crops may have very different effects on agricultural pollutant load-
ings to streams and rivers than other control strategies, such as changes in tillage practices. Due to the
lack of information about the linkage between control strategies and economic benefits to the watershed,
no attempt is made to identify benefits with any particular strategy. Also, the choice of control strategy may
trigger other pollutant concerns, such as on-farm ground-water contamination with increased nutrient re-
tention (USDA 1995c; Crutchfield et al. 1997).
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5.2.1 Sediment- and Erosion-Reduction Benefits

5.2.1.1 ON-FARM BENEFITS

The on-farm economic costs of erosion occur from losses in crop yield and/or increased costs of practices
to mitigate the effects of erosion. Soil erosion is the movement of soil by water and wind from one place to
another. Soil moved by erosion carries nutrients and organic matter from the field and makes the crop-
rooting zone more shallow. This may lower the soil’s productivity by reducing its fertility, restricting its abil-
ity to infiltrate and hold water, and making the soil more difficult to till. On-farm costs of erosion are meas-
ured by long-term reductions in potential yields and increased costs of maintaining soil fertility through
fertilization (Crosson 1998).

The USMP model uses EPIC to estimate long-term soil productivity costs from soil erosion. The nutrient
management scenarios generally reduced soil erosion in the Mississippi Basin and increased it elsewhere.
On average, the alternative nitrogen-reduction strategies reduced productivity costs for the U.S., even
though erosion generally increased. The pattern of erosion reductions and increases was such that overall
long-term productivity increased. Productivity benefits are summarized in Table 5.2.

TABLE 5.2.  Summary of productivity and water quality benefits from
reduced soil erosion.

Scenario Productivity Water Quality
Millions of Dollars

N-Loss Reduction
20% 10.2 67.8
30% 14.5 121.0
40% 19.8 205.2
50% 30.0 269.5
60% 33.5 358.8

Fertilizer Reduction
20% 1.7 10.2
45% 6.9 31.8

500% Fertilizer Tax 6.9 31.8

Wetland Acreage1, 2

1,000,000 0.8 2.3
5,000,000 2.8 12.2
10,000,000 4.6 23.6
18,000,000 8.9 46.8

Buffer3 10.5 51.3

20% Fertilizer Reduction and 5-
Million-Acre Wetland

4.9 20.6

1Social welfare for wetland strategies includes changes in consumer and
producer surpluses, plus wetland restoration costs.
2Wetland filtering capacity: 15 g/m2.
3Buffer filtering capacity: 4 g/m2.
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5.2.1.2 OFF-FARM BENEFITS

The off-farm benefits of nutrient- and sediment-loss reductions cover a broad array of water-related uses
and activities. The easiest types of benefits to quantify are those that occur when nutrients and sediments
impair direct uses of water in a river or lake. These direct uses may include in-stream activities, such as
recreational and commercial fisheries, navigation,  and/or other recreation, such as swimming or picnick-
ing adjacent to the water body. Other direct uses include the diversion of water for domestic or industrial
purposes, such as drinking water, manufacturing, or power production. Benefits can result from reduced
treatment costs, reduced health risks, or reduced wear and tear on equipment.

Due to the broadly dispersed nature of damages from nonpoint-source emissions, relatively few studies of
potential benefits from nonpoint-source controls have been undertaken. One of the most comprehensive
and relevant for the Mississippi River drainage is Ribaudo's (1989) regional breakdown and extension of
Clark et al.'s (1985) national estimates of erosion damages. Table 5.3 presents updated estimates of off-
farm damages for various direct uses and activities, by region. While the estimates cannot be decom-
posed into damages related to nutrients versus sediments, they provide useful guidance on the magnitude
of possible benefits.

TABLE 5.3. Off-site damages from soil erosion, by
farm production region.

Region Damage1 per Ton of
Erosion
1998 $

Appalachian 1.99
Corn Belt 1.62
Delta 3.44
Lake States 5.27
Mountain 1.58
Northeast 9.95
Northern Plains 0.80
Pacific 3.49
Southeast 2.70
Southern Plains 2.85

1Damages include: freshwater fishing, flooding, wa-
ter storage, marine recreation, commercial fishing,
navigation, roadside ditches, municipal water treat-
ment, municipal and industrial water use, and steam
power cooling.
Source: Ribaudo 1989.

Although other studies exist of the estimated contribution of specific rivers to regional economic activity
within the basin (e.g., Vicory and Stevenson 1995), only a few conducted within the Mississippi River
drainage basin provide estimates of the possible river system and watershed benefits from agricultural
emission controls. For example, Forster et al. (1987) evaluated water treatment costs for 12 municipal
water facilities in western Ohio. Their statistical analysis indicated that upstream erosion increased water
treatment costs. They concluded each 10% reduction in annual gross soil erosion would reduce treatment
costs by 4%, resulting in significant savings within Ohio. Other possible benefits to recreation, navigation,
etc., were not considered.
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The USMP estimates off-site damages from soil erosion and associated runoff using Ribaudo's estimates
(1989). All the nitrogen-reduction strategies resulted in overall water quality benefits from reduced soil
erosion. While damages may have increased in regions experiencing increased erosion, greater benefits
are obtained in regions where soil erosion decreases. Results are summarized in Table 5.2.

5.2.2 Wetland Benefits

5.2.2.1 WETLAND VALUATION STUDIES

Public recognition of the value of wetland functions has grown rapidly over the past 25 years. However,
the wetland values from such outputs as food and recreation, from such indirect uses as water quality and
flood control, from future direct outputs or indirect uses (biodiversity or conserved habitats), and from the
“existence” value of these wetlands often cannot be captured by individual landowners in the marketplace.
Many now-recognized wetland benefits are nonmarketed goods, such as water quality and wildlife preser-
vation. While these wetland functions are important to society, they have often been undervalued relative
to conversion of wetlands to other land uses.

Although some values derived from wetlands can be determined by using market transactions or by using
income attributable to each factor of production used to produce marketable commodities (e.g., Lynne et
al. 1981; Batie and Wilson 1979; Bell 1989), most economic values associated with wetland benefits must
be estimated using nonmarket techniques. Eliciting use values with nonmarket techniques involves either
revealed-preference approaches, such as travel-cost or hedonic methods, or expressed-preference ap-
proaches, such as contingent valuation and conjoint analysis (Scodari 1997; Anderson and Rockel 1991;
Braden and Kolstad 1991; Freeman 1979). Values of people who do not use wetlands reflect the impor-
tance of the continued existence of the resource, or the option of using the resource in the future.

Travel-cost methods are used for recreation sites, where the assumption is made that the cost of traveling
to the site and foregoing income from working to use it are revealed measures of the value users place on
the resource (Clawson and Knetsch 1966). Hedonic methods decompose the observed values of such
goods as housing into various attributes, including environmental amenities that may influence price (Far-
ber 1987). Contingent valuation directly elicits values through surveys, and can be used for both use and
nonuse values (Bergstrom et al. 1990; Loomis et al. 1990). Finally, ecological functions provided by wet-
lands can be valued using replacement- or avoided-cost methods that price the service provided in terms
of equivalent man-made services (e.g., nutrient filtering), or in terms of avoided damages (e.g., from
flooding or hurricanes) (Farber 1987).

Marketed goods supported by wetlands include fish and shellfish production supported by nursery and
feeding areas, and fur trapping supported by habitat for fur-bearing animals. Eight studies in Florida and
Louisiana Gulf waters from 1975 through 1990 estimated values (in 1992 constant dollars) ranging from
$7 to $1,259 per acre of wetlands (Table 5.4). Fish and shellfish production generally supports higher val-
ues, averaging $624 per acre, while fur trapping supports values averaging $137 per acre. Median values
are equal to the means. These values would generally apply only to coastal or estuarine wetlands added
to the drainage that directly communicate with brackish or saline waters and cannot be extended to fresh-
water wetland systems.

TABLE 5.4.  Economic values of wetland functions, Mississippi River drainage.

Wetland Function Valued Number of
Studies

Median Mean Range of
Means

1992 Constant Dollars per Acre

Marketed Goods
Fish/shellfish life support 6 624 624 7–1,259
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Fur-bearing animals 2 137 137 13–261

Nonmarketed Goods
General nonusers 3 14,916 23,538 2,850–52,848
General users 4 438 2,710 105–9,859
Fishing users 4 7,741 11,105 95–28.845
Waterfowl hunting users 2 142 142 128–156
Recreation users 7 327 942 91–4,287
Ecological functions 9 1,946 4,430 1–21,428
Visual amenity 1 573 573 573

Source: Heimlich et al. 1998.

Most wetland values for nonmarketed goods are associated with fish and wildlife habitat. Non-use values
generally measure existence or bequest values derived from the utility of knowing such habitats exist and
will be available to support ecosystems into the future. Three studies of general nonuse value associated
with willingness to pay for marginal improvements or changes in migratory bird habitat and recreation in
Nebraska and western Kentucky provide estimates ranging from $2,850 to $52,484 per acre, with a mean
value of $23,538 per acre. The median value of the studies is $14,916 per acre. Nonuse values held by
individuals are small, but are influenced by the number of people thought to hold them. For wetlands
across the entire Mississippi drainage, the number of people holding such values and, hence, the aggre-
gate value are likely to be large. Many people outside the drainage would also hold nonuse values for
wetlands added to the drainage, so these estimates may understate the true nonuse value. These values
would apply to all wetlands added to the drainage.

Four studies in North Dakota prairie potholes and Louisiana coastal wetlands captured general willingness
to pay for marginal changes in wetlands by wetland users. Averaging $2,710, the mean values estimated
ranged from $105 to $9,859 per acre. The median value of the studies is $438. More specific use values
for fishing were estimated in four Louisiana, Florida, and Michigan studies, with a mean value of $11,105
per acre, ranging from $95 to $28,845 per acre. The median value of the studies is $7,741 per acre. Two
studies of waterfowl hunting values in the prairie pothole region of the Northern Plains and Louisiana
coastal wetlands averaged $142 per acre. General recreation uses were valued in seven studies in Lou-
isiana, western Kentucky, the Corn Belt, and the prairie pothole region, averaging $942 per acre, with a
range from $91 to $4,287 per acre. The median value of the studies is $327 per acre. These values would
apply generally to most wetlands added to the Mississippi drainage.
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Values derived from either replacement cost or willingness to pay for marginal improvements in ecological
services provided by wetlands were estimated in nine studies in Louisiana and the Corn Belt states. Esti-
mated values averaged $4,430 per acre, ranging from $1 to $21,428 per acre. The median value of the
studies is $1,946 per acre. Finally, one hedonic valuation study of the addition to value for housing in Min-
nesota estimated $573 per acre of wetlands in proximity to housing, based on the visual amenity added to
the site.

Based on these estimates, a mean value of about $750 per acre of coastal wetlands restored would ac-
count for marketed goods, such as fish and shellfish support and fur trapping. More generally, each wet-
land restored is likely to support nonuse existence and bequest values of $14,900–$23,500 per acre. An
alternative method of estimating these values is to multiply the population of the Mississippi drainage by
the $22–$50 per respondent recorded in studies estimating these values. Wetland users value each addi-
tional acre of wetlands at $330–$1,585 for general recreational uses, $7,700–$11,000 per acre for fishing,
and $142 per acre for waterfowl hunting. Ecological services provided by each additional acre of wetlands
are valued at $1,900–$4,400.

Assuming that a million acres of restored wetlands would include 100,000 acres in coastal areas, the me-
dian and mean estimates from the literature described above yield estimates of within-basin benefits
ranging from $25 billion to $40 billion if the more expansive nonuse values per acre are used, and from
$11.8 billion to $21 billion if the more conservative per capita method of measuring nonuse values is used
(Table 5.5).

TABLE 5.5. Estimated economic value of wetland restoration aside from hypoxia mitigation.

Economic Activity Number  of
Studies

Mean Median Estimated
Wetlands
Affected

Total
Economic

Value
1992 Constant $ per Acre Acres Millions of 1992

Constant $

Direct Economic Losses
Commercial fisheries and fur 8 750 750 100,000 75

Public Goods—Use Values
General recreation 11 1,585 330 1,000,000 330–1,585
Recreational fishing 4 11,000 7,700 1,000,000 7,700–11,000
Waterfowl hunting 2 142 142 1,000,000 142

Public goods—Nonuse Values
Nonuser values 3 23,500 14,900 1,000,000 14,900–23,500
Nonuser values alternate esti-
mate1

3 50/capita 22/capita NA 1,673–3,802

Public Goods-—Ecological Values
Ecological Services 9 4,400 1,900 1,000,000 1,900–4,400

Total 25,047–40,702
Alternate Total 11,820–21,004
1Based on a 1995 population of 76,039,000 for the Mississippi drainage area.
Source: Heimlich et al. 1998.
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Aside from nonuse values, benefits for recreational fishing within the basin comprise the largest category
of benefits, followed by ecological services. In the absence of more specific information on the geographic
distribution and characteristics of wetlands likely to be restored, benefits from larger restoration targets (5–
10 million acres) would be estimated as simple multiples of the 1-million-acre estimate. This ignores
changes in the marginal values per acre of wetlands as more and more of the basin’s wetlands are re-
stored, and is thus a likely overestimate of benefits from larger restoration targets.
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CHAPTER 6

Ranking the Strategies

6.1 SUMMARIZING THE BENEFITS AND COSTS OF HYPOXIA
REDUCTION

Chapters 4 and 5 presented estimates of the costs and intra-basin benefits of alternative strategies for
reducing nitrogen loadings to the Gulf of Mexico. Table 6.1 combines the agricultural sector adjustment
costs and the intra-basin benefits to calculate a net per-unit cost for reducing nitrogen loss, and Figure 6.1
depicts these results. Including benefits effectively reduces the cost of wetland and combined strategies
relative to fertilizer-only strategies, because strategies that include wetland restoration provide larger
benefits within the basin than fertilizer-only strategies.

We need to keep in mind that a critical driving force for agriculture that makes nitrogen reduction difficult is
the extremely high value in use of nitrogen. A pound of additional nitrogen, under the right circumstances,
can provide a return of tenfold its cost in corn production. This gives an extremely strong economic incen-
tive for applying insurance levels of nitrogen, which producers highly value.

For the strategies analyzed, a strategy that restores 5 million acres of wetlands and applies a 20% nitro-
gen fertilizer restriction is the closest practicable, cost-effectively approach for meeting the 20% N-loss
goal. The 45% nitrogen fertilizer constraint comes close to mixed policy, and if a lower N-filtering capacity
is assumed for wetlands, it would be the most cost-effective. The buffer strategy is the least desirable, due
to high opportunity costs of retiring land, low nitrogen filtering relative to wetlands, and small environ-
mental benefits. We could not estimate buffers’ impacts on reduced sediment in surface waters; these
benefits would lower the buffers’ unit costs, but probably not to a degree to change the final result.

The combined policy may have some additional desirable features not captured by a simple cost-
effectiveness measure. The mixed policy has a smaller impact on prices, and thus results in smaller ad-
justments inside and outside the basin. Less impact at the extensive margin in particular may be viewed
more favorably, depending on which types of land are converted to cropland. The mixed policy we exam-
ined resulted in a 1.6% increase in cropland outside the basin, while the fertilizer reduction resulted in a
5.6% increase in cropland inside the basin.

Any policy that includes wetland restoration would also be viewed favorably in light of the national decision
of “no net loss” for wetlands. Such policies would in effect be fulfilling two national mandates: reduce the
frequency and magnitude of hypoxic conditions in the Gulf, and contribute toward meeting the “no net
loss” goal.
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TABLE 6.1.  Summary of economic impacts.

Scenario Social
Welfare1, 2

Erosion
Benefits2

Wetland
Benefits2

Net Social
Benefits

N-Loss
Reduction

Unit Cost

————————Millions of Dollars——————— 1,000
Metric Tons

$/Metric
Ton

N-Loss Reduction
20% -831 78 -753 941 800
30% -2,677 136 -2,541 1,412 1,800
40% -6,343 225 -6,118 1,882 3,251
50% -12,239 300 -1,1939 2,352 5,076
60% -21,109 302 -20,807 2,822 7,373

Fertilizer Reduction
20% -347 12 -335 503 666
45% -2,922 39 -2,883 1,027 2,807

500% Fertilizer Tax -14,932 39 -14,893 1,027 14,501

Wetland Acreage
1,000,000 -406 3 550 147 67 -2,192
5,000,000 -3,115 15 2,751 -349 350 997

10,000,000 -7,525 28 5,502 -1,995 713 2,813
18,000,000 -15,506 56 9,904 -5,546 1,300 4,266

Buffer -18,014 62 -17,952 692 25,942

20% Fert. Reduction
and 5-Million-Acre Wet-
land

-4,854 26 2,751 -2,077 882 2,354

1Social welfare for wetland strategies includes changes in consumer and producer surpluses, plus wetland
restoration costs.
2Net social costs include social welfare, erosion benefits, and wetland benefits.

Our analysis of strategies that included wetland restoration assumed that wetlands would filter 15 grams
of N per square meter of wetland. A higher filtering efficiency would reduce the number of acres of re-
stored wetlands necessary to achieve the nutrient-reduction goal, thereby reducing the unit cost. For the
10-million-acre wetland-restoration strategy summarized in Table 6.1 to be as cost-effective as the mixed
strategy, wetland filtering efficiency would have to double, to about 30 grams of N per spare meter. Such a
level of filtering capacity has been recorded in field experiments (Mitsch et al. 1999), but for the 10 million
acres of restored wetlands to average this level of N retention would not be expected. However, a rela-
tively small increase in filtering efficiency for the mixed policy would further enhance its attractiveness.

An important point of caution in interpreting the results is that the information on environmental benefits
from restoring wetlands and reducing nitrogen and sediment runoff is limited. The values we used most
likely underrepresent the use and nonuse values associated with the    nitrogen-reduction strategies we
present. If all the benefits could be accounted for, the final assessment might be different.
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Finally, we want to stress the importance of institutional factors, administration, monitoring, verification,
and enforcement (whether by regulation or by markets). These all become even more critical as multiple
strategies are employed requiring different combinations and levels of each of the above to successfully
implement a strategy.

FIGURE 6.1  Agricultural sector adjustment costs per unit of N reduction, net of intrabasin benefits,
by control method.
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CHAPTER 7

Institutional Considerations

7.1 TRANSACTION COSTS

Any policy mix to reduce agricultural nonpoint pollution in the Mississippi River system feeding the Gulf of
Mexico implies a “cost of doing business”—a transaction cost. In fact, all market transactions entail a cost
of gathering information, negotiating, and staking claim to the result (Schmid 1995). Randall (1975) de-
fines transactions costs as “costs of resolving situations where involved parties have conflicting interests .
. . including the cost of gathering information, determining their position and strategy; the cost of bargain-
ing, negotiating, arbitration, judicial or other process by which agreement is reached . . . .” Distribution of
that cost is a reflection of the relative power of market participants, defined in property rights and other
market rules. If government, acting on behalf of some water users who are able to attain the status of
“public interest,” alters the economic signals facing other water users through a regulatory or incentive
mechanism to bring about changes in decisions to affect water quality, there are costs of enforcement,
monitoring, and other steps required to ensure that the policy change has the desired effect. The total cost
and its distribution among affected parties will vary with the technique selected. The management bound-
ary chosen also affects that cost by influencing how those who gain from pollution and those who gain
from abatement reconcile their differences.

7.1.1 Hydrologic versus Political Boundaries

Hydrologic boundaries have long been accepted as the appropriate unit for managing complex river sys-
tems. Comprehensive river basin planning undertaken for the large river systems by the U.S. Army Corps
of Engineers in the 1960s  and by USDA for smaller upstream river segments emphasized watersheds as
the management unit. President Kennedy drafted legislation in 1961 to establish a Water Resources
Council of federal agencies having water-related responsibilities and to establish river basin planning
commissions to undertake comprehensive basin planning. These proposals followed recommendations of
an earlier Senate Select Committee on National Water Resources (Holmes 1979). Although final approval
of the basin planning process did not occur until 1965, interim procedures moved ahead and 20 frame-
work and basin plans were under way when the Water Resources Planning Act of 1965 was finally en-
acted (Holmes 1979). President Lyndon Johnson submitted the first national water assessment to
Congress in 1968, based on river basins and sub-basins (U.S. Water Resources Council 1968). Local
watershed protection efforts were supported through the Soil Conservation Service beginning in the 1950s
(Holmes 1979). The Clean Water Action Plan reinforces that priority in current policy.

Hydrologic boundaries acknowledge the reality that water flows downhill, and in so doing binds all people
and activities along the way. The question is whether human communities can organize their affairs to re-
spond to the physical reality of a watershed. So far, we have not been particularly successful. We have
organized ourselves differently for convenience of governance, service delivery, and general identity or
location. People live and pay taxes in municipalities, towns, counties, and states—not watersheds. Water
quality is only one set of services that people care about. The practical problem of managing river systems
requires the costly and often frustrating process of cutting across or further dividing political jurisdictions.
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The City of Gainesville, Florida, for example, is divided by two very large river basins, each of which is
served by a Water Management District with taxing authority. The St. Johns is to the east, the Suwannee
to the west. There is no obvious line separating the basins, and residents expecting basically the same
services from their local governments pay different taxes. Presumably the water quality services are dif-
ferent between the two basins, but those differences are not apparent to residents.

The Mississippi system, the nation’s largest, encompasses all or part of literally thousands of political ju-
risdictions that are connected by physical reality, though little else. There are many sub-basins in the Mis-
sissippi that are less complex with more obvious internal linkages, but the basic incongruence between
hydrologic and political boundaries remains.

The Clean Water Action Plan places major emphasis on states (political jurisdictions) to develop nutrient
standards and criteria that acknowledge important differences among aquatic eco-systems (hydrologic).
There will be national guidelines and oversight, but state action. The cost of improving water quality will be
shared, but the federal government will provide the major portion through Section 319 grants and with
technical assistance to recognize that benefits of clean water are broadly distributed. Under the Clean
Water Act, EPA is authorized to spend $130 million a year in cost sharing for nonpoint abatement (Soh-
ngen and Taylor 1998).

Success for the Gulf of Mexico and the Mississippi system depends on the degree of consistency from
state to state in parts of each sub-basin and basin. It will require collaboration and negotiation between
upstream and downstream jurisdictions within states and among states from one end of the basin to the
other. Each political jurisdiction will perceive a different stake in the water-use decisions made, depending
on their location and a different trade-off between water quality and other goals. These transaction costs
are an inevitable part of water quality management, formalizing the adage that we think globally (Gulf of
Mexico) and act locally. Costs are particularly high with nonpoint abatement, where polluters and their
relative contributions to the problem are poorly defined.

7.1.2 Regulations and Incentives

Water quality improvement since the passing of the 1972 Clean Water Act has relied primarily on required
abatement technologies. Once regulators know that “best available technologies” or best management
practices are in place, they are confident that the best possible effort to control pollution is being made.
But these best practices often overlook opportunities to replace whole production systems at a lower cost
and thus may stifle innovation (Tietenburg 1985). Implementation requires checking the water users to be
sure they are installing required technologies, penalizing those who do not, and then dealing with any ap-
peals. In the case of nonpoint pollution, there is stiff resistance to the basic idea of federally mandated
farming practices and the practical problem of checking compliance by thousands of farmers and loggers.
Both types of implementation are expensive.
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Alternatively, performance-based regulations do not mandate specific practices and instead require
achievement of defined water quality standards by whatever means the water user chooses. This ap-
proach requires extensive monitoring of water quality by river segment or by individual water user, holding
all users responsible for the result. Innovative trading schemes are being considered to reconcile differ-
ences in compliance costs among types of water users. A polluter for whom compliance with a standard
would be very expensive may buy a right to pollute from a user who can reduce pollution much more
cheaply. Thus, overall water quality is protected through efficient trades among polluters, some of them
point and others nonpoint sources (Apogee Research 1992). The transaction costs of these trading sys-
tems can be very high, in setting up the market for pollution rights and designing appropriate trading ratios
that control for the uncertainty inherent in nonpoint abatement techniques. There is the danger of allowing
the trade and finding that water quality has not improved at all. A trading ratio that is too high (requiring too
much of the purchaser) may discourage trades, thus having no effect on water quality (Sohngen and Tay-
lor 1998).

Pollution fees involve levying a tax on a certain increment of pollution, creating an incentive to reduce pro-
duction costs by reducing pollution. Transaction costs in all incentive programs relate primarily to the cost
of information. Success in reducing pollution requires that the tax be high enough to induce behavior
change but not so high as to be unnecessarily punitive. If the fee is too low, the rational water user will just
pay the fee and continue polluting. Data must be collected on the water quality impacts of a given tax
structure.
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CHAPTER 8

Concluding Observations

8.1 BENEFITS FROM REDUCING NITROGEN LOSS IN THE GULF AND
MISSISSIPPI BASIN

The direct benefits to Gulf fisheries of reducing nitrogen loads from the Mississippi River basin are very
limited at best. (See the Topic 2 economic analysis.) We do not have the information necessary for esti-
mating the benefits of such factors as restoring the ecological communities in the Gulf, which over the
long term may be significant.

In most cases, indirect cost savings to agricultural producers from reductions in fertilizer nutrients to crop-
land were modest. For the agricultural sector, commodity prices and aggregate producer net returns in-
crease at increasing levels of reduction in nitrogen loss. This is not a benefit from nitrogen reduction
directly, but derives from reduced production resulting from reduced fertilizer application. These begin to
be significant when nitrogen-loss restrictions reach 30% and higher. One difficulty with these benefits is
the problem of accounting stance (the question of whose benefits and costs we are enumerating). Severe
restrictions on nitrogen loss from agriculture mean that production ceases on acres especially vulnerable
to nitrogen loss and causes shifts to cropping systems that lose less nitrogen. Production of crops with
high nitrogen losses is also increasingly shifted out of the basin. Some producers suffer these losses,
while those remaining in production with cropping systems that provide relatively high value benefit from
increased commodity prices as the supply is reduced due to nitrogen restrictions. Aggregate returns to
agriculture increase, but costs are imposed on some who are constrained to abandon profitable produc-
tion in order to meet nitrogen-loss goals.

The values of potential benefits from nitrogen reduction within the basin are potentially significant. Even a
modest program of fertilizer reduction and wetland restoration is estimated to produce benefits within the
basin. These include the values associated with restored wetlands; improved recreational water quality;
and reduced soil erosion, nutrient contamination of drinking water, and water-borne human pathogens
from changes in cropping systems and livestock production.

8.2 COSTS OF REDUCING NITROGEN LOSS IN THE GULF AND MISSISSIPPI
BASIN

The Topic 2 economic evaluation team concluded that reducing nitrogen loss may cause shifts in species
composition, which may result in costs to the recreational and commercial fishing industries. However, the
available information is inadequate for estimating these costs.
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As nitrogen is progressively limited, or as acres are taken out of production for wetland restoration, agri-
cultural production within the basin and nationally is reduced and crop prices increase, affecting consum-
ers. Changes in production practices to meet program goals also impose some adjustment costs on the
agriculture sector. Table 4.7 presents the economic impacts on producers and consumers for different
levels of nitrogen reduction and for different levels of wetland restoration and buffers.

We found only modest aggregate impacts on the agricultural sector for up to a 20% reduction in nitrogen
loss (comparable to the 15–20% reduction in nitrogen losses from agriculture deemed feasible and rec-
ommended by the Topic 5 team). We found that restoring 5 million acres of former wetlands also had a
minimal impact on agricultural production and related factors. At the 10-million-acre level, price, land-use,
and other impacts began to be noticeable. The Topic 5 team was primarily concerned about producers’
ability to achieve nitrogen reductions using feasible production practices. Our analysis accounted for the
economic impacts on the producers and kept changes in acreage and exports well within the historic
bounds of recent adjustments—a matter of concern to many in the agricultural sector.

Livestock producers would bear higher feed grain costs as prices increase under nitrogen-loss restric-
tions. Consumers of basic commodities and the finished food and fiber products derived from them would
suffer some loss from price increases caused by production changes and acreage restored to wetlands.

One factor of concern that we were able to measure was increased nitrogen, phosphorus, and sediment
loss in agricultural production that occurs outside the basin as nitrogen use is restricted within the basin.
Reducing nitrogen losses to the Gulf is likely to impose additional pollution costs on the rest of the nation
as an indirect impact. Price increases due to reduced production within the basin result in an intensifica-
tion of crop production elsewhere. These potential environmental impacts are presented in Figures 4.3–
4.5 for different levels of nitrogen reduction. Again, the extent of derived environmental impacts was very
modest up to the 20% nitrogen-loss reduction level.

There is also a potential cost from decreased agricultural export volumes that depends upon the level of
nitrogen restriction (although the value of exports would increase because of price increases). Changes in
export volumes were estimated for different levels of nitrogen-loss reduction. Again, these reductions be-
come more important and begin to break out of historical bounds at and above the 30% nitrogen-loss re-
striction level. At 30%, corn exports are down 11% and wheat exports are down 23%; at 60%, corn and
wheat exports are down 35% and 65%, respectively. The primary concern of the agribusiness industry is
loss of sales in an expanding free-market environment, where market share is voluntarily constrained to
meet environmental objectives. Also, reduced acreage in production and reduced output can have nega-
tive impacts on input and shipping sectors.

Social costs would also be incurred, such as dislocation in land use, agribusiness infrastructure, and farm
communities. We can tell in some cases, and infer in others, where we might begin to incur unacceptable
costs of this kind on the basis of previous historical shifts in crop production, land use, and input use. We
did not estimate these costs.

The case studies give some indication of the costs agricultural producers would face in reducing nitrogen
losses. The aggregate analysis was driven by the criterion of profit maximization, so the strategies chosen
by producers in the model were those that either improved or did the least damage to their incomes. How-
ever, specific producers might incur severe costs, while others might benefit from reduced costs if con-
strained to lower nitrogen losses.

For atmospheric deposition, we have presented previous case studies of the costs of adopting     nitrogen-
reducing management or technology. Reducing nitrogen emissions from mobile sources appears to be
more costly than reducing emissions from utilities, and both of these strategies appear to be more costly
than initial efforts focusing on nonpoint sources when they are at the stage of eliminating easily reduced
nitrogen losses.
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For the reduction of nitrogen from traditional point sources in the basin, we have analyzed the costs of
nitrogen restrictions on the basis of existing plant-level technology, compared with the option of trading
between point and nonpoint sources to achieve reductions. The least-cost approach in roughly half of the
cases is for point sources to purchase nitrogen reductions from nonpoint sources.

Administration, monitoring, verification, and enforcement costs are very real and important, but have not
been included here. They must be included as specific policy approaches are chosen for analysis. For
example, one of the keys to nonpoint-source reductions will be adequate verification that the reduction is
in fact taking place. This is especially critical if point sources trade for reductions with nonpoint sources.
For nonpoint-source reductions from agriculture, this will be confounded both by the time lag inherent in
soil systems’ behavior and by the current lack of monitoring capacity.

8.3 COST-EFFECTIVE STRATEGIES

The bottom line is that reducing nitrogen losses in the 20% range is feasible, and there are relatively cost-
effective ways to achieve this goal.
•  Wetland-based strategies are more expensive than fertilizer-reduction strategies to achieve the same

nitrogen-loss reduction goal. Land-retirement costs and wetland-restoration costs outweigh the higher
environmental benefits generated by wetlands.

•  Vegetative buffers are not very cost-effective for the specific task of reducing the nitrogen losses we
are concerned with here, due to low nitrogen filtering relative to wetlands, lower wildlife-associated
benefits, and high land-retirement costs.

•  Fertilizer restrictions are more cost-effective than a fertilizer tax, due to the tax’s impacts on produc-
ers’ net returns.

•  A strategy that combined a 5-million-acre wetland restoration goal with a 20% fertilizer-reduction goal
was the most cost-effective, practicable approach for meeting a 20% nitrogen loss-reduction goal.
Reducing fertilizer application by 45% met the 20% goal at a slightly higher cost. A policy that includes
wetlands has additional advantages because it meets other policy objectives and probably generates
wildlife and recreation benefits greater than those estimated here. Figure 8.1 summarizes this strat-
egy, comparing its costs and benefits.

The results of this report are based on estimates of wetland- and buffer-filtering capacities, and estimates
of environmental benefits that are crude at best. The research in these areas is sparse and incomplete.

Finally, cost-effectiveness depends upon the actual delivery of nitrogen at the point of concern. When the
objective is reducing nutrients delivered to the Gulf, the critical issue is going to be the relationship be-
tween an action upstream and what actually comes out of the mouth of the river. Because such nonpoint
sources as agriculture and the interacting soil systems represent a large volume of the absolute nitrogen
in the system, a given percentage reduction of nitrogen loss from agriculture within the basin may result in
a different proportional decrease in the amount of nitrogen flowing into the Gulf.
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FIGURE 8.1.  Illustrative costs and benefits of nonpoint nitrogen control in the U.S.
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APPENDIX A

Animal  Waste

Livestock manure is believed to be a significant source of nutrient-related water quality problems. Manure
is enriched primarily with nitrogen, phosphorus, and potassium. If these nutrients are oversupplied to fresh
and coastal waters, eutrophication and hypoxia can occur. According to the U.S. Geological Survey
(USGS), livestock manure contributed approximately 20% of the total nitrogen and 50% of the total phos-
phorus loads in 1997 within the Mississippi Basin. The Topic 3 report examines the production of “recov-
erable” livestock manure within the Mississippi watershed and its effects on water quality  (Goolsby et al.
1999).

The increasing concentration of livestock within the Mississippi Basin has degraded its water quality. Al-
though leaks from the pits and lagoons used to store livestock waste also contribute to water quality
problems, they are not the focus of this analysis. It is assumed that all manure storage units were con-
structed efficiently and that water degradation is only a result of inefficient land application of livestock
waste and the problems associated with the nutrients supplied by this waste.

A.1 OVERVIEW OF LIVESTOCK PRODUCTION

Over the past 40 years, manure has continued to be a relatively constant nitrogen input to the Mississippi–
Atchafalaya Basin (Figure 5.7 of Goolsby et al. 1999). During this same period, the structure of the various
livestock industries has changed, resulting in fewer but larger farms. Although the number of farms has
decreased, overall production has remained stable. The livestock industry has become more specialized
and intensive with the emergence of confined feeding operations, thus creating greater volumes of liquid
and solid manure in smaller areas (Sutton and Jones 1998).

A detailed analysis of the changes in livestock production by McBride (1997) showed that in most animal
sectors the number of animals per farm substantially increased between 1969 and 1992 (Table A.1). For
further discussion of the increased concentration of the livestock industry, Food System 21 (1997) contin-
ues with data up to 1996.

The total number of animals in the basin has not changed significantly over time, thus explaining the con-
stant input of nitrogen over the past 40 years. The main issue related to water quality degradation is asso-
ciated with the increase in concentration of animals per area of production. In regions of high
concentration, the amount of nitrogen produced is often greater than what the crops are able to absorb
(Lander et al. 1998).  Nitrogen that is not taken up by crops leaches into ground water, is captured in tiles,
or is carried in runoff to surface water. This excess nitrogen degrades water quality.
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TABLE A.1.  Number of head per farm: 1969 and 1992.

Animal Type 1969 1992 % Change

Hogs 138 588 326
Milk Cows 20 61 205
Fed Cattle1 106 154 45
Beef Cow 41 40 -2
Broiler 70,798 237,622 236
Layer 632 2985 372

1Data for fed cattle are from 1978–92.
Source: McBride 1997.

The Mississippi Basin has approximately 31,893,250 animal units4. (For more specific analysis, Figure 5.7
of Goolsby et al. (1999) breaks down the basin into six sub-basins: the Ohio, Tennessee, Upper and
Lower Mississippi, Missouri, and Arkansas–White–Red.) Table A.2 shows that the Upper Mississippi and
Missouri have the greatest number of animal units among the sub-basins within the Mississippi water-
shed, and that the Arkansas–White–Red has the highest concentration of animal units per farm.

TABLE A.2.  Number of farms and animal units by sub-basin in the Missis-
sippi watershed.

Sub-basin of the
Mississippi Watershed

Number of
Farms

Total
Animal Units

Estimated
Animal Units

per Farm

Ohio 73,901 5,187,950 70.2
Tennessee 14,289 1,255,000 87.8
Upper Mississippi 92,259 10,503,700 113.9
Lower Mississippi 12,377 1,203,800 97.3
Missouri 76,441 8,388,700 109.7
Arkansas–White–Red 37,007 5,354,100 144.7

Source: U.S. Mathematical Programming Model analysis, Economic Research
Service, USDA.

                                                
4Measuring the number of animals by animal units allows for more accurate analysis. It assists in deter-
mining how much manure is produced within the Mississippi watershed by all animals. An animal unit (AU)
is defined as 1,000 pounds of liveweight of any given livestock species or any combination of livestock
species. AU equivalents are calculated for each livestock and poultry sector according to estimated rates
of manure production per species. Thus, AUs vary by sector: 1 beef cow is equivalent to 1 AU, while 250
layers equal 1 AU.
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A.2 EFFECTS OF LIVESTOCK PRODUCTION ON  WATER QUALITY

Water quality problems associated with animal manure occur when more nutrients are supplied to the land
than what the crops can use for growth. For the Mississippi Basin the estimated area of land suitable for
application of manure is, 82,487,500 acres. Table A.3 estimates the acreage available for manure appli-
cation within each sub-basin. Tables A.4  and A.5, respectively, estimate the  volumes of nitrogen and
phosphorus supplied within each sub-basin from the application of manure to cropland.

TABLE A.3.  Estimated area of land for manure application.

Miss. Sub-basin Acres of Land

Ohio 15,033,300
Tennessee 1,676,700
Upper Mississippi 25,602,850
Lower Mississippi 1,895,750
Missouri 29,642,250
Arkansas–White–Red 8,636,650

Source: U.S. Mathematical Programming Model analy-
sis, Economic Research Service, USDA.

TABLE A.4. Estimated manure nitrogen production.

Miss. Sub-basin Pounds

Ohio 336,492,200
Tennessee 86,888,150
Upper Mississippi 661,935,850
Lower Mississippi 77,262,200
Missouri 514,767,700
Arkansas–White–Red 339,708,850

Source: U.S. Mathematical Programming Model analy-
sis, Economic Research Service, USDA.

TABLE A.5. Estimated manure phosphorus production.

Miss. Sub-basin Pounds

Ohio 119,807,150
Tennessee 29,250,700
Upper Mississippi 233,607,850
Lower Mississippi 28,119,600
Missouri 185,531,900
Arkansas–White–Red 113,991,700

Source: U.S. Mathematical Programming Model analy-
sis, Economic Research Service, USDA.
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A.2.1 Studies of Nutrient Overload

Two nationwide studies were conducted focusing on the supply of nutrients from manure and land avail-
able for spreading. The resulting analyses of these studies identified areas where more nutrients were
available than what the land could absorb. The first study, by Letson and Gollehon (1996), looked at the
areas within the U.S. with high nutrient application. They concluded that the Pacific, Southeast, Delta, and
Appalachian regions have high total amounts of nutrients. Therefore, nutrient management policies could
focus on these areas in order to potentially reduce water quality impacts from overabundant nutrient appli-
cation. This study found that often when the amount of cropland per farm did not match the need for land
application of animal manure, it would tend to lead to a higher probability of water quality degradation.

The second study, by Lander et al. (1998), estimated the nutrient availability from manure and crop nutri-
ent uptake and removal for each county in the 48 states. From these estimates, they calculated nitrogen
and phosphorus availability relative to crop need. They concluded that areas exist where more manure is
produced relative to the land available for application. Therefore, these results could assist in identifying
areas likely to have water quality problems.

Letson and Gollehon (1996) estimated the pounds of recoverable and total nutrients that are applied per
acre of land suitable for spreading animal manure. This information, applied to each sub-basin, is illus-
trated in Table A.6.  The total amount of nutrients was calculated from the total manure produced. Recov-
erable nutrients were calculated based on the economically recoverable manure from animals. The total
amount of manure excreted cannot be entirely collected for land application. Therefore, the amount that
can be economically gathered for disposal is referred to as “recoverable” manure. It is from the recover-
able manure that the recoverable amount of nutrients is calculated.

On average, the recoverable amount of N that is spread per acre within the entire Mississippi watershed is
15.69 pounds. The average total amount of N that is spread per acre within the basin is 25.07 pounds.
The important result to derive from these numbers is they enable us to determine the quantity of nutrients
applied at a rate that cannot be fully absorbed. To determine the impact on water quality it is necessary to
identify what percent of these manure applications exceeds the amount of nutrients needed.

TABLE A.6.  Nutrients applied per acre from manure.

Miss. Sub-basin Recoverable P
Spreadland

Recoverable N
Spreadland

Total P Spread-
land

Total N
Spreadland

Pounds per Acre

Ohio 5.79 12.55 7.59 20.98
Tennessee 13.49 29.17 15.79 46.75
Upper Mississippi 6.99 14.53 9.61 26.04
Lower Mississippi 9.59 19.75 11.98 34.32
Missouri 4.19 9.04 5.06 14.25
Arkansas–White–Red 12.71 28.48 14.22 42.00

Source: Letson and Gollehon 1996.
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Lander et al. (1997) estimated the percent of manure applications that exceed the amount of nutrients
needed for each sub-basin (Table A.7). For instance in the Tennessee sub-basin, almost 43% of the total
manure land applications exceed the amount of N needed for that basin, and over 66% of the applications
in the same sub-basin exceed the amount of P needed.  On average, the entire Mississippi Basin exceeds
the amount of N needed 20% of the time and exceeds the amount of P needed 43% of the time.

TABLE A.7.  Potential for nitrogen available from animal manure to
meet or exceed plant uptake and removal.

Miss. Sub-basin N Balance (%) P Balance (%)

Ohio 13.59 32.03
Tennessee 42.97 66.03
Upper Mississippi 11.77 41.13
Lower Mississippi 41.21 41.18
Missouri 7.21 27.50
Arkansas–White–Red 44.06 79.13
Mississippi Basin (avg.) 20.00 43.00

Source: Lander et al. 1997.

According to the data, it is evident that within the Mississippi Basin more nutrients from manure are being
applied to the land than what can be absorbed. Nitrogen and phosphorus are being overapplied, thus
contributing to water quality problems. Phosphorus tends to be more of a problem according to the data.
Therefore, many of the issues that arise from manure disposal focus on phosphorus-related issues.

A.2.2 Water Quality and Manure

Negative impacts from animal agriculture on the environment have stimulated public concern in recent
years. Nutrients from manure stimulate excessive growth of aquatic vegetation, which leads to eutrophica-
tion and hypoxia. In addition, soluble nitrogen has leached into aquifers, thereby damaging local drinking-
water supplies. Pathogens and bacteria, also in manure, can impair surface waters used for drinking and
recreation (Letson and Gollehon 1996).

Many of the public and political concerns that focus on animal manure originate from fresh-water impair-
ments. Because phosphorus is the limiting factor in freshwater cultures, it is an important component for
stimulating vegetative growth in water bodies. When P is oversupplied, this vegetation grows at an exces-
sive rate, which depletes dissolved oxygen and reduces biodiversity. It is common for P to be oversupplied
when manure is applied based on the N needs of a crop. “Long-term application of manure, even at rates
not exceeding the nitrogen needs of crops, can still result in soil buildup of P and K” (Sutton 1998). This
buildup of P can leach into ground water or can be transported in runoff and result in water quality degra-
dation. States are beginning to consider changing land-application requirements to be based on the crop’s
P needs instead of its N needs. If this occurs, more acreage will be needed for land application, and the
overapplication of N will be reduced (Sutton 1998).
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Since 1990, manure management has also been a concern for national policymakers. The 1990 Coastal
Zone Act Reauthorization Amendments (CZARA) was the first legal effort to address nonpoint-source
pollution from agriculture by focusing on manure management. In addition, the Environmental Quality Im-
provement Program (EQIP) also encourages improved management of animal waste. Most recently a
joint effort of the U.S. Department of Agriculture (USDA) and the U.S. Environmental Protection Agency is
focusing on the Unified National Strategy for Animal Feeding Operations (AFOs), where manure man-
agement plans will be formulated for all AFOs in order to reduce water quality impacts from animal agri-
culture. Other regulations being considered are requiring that manure be applied to land based on the
crops’ phosphorus needs, as opposed to their nitrogen needs.

Pathogens and coliform bacteria originating from animal manure are important factors for water-related
health problems, although for the issue of hypoxia in the Gulf of Mexico we are concerned only with the
nutrients supplied by manure.

A.2.3 Manure Management

Manure contains the nutrients nitrogen (N), phosphorus (P), and potassium (K), which enhance both crop
production and the chemical and physical properties of soil. The type and amount of nutrient contained in
livestock manure vary, depending on animal type, amount and type of feed, method of storage, time and
method of land application, soil characteristics, crops present, and climate.

Each type of animal has a different nutrient content in its manure. Because poultry manure has the highest
nutrient content, it has been found to be a suitable input for cattle feed (Mitchell and Donald 1995; Ruffin
and McCaskey 1997). The numbers listed in Table A.8 vary between farms; thus, they are based on the
average nutrient excretion from animals. For instance, the amount and type of feed a farmer uses can
greatly influence the amount of nutrients excreted.

TABLE A.8. Annual pounds of nutrients in manure, as excreted per 1,000 pounds liveweight.

Nutrient Dairy Cow Beef Feeder Swine Feeder Laying Hen Broiler

Nitrogen, N 150 124 164 263 423
Phosphate, P2O5 60 91 124 232 216
Potash, K2O 118 106 132 136 136

Source: Hammond et al. 1994.

The method of storage also affects the N concentration of manure (Table A.9). N loss mainly occurs when
it has been exposed to the sun and or air, which would occur in an open-lot system. When manure is
stored in pits beneath the animal housing there is less N loss, although N loss is greatest in treatment la-
goons.
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TABLE A.9.  Nutrient losses from animal manure, as affected by method of
handling and storage.1

Manure Handling and
Storage Method

Percent N
Loss

Percent P
Loss

Percent K
Loss

Solid Systems
Daily Scrape and Haul 15–35 10–20 20–30
Manure Pack 20–40 5–10 5–10
Paved Lot 40–60 20–40 30–50
Deep Pit (poultry) 25–50 5–15 5–15
Litter (poultry) 25–50 5–15 5–15

Liquid Systems
Anaerobic Deep Pit 15–30 5–15 5–15
Above-ground Storage 5–25 5–15 5–15
Earthen Storage Pit 20–40 10–20 10–20
Lagoon 70–85 50–85 50–75

1Based on composition of manure applied to the land vs. composition of freshly
excreted manure, adjusted for dilution effects of the various systems.
Source: Sutton et al. 1994.

The method used for applying the manure on the land will also cause nitrogen loss (Table A.10). It is evi-
dent from this information that when the manure is incorporated, N loss to the atmosphere is significantly
reduced. Incorporation also allows soil microorganisms to start decomposing the organic matter in the
manure, thus making nutrients available to the plant sooner. P and K have been found not to be signifi-
cantly affected by the application method; however, incorporating manure minimizes P and K losses from
surface runoff. If manure is applied  before crops are planted, nutrient availability is maximized (Hammond
et al. 1994).

TABLE A.10.  Approximate nitrogen losses from manure to the air, as
affected by application method.

Application Method Consistency of
Manure

Nitrogen Loss1

(%)

Broadcast without In-
corporation

Solid
Liquid

15-30
10-25

Broadcast with
Incorporation2

Solid
Liquid

1-5
1-5

Knifing (injection) Liquid 0-3

Irrigation Liquid 30-40
1Percent of total nitrogen in manure applied that was lost within four days
after application.
2Cultivation immediately after application.
Sources: Hammond et al. 1994; Sutton et al.
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A.2.3.1 LAND APPLICATION EXAMPLE

When applying manure to the land it is important to know the rate at which the waste should be spread. To
reduce water quality impacts, the rate of application should be based on the crop’s nutrient needs. Current
state regulations require that manure be spread at a rate based on the nitrogen requirements of crops
(Sutton and Jones 1996). The application rate to spread the manure depends on the yield of the crop, the
nutrient content of the manure according to the method of storage, and how the manure will be spread. All
of these factors will affect the amounts of nitrogen available and needed for the crop. Through the use of
AMANURE, a computer simulation program produced by Purdue University, the amount of acreage
needed can be determined for a typical hog farm. In Table A.11 the acreage needed per sow was deter-
mined for  corn (130 bu/ac) soybean rotation, a 15-foot swath, and incorporation. The acreage needed
under the lagoon system is significantly less than for storage pits because of the high rate of nitrogen lost
from storing manure in lagoons (Table A.9).

TABLE A.11.  Acreage and application rate for manure per sow.

Storage Method Acres/Year Needed for Land Applica-
tion Based on:

Application Rates, Gallons/Acre
Based on:

Nitrogen Phosphorus Nitrogen Phosphorus

Pits 0.6 1.1 7,431.4 4,294.9

Lagoon 0.1 0.2 57,186.3 34,174.8

The nutrient content of manure is not balanced. Animal manure contains a higher amount of N than of P
(Table A.8), but a crop such as corn requires proportionally more nitrogen than phosphorus. Therefore,
when manure is spread at a rate based on N, P tends to be applied above crop needs (Fleming et al.
1998). To combat this overapplication of P, policymakers may move toward requiring application of ma-
nure to be based on P rather than on N. A few studies have estimated the impact of this potential policy
change. Fleming et al. (1998) concurred that “basing manure applications on phosphate levels rather than
nitrogen increases the value of manure nutrients because applied nutrients better match crop require-
ments. This also increases the cost of delivering hog manure because application rates on corn are re-
duced; hence more acres must be used for application.”  From the AMANURE results the increase in
acreage requirements per sow almost doubles (Table A.11), illustrating Fleming’s conclusion.

With the increased acreage requirement for land application based on the phosphorus needs of the crop,
it is useful to discuss the potential changes that could occur on a farm. With the use of AMANURE, Table
A.12 illustrates the number of acres needed for land application based on the herd size of a hog operation.
The simulation again assumes a corn (130 bu/ac) soybean rotation, a 15-foot swath, and incorporation.
Fleming et al. (1998) also concluded that “as herd size grows, however, costs of following a P-standard
rise faster than the costs of following an N-standard; thus, following an N-standard on continuous corn
would eventually minimize net losses. Generally, marginal delivery cost increases because more acreage
is needed to apply the same quantity of manure (mileage increases).” With continued concentration and
growth of the livestock industry, manure management issues need to be considered.
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TABLE A.12.  Total acres needed per year for land application of manure based on method of stor-
age and nutrient constraint.

Herd Size Storage Pits Lagoon
Nitrogen Phosphorus Nitrogen Phosphorus

100 61.1 105.8 13.5 22.6
200 122.3 211.6 27.1 45.3
300 183.4 317.4 40.6 67.9
500 305.7 528.9 67.6 113.2
750 458.5 793.4 101.5 169.8

1,000 611.4 1,057.3 135.3 226.4

Expansion issues arise when assessing whether enough land will be available for economical spreading.
Does the farmer have more land available on site that could support the extra nutrients available? Can he
apply them to the neighbor’s field? Can he rent or buy more land? Can he give the extra nutrients to a
custom hauler for ecologically safe disposal? The important consideration, if expansion in the livestock
industry occurs, is land available for effectively disposing of the extra nutrients to avoid further water qual-
ity problems. If no economical land is available, alternative methods for disposing of manure may need to
be explored.

Waste management systems for dairy and hog operations typically use lagoon and liquid tank (pit) meth-
ods for storage. A study conducted by Bennett et al. (1994) reported the annual costs of operating lagoon
and pit systems, which included costs for spreading manure. The study focused on dairy waste manage-
ment systems in Missouri, and the data are used here to provide an example of representative costs a
farmer would incur for manure disposal. There are also benefits to waste management, which are deter-
mined by the market value of the manure’s nutrients.

Lagoons are more commonly used in large hog and dairy operations because labor and investment costs
are minimized and a flushing system can be used to collect and transport waste to the lagoon (Bennett et
al. 1994). Manure is disposed of through an irrigation system pumped directly from the lagoon through a
pipe, and spread on the land through irrigation equipment. Bennett’s study uses a traveling gun, but other
irrigation methods are available for farmers. In Table A.13 annual operating costs are listed for a dairy la-
goon system in Missouri. The data assume that the farmer hires a custom irrigation system but owns
other equipment. Bennett et al. found that when comparing the use of owned versus custom-hired travel-
ing gun irrigation systems, it becomes economical to use custom-hired systems after the herd size ex-
ceeds 300 head.

Liquid tank or pit systems are often used in smaller or medium-sized hog and dairy operations. Because
manure is less liquid in this form, it has a higher market value due to a higher concentration of nutrients.
Manure can be scraped for collection, or it is often required to agitate the manure in order to pump it into a
tank wagon for spreading. Table A.14 lists the costs required for waste management, which includes the
scraping, agitating, pumping, and spreading costs. The spreading cost is included in the use of the tank
wagon, which disposes of the waste on the land. Bennett et al. concluded that the lagoon system be-
comes economical once the herd size exceeds 500 head.
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TABLE A.13.  Annual operating and disposal costs of Missouri dairy lagoon system.

Cost Factors Herd Size
100 200 300 500 750 1,000

1.  Size of electric pump (hp) 1.5 1.5 3.0 5.0 7.5 7.5
2.  Annual pumping time (5 hrs.

daily x 365 days)
1,825 1,825 1,825 1,825 1,825 1,825

3.  Cost/hour (1 kw x hp x 0.7/kw) $0.11 $0.11 $0.21 $0.35 $0.53 $0.53
4.  Irrigation lagoon annual pumping

cost (line 2 x line 3)
$201 $201 $383 $639 $967 $967

5.  Estimated acre-inches to pump
annually

57 85 106 155 204 260

6.  Custom pumping charge/hour1 $60 $60 $60 $60 $60 $60
7.  Annual lagoon pumping cost

(line 5 x line 6)
$3,420 $5,367 $6,821 $10,053 $13,363 $16,765

8.  Check labor hours/year2 7 11 13 19 26 33
9.  Annual labor costs (line 8 x

$6/hour)
$42 $66 $78 $114 $156 $198

10. Total operating costs (line 4 +
line 7 + line 9)

$3,663 $5,367 $6,821 $10,053 $13,363 $16,765

1Assume a traveling gun pumps 500 gallons per minute, which allows pumping one acre-inch per hour.
2Check labor required to inspect the irrigation system periodically to determine if the traveling gun and
equipment are operating adequately. Assume one hour per eight hours of operation.
Source: Bennett et al. 1994.

The market value or benefit received from delivered nutrients will depend on both the amount of nutrients
used by the crop and the price of nutrients in the location of the farm. Table A.15 lists the prices received
for nutrients in Iowa, Indiana, and Missouri. The true cost of manure disposal should figure in the benefit a
farmer receives in fertilizer value from the manure.

Manure disposal cost depends on the storage and application methods and on the nutrient content of the
waste. The cost to farmers will vary but the above example can provide an idea of the types of costs and
benefits farmers incur when faced with manure disposal issues. Other issues that need to be considered
are the timing of the manure application and the trade-off of how farmers will use the available labor time.
A farmer may have more incentive to hire custom spreading services during planting time due to the high
opportunity cost of labor. Land available for spreading is also an issue to consider. To avoid overapplica-
tion, enough land needs to be available to recycle the nutrients supplied by the manure. This issue is key
to avoiding water quality damages originating from manure disposal practices.
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TABLE A.14.  Annual operating costs  of Missouri dairy liquid manure tank (pit)  system.

Cost Factors Herd Size
100 200 300 500 750 1,000

Power Supply, Hours
Used Annually
1. Scraper tractor, 40 hp 183 304 426 669 852 1,278
2. Agitation pump tractor,    100 hp1 7.2 10.8 14.5 21.9 31.0 40.2
3. Tank wagon tractor(s),     100

hp2
172 260 406 699 1,118 1,610

Power Costs
4. Scraper tractor                 (line 1

x $7.62/hr)
$1,394 $2,316 $3,246 $5,098 $6,492 $9,738

5. Agitation and wagon tractor (line
2 + line 3 x $19.36/hr)

$3,469 $5,242 $8,140 $13,957 $22,245 $31,948

Labor Costs
6. Tractor operators  (line 1 / (2 x

line 3)3 x $6/hr)
$3,162 $4,944 $7,428 $12,402 $18,528 $26,988

7. Total operating costs       (line 4
+ line 5 + line 6)

$8,025 $12,502 $18,814 $31,457 $47,265 $68,674

8. Total operating costs        per
cow

$80 $63 $63 $63 $63 $69

1Based on one hour per 16,000 cu. ft. waste.
2Hauling time (min.) per herd load: 100 cows–36 min.; 200–36; 300–42; 500–48; 750–54; 1,000–60.
3Time on line 3 is doubled because one person is at agitation pump site plus hauling time.
Source: Bennett et al. 1994.

TABLE A.15.  Market value of delivered nutrients.

Basin State Value of Nutrients  (Cents/Pound)

Iowa1 0.15 0.29 0.13
Indiana2 0.15 0.22 0.12
Missouri3 0.23 0.22 0.14

NOTE: Only nutrients used by crops hold value. Nutrients applied in excess
of crop needs have zero value.
1 Data are from Fleming et al. 1998.
2 Data are from Doster et al. 1998.
3 Data are from Bennett et al. 1994.

A.3 ECONOMICS AND POLICY CONSIDERATIONS

The hypoxia condition in the Gulf of Mexico is assumed to be a result of excessive nutrient loading from
the Mississippi River. The objective of the Topic 6 team is to identify both sources of nutrients within the
Mississippi watershed and policies that could assist in reducing nutrient loads. According to the assess-
ment of this section, livestock manure is a significant source of nutrients. Because nitrogen has been cho-
sen the nutrient target for causing hypoxia, policies should be designed for reducing nitrogen loads within
the Mississippi Basin. For livestock, a policy that would require land application to be based on the phos-
phorus needs of crops could help control nutrient loadings from manure.
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A few studies have addressed the impacts of such a policy on farmers, as well as its effectiveness in re-
ducing water quality damages from animal nutrients. For example, Pratt et al. (1997) measured surface-
water quality and changes in farm revenue for a variety of policies concerning dairy manure management
in the upper North Bosque watershed in north central Texas. Fleming et al. (1998) measured the net
benefit of a P standard for hog manure on continuous corn and corn–soybean rotations in Iowa.

When estimating the economic impact of the change in manure application policy, it is important to assess
the net benefits and costs of manure disposal. The two most important factors that determine the net
benefit of swine manure in crop production are the distance the manure has to be hauled and the nutrient
content of the manure. The farther a given amount of manure must be hauled, the higher the cost. And,
up to a point, the more nutrients that are delivered to a field, the greater the value (Fleming et al. 1998). It
is accepted in the literature that manure has a nonzero value because of its nutrient content (Roka and
Hoag 1996).

A.4 MANURE BENEFIT

The value of manure is determined by the cost of commercial nutrients. Therefore, the farmer benefits
from applying manure to crops by reducing commercial fertilizer purchases. It is important to mention that
those nutrients applied in excess of crop needs have zero value; hence, manure value is determined only
by those nutrients used by crops. According to Fleming et al. (1998), when manure disposal is based on a
phosphorus standard as opposed to nitrogen, the benefit of manure increases because all the potential
value of applied nutrients is captured. For corn fields, the farmer will not benefit from reduced commercial
fertilizer application because with a P standard the N requirement of corn will not be met, and the farmer
will apply additional commercial N fertilizer.

A.4.1 Disposal Cost

Table A.12 shows that when basing manure disposal on the phosphorus needs of the crop, the acreage
needed increases significantly. Table A.16 illustrates the variable costs for a pit and lagoon system in
Iowa, which represents the costs incurred under different policies. Therefore, in most situations the mar-
ginal disposal cost increases due to the increase in distance needed to travel to dispose of the same
amount of waste. This result was concluded in Pratt et al. (1997) as well as Fleming et al. (1998). How-
ever, Fleming et al. found that when the policy was applied to a corn–soybean rotation, marginal delivery
costs actually decreased because under an N standard the farmer was not allowed to dispose of manure
on soybean fields because soybeans do not require nitrogen supplements. Alternatively, soybeans do re-
quire phosphorus; hence, under a P standard the farmer is able to apply manure waste to soybean fields.
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TABLE A.16.  Average custom costs of delivering nutrients in Iowa swine manure to corn and soy-
beans.

Parameter Values Pit Storage Lagoon Storage
Nitrogen Phosphorus Nitrogen Phosphorus

Unit Hauling Cost
    (cents/gal)

0.88 0.88 0.71 0.71

Unit Mileage Charge
    (cents/gal-mile)

0.34 0.34 0.28 0.28

Source: Fleming et al. 1998.

As herd size increases, the delivery cost of manure will increase to a point where the value of manure will
no longer provide a significant reduction in the overall costs. It has been documented for the hog industry
(Boland 1998) that as herd size increases there is a point where it becomes economical to store manure
in lagoons. As herd size increases there is a greater need for minimizing nutrients from manure. This is
due to limited land availability, delivery cost, and the need for meeting environmental constraints. A con-
cern for farmers with the policy changing to a P standard is the increased land needed to dispose of the
same amount of manure, which may lead them to switch to the lagoon sooner (at a lower number of head)
than under the N standard. With the need for reducing nutrients, a method of storage that will minimize the
amount of nutrients available may be the optimal solution. Therefore, farmers may switch to lagoon sys-
tems, as opposed to deep pits, to minimize nutrient availability and the land requirements needed for dis-
posal.

Fleming et al. (1998) found that changing the manure disposal standard based on the crop’s P needs
benefited hog farmers. This is due to their analysis focusing on finding the optimal herd size based on the
returns to manure nutrients, not on the return from the market value of hogs. Because the return on ma-
nure is significantly smaller than the market value of a hog, a farmer will tend not to make decisions based
on manure value. Pratt et al. (1997) concluded for dairy farmers that a policy change to a P standard
would reduce net returns under all policy options. We can conclude that in certain areas of livestock pro-
duction, basing manure disposal on the phosphorus requirements of crops will generally reduce farm
revenue.

A.5 NUTRIENTS

Not only is it important to understand the economic impacts of a policy change; the policy’s effectiveness
should be considered as well. For the hypoxia issue, this entails assessing whether the amount of excess
nutrients is reduced. Nitrogen is the greatest concern, but phosphorus is also considered. Through the
results of the AMANURE program from Table A.16, the amount of nutrients provided by manure was cal-
culated. The program also determined the amount of nutrients overapplied (excess) and the amount sup-
plied below crop needs (deficit). Table A.17 lists the amount of nutrients supplied by manure for each
disposal method, crop, and nutrient target.

When the P standard is applied to corn, all nutrients are not applied in excess, and nitrogen disposal is
actually reduced. Therefore, a P standard would be effective for reducing nutrient loadings from animal
manure for corn fields. Alternatively, when the P standard is applied to soybean fields, nutrient loadings
are different. Because soybeans need P, farmers can apply manure on soybean fields. Though this may
not increase the amount of excess P, it does increase the amount of excess N, which was not in the sys-
tem under an N standard because soybeans do not need nitrogen, so farmers were unable to spread ma-
nure on soybean fields. Also Pratt et al. (1997) found that switching to a P standard for coastal wheat
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rotation increases excess nitrogen. Therefore, if the objective for solving the hypoxia problem is to reduce
the amount of nitrogen reaching the Gulf of Mexico, a P standard may not be an effective solution.

Table A.17 also shows the change in net benefit of the nutrients with the policy change. The net benefit is
generated by first calculating the market value of nutrients used by the crop, and subtracting the value of
nutrients lost through their overapplication. When application is based on the crop’s phosphorus needs,
less nutrient value is lost, and the net benefit is generally higher under both corn and soybean pit and la-
goon systems.

A.6 CONCLUSION

The impact on water quality from animal manure nutrients has become an important issue in recent years.
Nutrients from manure supplied within the Mississippi Basin are believed to contribute to the hypoxia
problem in the Gulf of Mexico. The contribution of nitrogen within the system from animal agriculture has
remained relatively constant over the past 40 years, although when the industry structure is examined, it is
evident the concentration of animals has substantially increased. In these areas of high animal concentra-
tion, often more nutrients are supplied than what the environment can absorb, thereby resulting in water
quality problems.

Under current land-application regulations, phosphorus tends to be applied at a rate greater than what the
crops can absorb. As a result, it collects in soils and surface-water bodies, causing a variety of water qual-
ity problems. For the hypoxia issue, nitrogen has been the main focus for regulation. However, it is im-
portant to mention at this point that phosphorus was found to be “the forgotten nutrient” in the hypoxia in
Chesapeake Bay (Blankenship 1997). Therefore, both nitrogen and phosphorus regulations may need to
be considered.

As animal agriculture expands, it is important to ensure that there is enough land available for spreading
manure. The methods applied within Chesapeake Bay for reducing the nutrient impacts from livestock
include establishing nutrient management plans. The objective of these plans is to match the nutrient re-
quirements of the crops for both nitrogen and phosphorus, thereby reducing runoff and leaching of excess
nutrients (Alliance for Chesapeake Bay 1996a, 1996b; Blankenship 1998).

A policy alternative for potentially reducing nutrient loads from animal manure is to change land application
to be based on the crop’s phosphorus needs. While this policy is successful in reducing excess phospho-
rus in the system, it may not be effective in reducing nitrogen when not applied to corn fields. It is also
found to reduce farm revenue.

Nutrients supplied by animal manure can be reduced to the Mississippi watershed by establishing manure
management plans that match the amount of nutrients supplied to the crop’s needs. In areas where nutri-
ents are oversupplied, other disposal alternatives may need to be considered.
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TABLE A.17.  Comparing the amount of nutrients supplied by manure and their value
for each nutrient target.

PARAMETERS CORN
(111–125 bushels/acre)

SOYBEANS
(41–50 bushels/acre)

Nutrients Needed by Crops (lbs./acre)
Nitrogen (N) 130 180*
Phosphorus (P) 100 90
Potassium (K) 180 210

Storage Method Pit Lagoon Pit Lagoon
Nutrient Target N P N P N P N P

Nutrients Provided by Manure, Based on Nutrient Target (pounds/acre)
Nitrogen (N) 130 75 130 78 180 68 180 70
Phosphorus (P) 173 100 167 100 240 90 232 90
Potassium (K) 168 97 212 127 233 87 294 114

Nutrients Supplied by Manure That Were in Excess or Deficit of Crop Needs (pounds/acre)
Nitrogen (N) 0 -55 0 -52 0** 68 0** 70
Phosphorus (P) 73 0 67 0 150 0 142 0
Potassium (K) -12 -83 32 -53 23 -123 84 -96

Value of Nutrients Used by Crops Based on Indiana Fertilizer Rates ($/acre)***
61.66 44.89 63.1 48.94 45 30.24 45 33.48

Total Fertilizer Cost if Nutrient Needs Were Supplied by Commercial Fertilizer ($/acre)****
63.1 63.1 63.1 63.1 45 45 45 45

Commercial Fertilizer Cost After the Application of Manure ($/acre)*****
1.44 18.21 0 14.16 62.76 0 68.32 11.52

Total Value of Manure ($/acre)******
61.66 44.89 63.1 48.94 45 30.24 45 33.48

* Because soybeans can create their own nitrogen, they do not need nitrogen to produce. On the
other hand, soybeans will use available nitrogen, such as that supplied by manure.

** Although 180 pounds of nitrogen were supplied by manure and taken up by the soybeans, a nitro-
gen credit is given because soybeans do not need the N, but will use what is available. Therefore,
the N supplied by manure was neither over- nor underapplied,

*** This number is generated on the market value of nutrients: N = $0.15/lb; P = $0.22/lb; and K =
$0.12/lb. These rates were then multiplied by the pounds of nutrients used by the crops. Nutrients
supplied in excess are considered to have a zero value and do not contribute to the value of ma-
nure supplied to crops.

**** This is the cost (only the cost of the nutrients, not the application cost), the farmer would have to
pay if the nutrients needed by crops were supplied by commercial nutrients only.

***** After crediting the nutrients from manure, the commercial fertilizer cost is shown below (nutrient
cost only).

****** The value of manure is often referred to as the cost savings between what the farmer would have
had to pay for commercial fertilizer minus what he actually had to pay after considering the nutri-
ents supplied by manure. This value is the same as the value of nutrients supplied times the mar-
ket rate for nutrients.

NOTES: According to the current regulations, manure is to be supplied based on the nitrogen needs of the
crops. Since soybeans do not need nitrogen, farmers may not apply manure to their soybean
fields.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf94

The phosphorus needs for each crop are based on the assumption that the soil test P levels are 0–
5 ppm. In addition, the K needs are based on the assumption that soil test K levels are 0–40 ppm.
These nutrient needs numbers can be obtained from any fertilizer recommendations table.
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APPENDIX B

Atmospheric Deposition of Nitrogen

B.1 BENEFITS AND COSTS OF REDUCING DIFFERENT SOURCES OF ATMOSPHERIC
DEPOSITION OF NITROGEN

As it has been broadly explained in previous sections, nitrogen is responsible for several varieties of ad-
verse consequences to the health of estuaries and coastal waters. Traditional sources of nitrogen pollution
that have been extensively studied are direct discharges from sewage treatment and agricultural runoff.

Recently, atmospheric deposition of nitrogen has gained attention as another important source of nitrogen
pollution. For example, the latest studies in the Chesapeake Bay estuary established that atmospheric
nitrogen deposition in the watershed is responsible for 27% of the nitrogen load in the bay, suggesting that
atmospheric deposition cannot be excluded from any analysis of the nitrogen pollution issue.

B.2 RECENT FINDINGS ON SOURCES AND LOADINGS

B.2.1 Characteristics of Atmospheric Nitrogen Sources

Most nitrogen compounds in the atmosphere fail into three categories: reactive nitrogen, reduced nitrogen,
and organic nitrogen. Reactive nitrogen is the largest contributor to atmospheric deposition—40–60%;
reduced nitrogen follows, with a contribution of 20–40%; and finally organic nitrogen, which contributes 0–
20%.

Reactive nitrogen compounds are primarily oxides of nitrogen (NOx), which are produced during the com-
bustion of fossil fuels. Dominant sources of NOx include emissions from motor vehicles and power-
generation plants. The NOx reacts in the atmosphere with other gases, initiating a cycle that eventually
turns into ozone (O3) and nitric acid (NHO3), which is easily and quickly deposited on the surface and runs
into streams.

Reduced nitrogen compounds are ammonia (NH3) and ammonium (NH4+). Once again, the most impor-
tant source of these compounds is fossil fuel combustion. These compounds are highly reactive and have
a short life in the atmosphere. They quickly deposit in the areas near their source, react with other compo-
nents, and convert into nitrate salts, which finally end up in streams.
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Organic nitrogen is the result of NOx reaction with certain hydrocarbons during combustion. This type of
nitrogen pollutant has been currently studied to some extent; however, its contribution to nitrogen pollution
in coastal waters is still a matter of research.

B.2.2 Recent Findings on Sources and Loadings

In the last few years several efforts have been taken to calculate watershed loads from atmospheric
deposition. A recent analysis by the National Atmospheric Deposition Program (currently undergoing final
review), entitled “Atmospheric Deposition Estimates of Nitrogen to the Atlantic and Gulf Coast of the
United States,” provides some highlights for average annual deposition:

•  nitrate loading ranged from 1.26 to 4.56 kg/ha;
•  ammonium nitrogen ranged from 1.01 to 2.50 kg/ha; and
•  organic(inorganic) nitrogen ranged from 2.78 to 6.71 kg/ha.

According to Scott Dinnel’s (1995) Estimates of Atmospheric Deposition to the Mississippi Watershed and
EPA’s (1998b) The Regional NOx SIP Call and Reduced Atmospheric Deposition of Nitrogen, atmospheric
deposition loads from the Mississippi watershed are 17% of the total nitrogen load to the Gulf. Another
study by Baker (1996) has estimated that atmospheric deposition contributes about 23%. of the total nitro-
gen load in the Gulf coast estuaries.

Considering the importance that most recent research has given to atmospheric nitrogen deposition as a
contributor of nitrogen pollution into coastal waters, control of atmospheric nitrogen sources has a signifi-
cant potential for reducing total nitrogen loadings. As noted above, atmospheric nitrogen is largely pro-
duced from the combustion of fossil fuels by automobiles and power-generation plants. Mobile sources of
atmospheric nitrogen (motor vehicles) contribute 30–40% of the total atmospheric nitrogen deposition in
Chesapeake Bay, and utility and non-
utility point sources contribute 30–50% of the total deposition (Dennis, in press).

In a few words, atmospheric loads from fossil fuel combustion represent a large proportion of the total ni-
trogen deposited to surface waters according to research from several organizations in recent years. Re-
ducing emissions of atmospheric nitrogen from the burning of fossil fuels has a great potential for
significantly decreasing nitrogen loadings and, therefore, for improving the health and ecology of estuar-
ies.

Tampa Bay and Long Island Sound are focusing on controlling nutrient runoff from urban nonpoint
sources, which is the most expensive nitrogen to control. Albemarle/Pamlico Sound and Chesapeake Bay
have more diverse conditions, including urban and agricultural sources and controls. The difference be-
tween the latter two is that the first includes a larger proportion of agricultural sources and controls than
the second. Given the size and diversity of the Mississippi Basin, the cost of additional controls of nonat-
mospheric nitrogen would be between the values obtained for Albemarle/Pamlico Sound and Chesapeake
Bay  (Table B.1).
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TABLE B.1.  Cost of reducing nitrogen load from nonatmospheric sources.

Estuary
Nitrogen Load

Reduction Cost of Reduction
1,000 kg/yr Mill. $/yr $/kg $/lb

1    Albemarle/Pamlico Sound 1,870 136.00 72.71 32.98
2    Cape Cod Bay 570 78.00 136.84 62.00
3    Chesapeake Bay 4,010 193.00 48.12 21.83
4    Delaware Bay 700 96.00 137.14 62.00
5    Delaware Inland Bays 80 11.00 137.50 62.00
6    Gardiners Bay 180 25.00 138.89 62.00
7    Hudson Bay 650 89.00 136.92 62.00
8    Long Island Bay 840 196.00 233.33 105.84
9    Massachusetts Bay 190 26.00 136.84 62.00

10    Narragansett Bay 180 25.00 138.89 62.00
11    Sarasota Bay 10 1.00 100.00 62.00
12    Tampa Bay 70 13.62 194.53 88.24

B.3 COST OF REDUCING THE AMOUNT OF ATMOSPHERIC NITROGEN DEPOSITION

In reviewing cost of reducing atmospheric nitrogen deposition, we faced the same problem as studying the
benefits. Unfortunately, this area is just starting to be studied and very few studies have been undertaken.
So far, there are no estimations for the Mississippi Basin, and the best cost analysis found to date is At-
mospheric Nitrogen Deposition Loadings to the Chesapeake Bay: An Initial Analysis of the Cost-
Effectiveness of Control Options (Pechan 1997). This section describes the estimates obtained for
Chesapeake Bay and suggests how to use that information to obtain an adequate approximation of the
cost for the Mississippi Basin.

This report presents the cost of reducing NOx emissions from the most important sources—utilities, motor
vehicles, and other nonutility point sources that burn large amounts of fuel fossils. Table B.2 summarizes
the cost of reducing nitrogen loads from atmospheric sources. Figures B.1 and B.2 show the cost of re-
ducing nitrogen loads per pound of nitrogen from utility and mobile sources as a function of the total re-
duction in nitrogen emission.

B.4 TRADE-OFFS BETWEEN POINT AND NONPOINT SOURCES IN REDUCING ATMOSPHERIC
NITROGEN LOADINGS

Since this area of research on economic impacts is just starting to develop, not many studies have been
conducted. One of the most recent appraisals of the economic impacts from reducing atmospheric nitro-
gen is EPA’s Benefits of Reducing Deposition of Atmospheric Nitrogen in Estuarine and Coastal Waters
(1997).
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TABLE B.2.  Nitrogen load reduction from atmospheric sources and cost by source.

REGION SOURCES OF EMISSIONS
Utilities Motor

Vehicles
Non-utility Point

Sources
Total

NOx Emission Reductions (tons/year)
Mid-Atlantic States
Delaware 11.4 (80%) 2.0 (14%) 0.9 (6%) 14.3
District of Columbia 0.2 (13%) 1.2 (80%) 0.1 (7%) 1.5
Maryland 47.0 (75%) 13.6 (22%) 2.3 (4%) 62.9
New Jersey 28.7(52%) 20.6 (37%) 6.2 (11%) 55.5
New York 63.7 (58%) 36.6 (33%) 10.4 (9%) 111.0
Pennsylvania 178.0 (86%) 24.1 (12%) 5.4 (3%) 208.0
Northern Virginia 6.9 (61%) 4.4 (39%) 0 (0%) 11.3
Other States
Kentucky 169.0 (98%) 3.9 (2%) 0.3 (0%) 173.0
North Carolina 92.4 (82%) 7.6 (7%) 13.3 (12%) 113.0
Ohio 248.0 (90%) 10.9 (4%) 17.8 (6%) 277.0
Tennessee 104.0 (76%) 5.8 (4%) 26.8 (20%) 136.0
Virginia 45.9 (82%) 6.0 (11%) 3.9 (7%) 55.8
West Virginia 156.0 (93%) 1.7 (1%) 9.4 (6%) 167.0

Cost of NOx Emission Reduction ($/ton/year)
Mid-Atlantic States
Delaware 1,800 3,200 9,800
District of Columbia 2,100 2,800 3,100
Maryland 1,300 2,900 8,200
New Jersey 1,900 2,700 710
New York 1,900 2,600 6,700
Pennsylvania 1,200 3,200 9,800
Northern Virginia 2,000 2,700 0
Other States
Kentucky 1,100 7,600 9,500
North Carolina 1,100 7,600 5,700
Ohio 1,200 7,400 6,100
Tennessee 1,100 7,800 4,900
Virginia 1,000 7,600 5,800
West Virginia 1,000 7,500 6,300

The basic approach followed by this EPA study is to evaluate benefits from reducing atmospheric nitrogen
loadings as the opportunity cost of reducing nitrogen from other nonpoint sources that would be needed in
order to meet and maintain water quality goals in the estuaries examined. Twelve estuaries were selected
for these studies: 10 are along the Atlantic coast and two—Tampa Bay and Sarasota Bay—are along the
Gulf coast. Since sufficient data were not available for all the estuaries, detailed costs were obtained for
only four estuaries: Tampa Bay, Albemarle/Pamlico Sound, Chesapeake Bay, and Long Island Sound.
Then an average was obtained from these four estuaries to obtain a cost for the other eight estuaries. We
concentrated on the four watersheds with detailed information.
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The cost of nonpoint-source controls ranged from $0.61 to $45.27 per pound of nitrogen load for agricul-
tural best management practices and from $35.00 to $142.64 per pound of nitrogen load for urban non-
point-source controls. Table B.1 shows the cost estimates for the different estuaries. Higher cost per unit
of nitrogen is associated with smaller, more urban estuaries, which typically have fewer technical and fi-
nancial options available. For the eight other estuaries, the mean cost per pound of nitrogen from the four
case estuaries was estimated to be $62.00.

FIGURE B.1.  Utility source cost per ton of NOx emission reduction.

FIGURE B.2.  Motor vehicle source cost per ton of NOx emission reduction.
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Finally, we estimated the cost per pound of nitrogen loaded into Chesapeake Bay by calculating the per-
centage of the deposition that eventually will end up in the bay. The percentage contribution changes by
region: the closer to the ocean, the higher the proportion of nitrogen deposited on the ground that ends up
in the bay. Table B.3 shows our results.

TABLE B.3.  Nitrogen load reduction and cost.

Source/ State NOx
Reduction

Nitrogen
Load

Reduction

Total
Annual

Cost

Cost-Effectiveness

Thousands
of Tons

Thousands
of Pounds

Millions of
Dollars

$/ton NOx
Emission

$/lb NOx
Emission

$/lb N Load
in Chesa-
peake Bay

Utility Sources
Maryland 47.0 1,610 62.7 1,334.04 0.67 38.94
Pennsylvania 178.2 3,510 214.0 1,200.90 0.60 60.97
Virginia 52.8 1,990 57.9 1,096.59 0.55 29.10
West Virginia 155.5 2,240 157.5 1,012.86 0.51 70.31
Kentucky 169.1 7,60 192.3 1,137.20 0.57 253.03

Mobile Sources
Maryland 13.6 410 39.0 2,867.65 1.43 95.12
Pennsylvania 24.1 470 76.5 3,174.27 1.59 162.77
Virginia 4.4 90 11.9 2,704.55 1.35 132.22
West Virginia 10.4 220 58.4 5,615.38 2.81 265.45
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APPENDIX C

Overview of the EPIC Model

C.1 THE EROSION PRODUCTIVITY IMPACT CALCULATOR MODEL

The Erosion Productivity Impact Calculator (or EPIC) model was developed in the early 1980s by the U.S.
Department of Agriculture’s (USDA’s) Agricultural Research Service to assess the long-term impacts of
soil erosion on crop productivity. EPIC is a daily time-step mathematical simulation model that integrates
numerous physical and biological components, including crop growth, hydrology, weather simulation, nu-
trient cycling, crop management practices, erosion–sedimentation, economic accounting, soil tempera-
ture, and plant environment control (drainage, irrigation, fertilization, etc.). Unlike many hydrologic models
that focus solely on the physical processes, EPIC explicitly models the daily interaction of crop growth,
soil, weather, and nutrient cycling. The model is also capable of simulating multiple cropping systems and
management practices over long periods of time (50–4,000 years).

Because soil erosion can take several decades to affect crop yields, the EPIC model was designed to at-
tain four goals: (1) develop a realistic, physically based model of erosion with readily available input data;
(2) simulate processes over long time horizons; (3) produce valid results over a wide range of crops, soils,
and climates; and (4) provide a computationally efficient model. The current PC and mainframe versions
of the model accomplish these goals.

C.2 OPERATIONAL OVERVIEW

EPIC is characterized as a lumped-parameter model because the drainage area considered, usually
around one hectare, is assumed to be spatially homogeneous on the surface. It assumes the area simu-
lated is a single soil type with constant slope and surface roughness throughout. However, the model does
consider vertical variation in soil properties associated with a given soil profile.

The first step in using EPIC involves specifying simulation input parameters that include general informa-
tion on the size, slope, and elevation of the area; weather and soil data; and crop management informa-
tion. The weather data can either be entered from actual daily observations or simulated from long-term
distributions. Input data for daily weather simulation include monthly distributional parameters for maxi-
mum and minimum temperature, precipitation, Markov probabilities of wet/dry states, humidity, solar ra-
diation, and wind velocity and direction. Soil input data include 21 parameters for each layer and up to 10
layers per soil type. The crop management information entails the sequencing of crops, timing of planting
and tillage, fertilizer amounts and timing, irrigation if required, and harvest operations.

On a daily simulation basis, weather data are used as input into several sub-routines that track surface
and subsurface hydrology, evaporation, changes in soil properties, crop growth, nutrient cycling, evapo-
transpiration, crop stress, and erosion. EPIC uses a generalized plant growth model with crop-specific
coefficients to estimate daily plant growth. Daily plant growth is partitioned between roots, above-ground
biomass, and crop yield. Estimated daily crop growth can be limited by one or more daily stress factors,
including water, nutrients (N and P), temperature, and aeration. All daily values are retained, and the
model goes on to simulate the next day. The daily time-step simulation continues by completing the an-
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nual loop, and then the multiple crop-rotation loop if it entails multi-year crop sequencing, until the entire
evaluation period has been covered.

The EPIC model can also be used to estimate crop yield and environmental parameter distributions by
cropping systems. These distributions can be derived by changing the actual weather sequence or
changing a seed number for the random weather generator. This feature of EPIC is important if one is
interested in evaluating crop yield risk by management or fertilizer practice, as well as determining the
range and probability of nutrient and pesticide loadings.

EPIC simulations have been performed on over 160 test sites in the continental U.S. and Hawaii. These
tests have shown that EPIC produces valid results over a variety of climatic conditions, soil characteristics,
and management practices (Williams et al. 1984). In addition, Foltz (1991) has shown that agronomic ex-
perts could not differentiate between EPIC-simulated crop yields and actual experimental plot yields over a
four-year period in Indiana.

C.3 MODEL APPLICATIONS

While the EPIC model has been used extensively to evaluate the impact of soil erosion on crop productiv-
ity, more recent applications of the model range from simulating the movement of pesticides and nutrients
to large-scale assessment of global climate change. The integrated modeling structure of EPIC and read-
ily available data make the model conducive to evaluate a broad class of research issues. In fact, the
model’s name has recently been revised to the "Environmental Policy Integrated Climate" model to reflect
this flexibility.

One area where the EPIC model has been used is to provide per-acre/hectare estimates by cropping
systems of sediment, nutrient, and pesticide loads. These estimates are then often used as technical co-
efficients in farm-level or regional mathematical programming models. Foltz et al. (1995) used EPIC to
stimulate crop yields, organic nitrogen loss in runoff and percolate nitrogen for crop-rotation alternatives in
the Midwest. Economic and environmental parameters from EPIC provided input for a multi-attribute as-
sessment of cropping system selection.

Specific to water quality research with EPIC, Mapp et al. (1994) used EPIC-PST to assess the economic
and environmental impacts of limiting nitrogen fertilizers to protect water quality. Likewise, Helfand and
House (1995) applied EPIC to California lettuce production to evaluate taxation versus regulation to re-
duce agricultural nonpoint-source pollution. Finally, Randhir and Lee (1997) used EPIC-WQ to simulate
crop growth and pollutant loads for alternative cropping systems to provide input data for a multi-year re-
gional risk-programming model. Results from this study show that nitrogen and pesticide restrictions in-
volve not only economic and environmental trade-offs but also trade-offs among various nonpoint-source
pollutants.
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C.4  STRENGTHS OF EPIC

One of the primary strengths of EPIC is its integration of physical and biological processes in a systematic
modeling framework. EPIC can simulate the growth of over 20 crops ranging from corn, soybeans, and
cotton to legume crops and trees. Over 600 soil parameter files and over 100 long-term weather station
data input files are available for application in the U.S.

The model provides a wide range of biological and physical parameter outputs. On the biological side,
these output variables include crop yield, crop growth, stress days, nutrient uptake, and crop residue. On
the physical side, the model provides estimates of nutrient runoff (soluble and sediment attached), nutrient
losses to subsurface flow, and leachate. These parameters can be reported as loadings (i.e., pounds per
acre/hectare) or as concentrations (i.e., ppm). Other physical parameters include runoff volumes, pesti-
cide runoff and leachate, and soil erosion. Specific to soil quality, the model can simulate changes in soil
properties over time resulting from different crop and management sequences. These properties include
soil organic matter, cation exchange capacity, pH, field capacity, and changes in soil layer thickness.

From a policy perspective, output from EPIC can be used in analytic models to quantify the economic and
environmental impacts of crop production and management changes. Simulation results derived under
random weather conditions can be used to generate distributional information on crop yields, pollutant lev-
els, and soil loss. These estimates are often required for risk assessment analysis.

C.5  LIMITATIONS OF EPIC

As with any model, the application of EPIC has inherent limitations. One of the first is the direct use of
EPIC to simulate agricultural nonpoint-source pollution on a field or watershed scale. EPIC is a lumped-
parameter model, which means that all hydrologic and soil parameters are uniform within the simulated
region. Therefore, EPIC does not account for spatial interdependence of pollutant loadings that can occur
within a field or watershed. Because EPIC is a lumped-parameter model, it is difficult to validate nutrient
and pesticide runoff from watershed-level, water quality monitored data. For example, tile-drainage sys-
tems affect measured nutrient loads at the watershed outlet but are difficult to account for in the EPIC
framework.

A second limitation of EPIC concerns the large number of input variables required to run the model (over
200) and the large number of output variables it produces (over 125), which make model validation diffi-
cult. Most applications of EPIC validate and calibrate the model to crop yield. Few studies have validated
EPIC predictions of key environmental parameters, such as nutrient or pesticide runoff and leachate on
actual plot data. Many of the environmental estimates are highly sensitive to key input parameters.

A final limitation of the model is the level of simplification of many of its sub-routines. For example, EPIC’s
crop growth component is a simple daily biomass-accumulation model. Daily biomass is partitioned be-
tween roots, above-ground biomass, and crop yield. This simplification can cause problems if one wishes
to model crop responses, for example, to climate change, because EPIC ignores important biotic proc-
esses, such as stomatic resistance. EPIC also does not explicitly consider pest damage, plant diseases,
weed pressure, or soil microorganisms. Likewise, one may have difficulty in modeling new varieties or ge-
netically engineered crops. The model contains over 25 crop-specific parameters. In modeling a new crop,
knowing which parameter(s) to adjust and by how much becomes more of an art than a science.
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C.6  CONCLUSION

Despite EPIC’s limitations, the model is still well suited to evaluate the long-term impacts of soil erosion on
crop productivity. Over the past decade the model has been extended to simulate pesticide loadings from
crop production. Applications of EPIC range from hybrid tree production to animal waste disposal impacts
on crop yields and pollutant loadings.

In recent years, EPIC has been modified to address some of the spatial concerns. One modification,
called APEX, is a hill slope version of EPIC. APEX can simulate three different sloped/cropped areas and
include hydrologic routing between each area. This model extension can be useful to evaluate the water
quality benefits of buffer strips or riparian buffers to reduce agricultural nonpoint-source pollution.



104

References

Abler, D.G., and J.S. Shortle. 1991. The political economy of water quality protection from agricultural
chemicals. Northeastern Journal of Agricultural and Resource Economics 21:53–60.

Alliance for Chesapeake Bay. 1996a. Managing manure could put lid on excess nutrients. Bay Journal,
The Chesapeake Bay Newspaper 6:9.

Alliance for Chesapeake Bay. 1996b. Something to chew on: Path to a cleaner bay may lead through an
animal’s stomach. Bay Journal, The Chesapeake Bay Newspaper 6:9.

AMANURE. 1993. Utilization of animal manure as a plant nutrient. Lafayette, IN: Purdue Research Foun-
dation.

Anderson, R., and M. Rockel. 1991. Economic valuation of wetlands. Discussion Paper no. 65. Washing-
ton, DC: American Petroleum Institute.

Apogee Research, Inc. 1992. Incentive analysis for CWA reauthorization: Point source/nonpoint source
trading for nutrient discharge reductions. Washington, DC: U.S. Environmental Protection Agency, Office
of Water.

Arrow, K., R. Solow, P. Portnoy, E. Leamer, R. Radner, and H. Schuman. 1993. Report of the NOAA
Panel on Contingent Valuation. Federal Register 4601–14.

Babcock, B.A., and D.A. Hennessy. 1996. Input demand under yield and revenue insurance. American
Journal of Agricultural Economics 78:416–27.

Baker, J.E., ed. 1996. Atmospheric deposition of contaminants to the Great Lakes and coastal waters.
Society of Environmental Toxicology and Chemistry.

Batie, S.S., and J.R. Wilson. 1979. Economic values attributable to Virginia’s coastal wetlands as inputs in
oyster production. Bulletin 150. Blacksburg, VA: Virginia Polytechnic Institute and State University, De-
partment of Agricultural Economics.

Bell, F. 1989. Application of wetland valuation theory to Florida fisheries. Sea Grant Publication SGR-95.
Tallahassee, FL: Florida State University.

Baumol, W.J., and W.E. Oates. 1979. Economics, environmental policy, and the quality of life. Englewood
Cliffs, NJ: Prentice Hall.

Baumol, W.J., and W.E. Oates. 1988. The theory of environmental policy. New York, NY: Cambridge Uni-
versity Press.

Bergstrom, J.C., J.R. Stoll, J.P. Titre, and V.L. Wright. 1990. Economic value of wetlands-based recrea-
tion. Ecological Economics 2:129–47.

Blackmer, A.M. 1986. Potential yield response of corn to treatments that conserve fertilizer nitrogen in
soils. Agronomy Journal 78:571–75.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf106

Blankenship, Karl. 1997. Controlling manure: Key to resolving phosphorus woes. Bay Journal, The
Chesapeake Bay Newspaper 7:8.

Blankenship, Karl. 1998. Maryland enacts nation’s most strict nutrient law. Bay Journal, The Chesapeake
Bay Newspaper 8(May).

Bock, B.R., and G.W. Hergert. 1991. Fertilizer nitrogen management. In Managing nitrogen for ground-
water quality and farm profitability, ed. R.F. Follet, D.R. Keeney, and R.M. Cruse, 140–64. Madison, WI:
Soil Science Society of America.

Bohm, P., and C. Russell. 1985. Comparative analysis of alternative policy instruments. In Handbook of
natural resource economics, vol. 1, ed. A.Y. Kneese and J.L. Sweeny. New York, NY: Elsevier Science
Publishing Co.

Boland, M.A., K.A. Foster, and P.V. Preckel. 1998. Using linear programming to minimize manure storage
and application costs in pork production. Submitted to Journal of Production Agriculture, Department of
Agricultural Economics, Purdue University, Lafayette, IN.

Boland, M.A., P.V. Preckel, and K.A. Foster. In press. Economic analysis of phosphorus-reducing tech-
nologies by pork producers.  Journal of Agricultural and Resource Economics.

Braden, J.B., and C.D. Kolstad, eds. 1991. Measuring the demand for environmental quality.

Braden, J.B., and K. Segerson. 1993. Information problems in the design of nonpoint-source pollution
policy. In Theory, modeling, and experience in the management of nonpoint-source pollution, ed. C.S.
Russell and J.F. Shogren, 1–36. Boston, MA: Kluwer Academic Publishers.

Brookshire, D.S., and H.R. Neill. 1992. Benefit transfers: Conceptual and empirical issues. Water Re-
sources Research 28(3):651–55.

Caddy, J.F. 1993. Some future perspective for assessment and management of Mediterranean fisheries.
Scientia Marina 121–27.

Camacho, R. 1992. Chesapeake Bay Program nutrient reduction strategy reevaluation. Financial cost-
effectiveness of point and nonpoint source nutrient reduction technologies in the Chesapeake Bay basin.
Report no. 92-4. Washington, DC: Interstate Commission on the Potomac River Basin.

Camm, R., and D.F. Kohler. 1987. Analyzing the transitory costs of regulation with an application to toxic
chemicals. Prepared for the U.S. Environmental Protection Agency. Rand Note N-2586-EPA.

Carey, M., R. Heimlich, and R. Brazee. 1990. A permanent wetland reserve: Analysis of a new approach
to wetland protection. Agriculture Information Bulletin no. 610. Washington, DC: U.S. Department of Agri-
culture, Economic Research Service.

Caudill, J.D. 1992. The valuation of groundwater pollution policies: The differential impacts of prevention
and remediation. Ph.D. diss., Department of Agricultural Economics, Michigan State University, East
Lansing, MI.

Caudill, J.D., and J.P. Hoehn. 1992. The economic valuation of groundwater pollution policies: The role of
subjective risk perceptions. Staff paper no. 91-11. East Lansing, MI: Department of Agricultural Econom-
ics, Michigan State University.

Claassen, R., R.E. Heimlich, R.M. House, and K.D. Wiebe. 1996. Using GIS to analyze the economics of
Swampbuster exemptions. Paper presented at the annual meeting of the Association of State Wetland
Managers, Arlington, VA, July 11.

Clark, E.H., J.A. Haverkamp, and W. Chapman. 1985. Eroding soils: The off-farm impacts. Washington,
DC: The Conservation Foundation.



References 107

Clarke, R., and K. Stevens. 1997. Evaluation or justification? The application of cost/benefit analysis to
computer matching schemes. Paper contributed to the European Conference in Information Systems
(ECIS ’97), Cork, Ireland, June 19–21.

Clawson, M., and J.L. Knetsch. 1966. Economics of outdoor recreation. Washington, DC: Resources for
the Future.

Crosson, P. 1986. Soil erosion and policy issues. In Agriculture and the environment, ed. T. Phipps, P.
Crosson, and K. Price. Washington, DC: Resources for the Future.

Crosson, P.  1998.  The on-farm economic costs of soil erosion. In Methods for assessment of soil ero-
sion, ed. R. Laly, W. Blume, C. Valentine, and B. Stewart. Boca Raton, FL: CRC Press.

Crowder, B. 1987. Economic costs of reservoir sedimentation: A regional approach to estimating cropland
erosion damages. Journal of Soil and Water Conservation 43(3):194–97.

Crutchfield, S.R. 1994. Estimating the value of ground water protection: An application of benefits transfer.
Paper presented at the American Agricultural Economics Association meeting, San Diego, CA, August 7–
10.

Crutchfield, S.R., P. Feather, D. Hellerstein. 1995. The benefits of protecting rural water quality: An em-
pirical analysis. Agricultural Economic Report no. 701. Washington, DC: U.S. Department of Agriculture,
Economic Research Service.

Crutchfield, S.R., J.C. Cooper,  and D. Hellerstein. 1997. Benefits of safer drinking water: The value of
nitrate reduction. Agricultural Economic Report no. 752. Washington, DC: U.S. Department of Agriculture,
Economic Research Service.

Danielson, L.E., L.K. Gantt, and R.E. Noffsinger. 1988. Economic incentives to clear and drain Pocosin
wetlands. In Proceedings from the Symposium on Coastal Water Resources, ed. W.L. Lyke and T.J. Ho-
ban. Minneapolis, MN: American Water Resources Association.

Danielson, L.E., and R.A. Hamilton. 1989. The impact of tax and reforestation incentives on net returns
from Pocosin development for silviculture. Paper no. 12018. Raleigh, NC: North Carolina State University,
North Carolina Agricultural Research Service.

Danielson, L.E., and J.A. Leitch. 1986. Private vs. public economics of prairie wetland allocation. Journal
of Environmental Economics and Management 13:81–92.

Dasgupta A.K., and D. Pearce. 1972. Cost–benefit analysis: Theory and practice. London, England: Mac-
millan.

Dennis, R.L. 1996. Using the regional acid deposition model to determine nitrogen deposition airshed of
the Chesapeake Bay watershed. In Atmospheric deposition of contaminants to the Great Lakes and
Coastal Waters, ed. J.E. Baker. Society for Environmental Toxicology and Chemistry.

Diaz, R., and A. Solow. 1999. Ecological and economic consequences of hypoxia: Topic 2 report for the
integrated assessment on hypoxia in the Gulf of Mexico. NOAA Coastal Ocean Program Decision Analy-
sis Series No. 16. Silver Spring, MD: National Oceanic and Atmospheric Administration, Coastal Ocean
Office.

Dinnel, S.P. 1995. Estimates of atmospheric deposition to the Mississippi River watershed. In Proceedings
of the first Gulf of Mexico Hypoxia Management Conference. Stennis Space Center, MS: Gulf of Mexico
Program.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf108

Doster, D.H., S.D. Parsons, E.P. Christmas, D.B. Mengel, and R.L. Nielsen. 1998. 1998 Purdue crop
guide: Estimated per acre crop budgets. ID-166. West Lafayette, IN: Purdue University Cooperative Ex-
tension Service.

Edwards, S.F. 1988. Option prices for groundwater protection. Journal of Environmental Economics and
Management 15:465–87.

Ervin, D., et al. 1991. Conservation and environmental issues in agriculture: An economic evaluation of
policy options.  Washington, DC: U.S. Department of Agriculture, Economic Research Service.

Executive Office of the President (EOP). Executive Order 12866 of September 30, 1993.  Federal Regis-
ter 58(190):51735–44.

Farber, S. 1987. The value of coastal wetlands for protection of property against hurricane wind damage.
Journal of Environmental Economics and Management 14(2):143–51.

Fawcett, R. 1995. Agricultural tillage systems: Impacts on nutrient and pesticide runoff and leaching.
Farming for a better environment. Ankeny, IA: Soil and Water Conservation Society.

Fernandez–Cornejo, J. 1993. Demand and substitution of agricultural inputs in the central Corn Belt
states. Technical Bulletin no. 1816. Washington, DC: U.S. Department of Agriculture, Economic Research
Service.

Fiez, T.E., B.C. Miller, and W.L. Pan. 1994. Assessment of spatial variable nitrogen fertilizer management
in winter wheat. Journal of Production Agriculture 7:17–93.

Fisher, A., M. Hanemann, J. Harte, A. Home, G. Ellis, and D. von Hippel. 1986. Economic valuation of
aquatic ecosystems. Final report. Prepared under Cooperative Agreement no. 811847. Washington, DC:
U.S. Environmental Protection Agency.

Fisher, D.C., and M. Oppenheimer. 1991. Atmospheric nitrogen deposition and the Chesapeake Bay es-
tuary. Ambio 23:102–8.

Fleming, R.A., B.A. Babcock, and E. Wang. 1998. Resource or waste?  The economics of swine manure
storage and management. Review of Agricultural Economics 20:96–113.

Foltz, J.C. 1991. Economic and environmental implications of alternative agricultural systems in the east-
ern Corn Belt: A multiple criteria decision approach. Ph.D. diss., Purdue University, Lafayette, IN.

Foltz, J.C., J.G. Lee, M.A. Martin, and P.V. Preckel. 1995. Multi-attribute assessment of alternative crop-
ping systems. American Journal of Agricultural Economics 77:408–20.

Forster, L., C. Bardos, and D. Southgate. 1987. Soil erosion and water treatment costs. Journal of Soil
and Water Conservation 42:349–52.

Freeman, A.M. III. 1979. The benefits of environmental improvement: Theory and practice. Baltimore, MD:
Johns Hopkins University Press.

Freeman, A.M. III. 1993. The measurement of environmental and resource values: Theory and method.
Washington, DC: Resources for the Future Press.

Fuglie, K.O. and D.J. Bosch. 1995. Economic and environmental implications of soil nitrogen testing: A
switching-regression analysis. American Journal of Agricultural Economics 77(4):891–900.

Gianessi, L.P., and H.M. Peskin. 1984. An overview of the RFF Environmental data inventory: Methods,
sources, and preliminary results, vol. 1. Washington, DC: Resources for the Future.



References 109

Goolsby, D.A. 1998. Nutrient balance data for the Mississippi/Atchafalaya River Basin. Denver, CO: U.S.
Geological Survey.

Goolsby, D.A., E.M. Thurman, M.L. Pomes, M. Meyer, and W.A. Battaglin. 1993. Occurrence, deposition,
and long range transport of herbicides in precipitation in the midwestern and northeastern United States.
In Selected papers on agricultural chemicals in water resources of the midcontinental United States, ed.
D.A. Goolsby, L.L. Boyer, and G.E. Mallard, 75–88. Open-File Report 93-418. Denver, CO: U.S. Geologi-
cal Survey.

Goolsby, D.A., W.A. Battaglin, G.B. Lawrence, R.S. Artz, B.T. Aulenbach, and R.P. Hooper. 1999. Flux and
sources of nutrients in the Mississippi–Atchafalaya Basin. Topic 3 report for the integrated assessment on
hypoxia in the Gulf of Mexico. NOAA Coastal Ocean Program Decision Analysis Series No. 17. Silver
Spring, MD: National Oceanic and Atmospheric Administration, Coastal Ocean Office.

Gramlich, E.M. 1981. Benefit-cost analysis of government programs. Englewood Cliffs, NJ: Prentice Hall.

Hahn, R., and R. Stavins. 1992. Economic incentives for environmental protection: Integrating theory and
practice. American Economic Review 82(2):464–68.

Hammond, C., W. Segars, and C. Gould. 1994. Land application of livestock and poultry manure. Circular
826. Athens, GA: University of Georgia, College of Agricultural and Environmental Sciences Cooperative
Extension Service.

Hazen and Sawyer Engineers and J.M. Smith Associates. 1988. Assessment of cost and effectiveness of
biological dual nutrient removal technologies in the Chesapeake Bay drainage basin, vols. 1 and 2. Pre-
pared for USEPA. CBP/TRS 17/88.

Heimlich, R.E. 1994. Costs of an agricultural wetland reserve. Land Economics 70(2):234–46.

Heimlich, R.E., M.B. Carey, and R.J. Brazee. 1989. Beyond Swampbuster: A permanent wetland reserve.
Journal of Soil and Water Conservation 44:445–50.

Heimlich, R.E., K.D. Wiebe, R. Claassen, D. Gadsby, and R.M. House. 1998. Wetlands and agriculture:
Private interests and public benefits. AER-765. Washington, DC: U.S. Department of Agriculture, Eco-
nomic Research Service.

Helfand, G.E., and B.W. House. 1995. Regulating nonpoint source pollution under heterogeneous condi-
tions. American Journal of Agricultural Economics 77:1024–32.

Hey, D.L. 1988. Wetlands: A future nonpoint pollution control technology. Technical Publication Series no.
88-4. Minneapolis, MN: American Water Resources Association.

Hochstrasser, B. 1990. Evaluating IT investments: Matching techniques to projects. Journal of Information
Technology 215–21.

Holmes, B. 1979. History of federal water resources programs and policies, 1961–70. Miscellaneous Pub-
lication 1379. Washington, DC: U.S. Department of Agriculture.

House, R.M. 1997. USMP regional agricultural model. National Economics Division report. Washington,
DC: U.S. Department of Agriculture, Economic Research Service.

Jordan, J.L., and A.H. Elnagheeb. 1993. Willingness to pay for improvements in drinking water quality.
Water Resources Research 29(2):237–45.

Kitchen, N.R., K.A. Sudduth, S.C. Borgelt, and D.F. Hughes. 1992. Variable rate nutrient application:
Evaluation of environmental and productivity impacts. Missouri MSEA Program Plan, vol. 2, 209–14. U.S.
Department of Agriculture, Agricultural Research Service, and University of Missouri–Columbia.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf110

Kramer, R.A., and L.A. Shabman. 1986. Incentives for agricultural development of U.S. wetlands: A case
study of the bottomland hardwoods of the Lower Mississippi River Valley. In Agriculture and the environ-
ment, ed. T.T. Phipps, P.R. Crosson, and K.A. Price. Washington, DC: Resources for the Future.

Lander, C.H., D. Moffit, and K. Alt. 1998. Nutrients available from livestock manure relative to crop growth
requirements.  Resource Assessment and Strategic Planning Working Paper 98-1. Natural Resources
Conservation Service.

Letson, D., and N. Gollehon. 1996. Confined animal production and the manure problem. Choices 3rd
quarter, 18–24.

Leventhal, E. 1990. Alternative usages of wetlands other than conventional farming in Iowa, Kansas, Mis-
souri, and Nebraska. Kansas City, KS: U.S. Environmental Protection Agency, Region 7.

Libby, L. 1998. Implementing good intentions: How rules and procedures may alter resource policy out-
comes. In Understanding public policy: Proceedings of the 1997 National Public Policy Conference. Oak
Brook, IL: The Farm Foundation.

Lichtenberg, E. 1992. Alternative approaches to pesticide regulations. Northeastern Journal of Agricultural
and Resource Economics 21(2):83–92.

Loomis, J.B., T. Wegge, M. Hannemann, and B. Kanninen. 1990. The economic value of water to wildlife
and fisheries in the San Joaquin Valley: Results of a simulated voter referendum. Transcript. 55th North
American Wildlife and Natural Resource Conference, 259–68.

Luken, R.A., F.R. Johnson, and V. Kibler. 1992. Benefits and costs of pulp and paper effluent controls un-
der the Clean Water Act. Water Resources Research.

Lynne, G.D., P. Conroy, and F. Pochasta. 1981. Economic valuation of marsh areas to marine production
processes. Journal of Environmental Economics and Management 8(2):175–86.

Malik, A.S., B.A. Larson, and M. Ribaudo. 1992. Agricultural non-point source pollution and economic in-
centive policies: Issues in the reauthorization of the Clean Water Act. Staff Report AGES 9229. Washing-
ton, DC: U.S. Department of Agriculture, Economic Research Service.

Mapp, H.P., D.J. Bernardo, G.J. Sabbagh, S. Geleta, and K.B. Watkins. 1994. Economic and environ-
mental impacts of limiting nitrogen use to protect water quality: A stochastic regional analysis. American
Journal of Agricultural Economics 76:889–903.

McBride, W.D. 1997. Change in U.S. livestock production, 1969–1992. Agricultural Economic Report no.
754. Washington, DC: U.S. Department of Agriculture, Economic Research Service.

McCabe, J., and C. Sandretto. 1985. Some aquatic impacts of sediments, nutrients and pesticides. Publi-
cation no. 201. East Lansing, MI: Michigan State University, Limnological Research Laboratory.

McClelland, G.H., et al. 1992. Methods for measuring non-use values: A contingent valuation study of
groundwater cleanup. Final report. Prepared under Cooperative Agreement no. CR-815183. Washington,
DC: U.S. Environmental Protection Agency, Office of Policy, Planning, and Evaluation.

Miltz, D., J.B. Braden, and G.V. Johnson. 1988. Standards versus prives revisited: The case of agricultural
non-point source pollution. Journal of Agricultural Economics 39:360–68.

Miranowski, J. 1978. Economic implications of 208 planning on the agricultural economy. In The economic
impact of Section 208 planning on agriculture, ed. M. Baker. Great Plains Agricultural Council Publication
no. 86. Lincoln, NE: University of Nebraska.

Mishan, E.J. 1977. Cost–benefit analysis. 2nd ed. London, England: Allen & Unwin.



References 111

Misso, R. 1998. Personal communication, Wetland Reserve Program manager, Natural Resources Con-
servation Service.

Mitchell, C.C., and  J.O. Donald. 1995. The value and use of poultry manure as fertilizer. Circular ANR-
244. Alabama Cooperative Extension Service.

Mitchell, R., and R. Carson. 1986. The use of contingent valuation data for benefit/cost analysis in water
pollution control. Washington, DC: Resources for the Future.

Mitsch, William J., John W. Day, Jr., J. Wendell Gilliam, Peter M. Groffman, Donald L. Hey, Gyles W.
Randall, and Naiming Wang. 1999. Reducing nutrient loads, especially nitrate–nitrogen, to surface water,
ground water, and the Gulf of Mexico: Topic 5 report for the integrated assessment on hypoxia in the Gulf
of Mexico. NOAA Coastal Ocean Program Decision Analysis Series No. 19. Silver Spring, MD: National
Oceanic and Atmospheric Administration, Coastal Ocean Office.

Moody, D.W. 1990. Groundwater contamination in the United States. Journal of Soil and Water Conserva-
tion 45(2):170–79.

Morgenstern, R., ed. 1997. Economic analyses at EPA: Assessing regulatory impact. Washington, DC:
Resources for the Future.

National Atmospheric Deposition Program (NADP). Unpublished. Atmospheric deposition estimates of
nitrogen to the Atlantic and Gulf coasts of the United States.

National Research Council. 1995. Wetlands: Characteristics and boundaries. Washington, DC: National
Academy Press.

Novitski, R.P., R.D. Smith, and J. D. Fretwell. 1996. Wetland functions, values, and assessment. In Na-
tional water summary on wetland resources, ed. J.D. Fretwell, J.S. Williams, and P.J. Redman, 79–86.
USGS Water-Supply Paper 2425. Washington, DC: U.S. Department of the Interior and U.S. Geological
Survey.

Oberle, S.L., and D.R. Keeney. 1990. A case for agricultural systems research Journal of Environmental
Quality 20:4–7.

Office of Management and Budget. 1992. Guidelines and discount rates for benefit–cost analysis of fed-
eral programs. OMB Circular no. A-94 revised (Transmittal Memo no. 64), October 29, 1992, accessed at
http://www.whitehouse.gov/HW/EOP/OMB/html/circulars/a094/a094.html.

Office of Management and Budget. 1996. Economic analysis of federal regulations under Executive Order
12866.  January 11, 1996, accessed at http://www.whitehouse.gov/HW/EOP/OMB/html/miscdoc/
riaguide.html.

Ogg, C., L.A. Christensen, and R.E. Heimlich. 1979. Economics of water quality in agriculture—A literature
review. USDA Economics, Statistics, and Cooperatives Service Report no. ESCS-58. Washington, DC:
U.S. Department of Agriculture.

Ogg, C., and P. Kuch. 1997. Cost sharing and incentive payments: The use of subsidies to encourage
adoption of environmentally beneficial agricultural practices. In Flexible incentives for the adoption of envi-
ronmental technologies in agriculture: Conference proceedings. Gainesville, FL: University of Florida, De-
partment of Food and Resource Economics.

O’Neil, W.B., and R.S. Raucher. 1990. The costs of groundwater contamination. Journal of Soil and Water
Conservation 45(2):180–83.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf112

Osborn, T. 1996. Title III: Conservation. Provisions of the Federal Agricultural Improvement and Reform
Act of 1996. Information Bulletin no. 729. Washington, DC: U.S. Department of Agriculture, Economic Re-
search Service.

Pechan, E.H. 1997. Atmospheric nitrogen deposition loadings to the Chesapeake Bay: An initial analysis
of the cost-effectiveness of control options. EPA contract no. 68-D00120. Springfield, VA: E.H. Pechan
and Associates.

Piper, S., R.S. Magleby, and C.E. Young. 1989. Economic benefit considerations in selecting water quality
projects. Insights from the Rural Clean Water Program. ERS Staff Report no. 89-18. Washington, DC:
U.S. Department of Agriculture, Economic Research Service.

Poe, G.L. 1993. Information, risk perceptions, and contingent values: The case of nitrates in groundwater.
Ph.D. diss., Department of Agricultural Economics, University of Wisconsin, Madison, WI.

Poe, G.L., and R.C. Bishop. 1996. Prior information, general information, and specific information in the
contingent valuation of drinking water. Selected paper presented at the American Agricultural Economics
Association meeting, San Antonio, TX, July 31.

Powell, J.R. 1991. The value of groundwater protection: Measurement of willingness to pay information
and its utilization by local government decision makers. Master’s thesis, Cornell University, Ithaca, NY.

Prato, T., and C. Kang. 1998. Economic and water quality effects of variable and uniform application of
nitrogen. Journal of the American Water Resources Association 34:1465–72.

Prato, T., Y. Wang, T. Haithcoat, C. Barnett, and C. Fulcher. 1995. Converting hydric cropland to wetland
in Missouri: A geoeconomic analysis. Journal of Soil and Water Conservation 50:101–6.

Pratt, S., R. Jones, and C.A. Jones. 1997. Livestock and the environment: Expanding the focus, policy
options. TIAER PR96-03. Texas Institute for Applied Environmental Research.

Qiu, Z. 1996. Integrated assessment of agricultural nonpoint source pollution in Goodwater Creek water-
shed, Missouri. Ph.D. diss., Department of Agricultural Economics, University of Missouri, Columbia, MO.

Randall, A. 1975. Property rights and social microeconomics. Natural Resources Journal 15:729-45.

Randhir, T.O., and J.G. Lee. 1997. Economic and water quality impacts of reducing nitrogen and pesticide
use in agriculture. Agricultural and Resource Economics Review 26:40–51.

Raphael, C.N., and E. Jaworski. 1979. Economic value of fish, wildlife, and recreation in Michigan's
coastal wetlands. Coastal Zone Management Journal 5(3):181–94.

Raucher, R., D. Shaw, J. Lipton, and M. Hormell. 1991. Management measures guidance for nonpoint
source controls in coastal watershed areas: A preliminary assessment of benefits. Draft report for the U.S.
Environmental Protection Agency, Office of Water. Boulder, CO: RCG/Hagler Bailly, Inc.

Rausch, J.N. 1992. Sources of Ohio farm water well nitrate-N contamination and willingness to pay for
remediation. Master’s thesis, The Ohio State University, Columbus, OH.

Rausch, J.N., F.J. Hitzhusen, L. Forster, and W. Elliot. 1992. Factors related to nitrate–nitrogen contami-
nation of Ohio farm water wells. Columbus, OH: The Ohio State University, Department of Agricultural
Economics and Rural Sociology.

Reichelderfer, K. 1990a. Agriculture and water quality: A policy dilemma. In Agricultural and food policy:
Issues and alternatives for the 1990s, ed. R. Spitze, 105–16. Urbana, IL: University of Illinois, Department
of Agricultural Economics.



References 113

Reichelderfer, K. 1990b. Environmental protection and agricultural support: Are tradeoffs necessary? In
Agricultural policies in a new decade, ed. K. Allen, 201–30. Washington, DC: Resources for the Future.

Ribaudo, M. 1986. Reducing soil erosion: Offsite benefits. Agricultural Economic Report no. 561. Wash-
ington, DC: U.S. Department of Agriculture, Economic Research Service.

Ribaudo, M. 1989. Water quality benefits from the Conservation Reserve Program. Agricultural Economic
Report no. 606. Washington, DC: U.S. Department of Agriculture, Economic Research Service.

Ribaudo, M., and D. Hellerstein. 1992.  Estimating water quality benefits: Theoretical and methodological
issues. Technical Bulletin 1808. Washington, DC: U.S. Department of Agriculture, Economic Research
Service.

Ribaudo, M., and R.A. Shoemaker. 1995. The effect of feedgrain program participation on chemical use.
Agricultural and Resource Economic Review 24(2): 211–20.

Ribaudo, M., R.D. Horan, and M.E. Smith. In press. Economics of water quality protection from nonpoint
sources: Theory and practice.  Agricultural Economics Report. Washington, DC: U.S. Department of Agri-
culture, Economic Research Service.

Riggs, D.  1993. Market incentives for water quality: A case study of the Tar–Pamlico River Basin, North
Carolina. Clemson, SC: Center for Policy Studies.

Roka, F.M., and D.L. Hoag. 1996. Manure value and live weight swine decisions. Journal of Agricultural
and Applied Economics 28:193–202.

Ruffin, B.G., and T.A. McCaskey. 1997. Feeding broiler litter to beef cattle. Circular ANR-557. The Ala-
bama Cooperative Extension Service.

Salathe, L., J.M. Price, and K.E. Gadson. 1982. The Food and agricultural policy simulator. Agricultural
Economics Research 34(2):1–15.

Sassone P.G., and W.A. Schaffer. 1978. Cost–benefit analysis: A handbook. Academic Press.

Sawyer, J.E. 1994. Concepts of variable rate technology with considerations for fertilizer application. Jour-
nal of Production Agriculture 7:163–201.

Schaub, J.D. 1997. Improving benefit–cost analysis for policy makers. In Strategy and policy in the food
system: Emerging issues, ed. J.A. Caswell and R.W. Cotterill. Storrs, CT, and  Amherst, MA: University of
Connecticut, Department of Agricultural and Resource Economics, Food Marketing Policy Center, and
University of Massachusetts, Department of Resource Economics.

Schmid, A. 1995. The environment and property rights issues. In The handbook of environmental eco-
nomics, ed. Daniel Bromley, 45–60. Cambridge, MA: Blackwell Publishers.

Scodari, P.F. 1997. Measuring the benefits of federal wetland programs. Washington, DC: Environmental
Law Institute.

Shortle, J.S. 1984. The use of estimated pollution flows in agricultural pollution control policy: Implications
for abatement and policy instruments. Northeastern Journal of Agricultural and Resource Economics
13:277–85.

Shortle, J.S. 1987. Allocative implications of comparisons between the marginal costs of point and non-
point source pollution abatement. Northeastern Journal of Agricultural and Resource Economics 16:17–
23.

Shortle, J.S. 1990. The allocative efficiency implications of water pollution abatement cost comparisons.
Water Resources Research 26(5):793–97.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf114

Shortle, J.S., and D.G. Abler. 1994. Incentives for agricultural nonpoint pollution control. In The economics
of nonpoint pollution control: Theory and issues, ed. T. Graham–Tomasi and C. Dosi. Dordrecht, The
Netherlands: Kluwer Academic Press.

Shortle, J.S., and J. Dunn. 1986. The relative efficiency of agricultural source water pollution control poli-
cies. American Journal of Agricultural Economics 68:668–77.

Shortle, J.S., W.N. Musser, W. Huang, B. Roach, K. Kreahling, D. Beegle, and R.H. Fox. 1993. Economic
and environmental potential of soil nitrate tests. Final report to the U.S. Environmental Protection Agency.
Washington, DC.

Shultz, S. 1989. Willingness to pay for groundwater protection in Dover, NH: A contingent valuation ap-
proach. Master’s thesis, University of New Hampshire, Durham, NH.

Shultz, S., and B. Lindsay. 1990. The willingness to pay for groundwater protection. Water Resources Re-
search 26:1869–75.

Smith, V.H., and B.K. Goodwin. 1996. Crop insurance, moral hazard, and agricultural chemical use.
American Journal of Agricultural Economics 78:428–38.

Sohngen, B., and M. Taylor. 1998. Incentive-based conservation policy and the changing role of govern-
ment. Paper presented at the American Farmland Trust workshop “Agriculture and Conservation Policies:
2002 and Beyond,” DeKalb, IL, July 24.

Stavins, R.N. 1996. Correlated uncertainty and policy instrument choice. Journal of environmental Eco-
nomics and Management 30:218–32.

Sugden, R., and A. Williams. 1985. The principles of practical cost–benefit analysis. Oxford University
Press.

Sun, J. 1990. Economic analysis of groundwater pollution by agricultural chemicals. Master’s thesis, De-
partment of Agricultural and Applied Economics, University of Georgia, Athens, GA.

Sun, J., J.C. Bergstrom, and J.R. Dorfman. 1992. Estimating the benefits of ground water contamination
protection. Southern Journal of Agricultural Economics 19(4):62–71.

Sutton, A., and D. Jones. 1998. Livestock production and Indiana’s environment. Lafayette, IN: Purdue
University.

Sutton, A., D. Jones, R. Joern, and D. Huber. 1994. Animal manure as a plant nutrient resource. Purdue
University Cooperative Extension Service Publication ID-101. Lafayette, IN: Purdue University.

Thompson M. 1980. Benefit–cost analysis for program evaluation. Sage.

Tietenberg, T. 1985. Emissions trading: An exercise in reforming pollution policy. Washington, DC: Re-
sources for the Future.

Tomasi, T., K. Segerson, and J. Braden. 1994. Issues in the design of incentive schemes for non-point
source pollution control. In Non-point source pollution regulation: Issues and analysis, ed. C. Dosi and T.
Tomasi. Dordrecht, The Netherlands: Kluwer Academic Publishers.

Trachtenberg, E., and C. Ogg. 1994. Agricultural pollution prevention: Possibilities for a nonpoint source
nutrient management initiative for manure. Washington, DC: U.S. Environmental Protection Agency.

U.S. Department of Agriculture (USDA). 1991. Instructions for collecting 1992 National Resources Inven-
tory sample data. Washington, DC: USDA, Soil Conservation Service.



References 115

U.S. Department of Agriculture (USDA). 1993. Farm operating and financial characteristics. Electronic
data product, stock no. 93016. Washington, DC: USDA, Economic Research Service.

U.S. Department of Agriculture (USDA). 1994. Agricultural resources and environmental indicators. Agri-
cultural Handbook no. 705, pp. 61-62. Washington, DC: USDA, Economic Research Service.

U.S. Department of Agriculture (USDA). 1995a. Cost of production. Electronic data product, stock no.
94010. Washington, DC: USDA, Economic Research Service. Also Farm Business Economics web site at
ERS http://www.econ.ag.gov/briefing/fbe/

U.S. Department of Agriculture (USDA). 1995b. Cropping practices surveys, 1990–94. Electronic data
products, stock nos. 93018A, 93018B, 93018C, 93018D, and 93018E. Washington, DC: USDA, Economic
Research Service.

U.S. Department of Agriculture (USDA). 1995c. Farming systems: Impact on water quality. Management
systems evaluation areas (MSEA) progress report 1994. ARS-135. Washington, DC: USDA, Agricultural
Research Service.

U.S. Department of Agriculture (USDA). 1996. Agricultural chemical use: 1995 field crops summary. Ag.
Ch. 1:96. Washington, DC: USDA, National Agricultural Statistical Service.

U.S. Department of Agriculture (USDA). 1997. Wetlands reserve programs. AREI Update no. 6. Wash-
ington, DC: USDA, Economic Research Service.

U.S. Environmental Protection Agency (USEPA). 1992. Incentive analysis for Clean Water Act
reauthorization: Point source/non-point source trading for nutrient discharge reductions. Washington, DC:
USEPA, Office of Water and Office of Policy, Planning and Evaluation.

U.S. Environmental Protection Agency (USEPA). 1994a. National water quality inventory: 1994 report to
Congress. Washington, DC: U.S. Government Printing Office.

U.S. Environmental Protection Agency (USEPA). 1994b. President Clinton's clean water initiative: Analysis
of benefits and costs. EPA 800-R-94-002. Washington, DC: USEPA, Office of Water.

U.S. Environmental Protection Agency (USEPA). 1997. Benefits of reducing deposition of atmospheric
nitrogen in estuaries and coastal waters. Washington, DC: USEPA, Office of Water.

U.S. Environmental Protection Agency (USEPA). 1998a. National water quality inventory: 1996 report to
Congress. EPA-841-R97-008. Washington, DC: USEPA, Office of Water.

U.S. Environmental Protection Agency (USEPA). 1998b. The regional NOx SIP call and reduced atmos-
pheric deposition of nitrogen: Benefits to selected estuaries. Washington, DC: USEPA.

U.S. Environmental Protection Agency (USEPA). 1998c. Water quality criteria and standards plan: Priori-
ties for the future. Interim final report. EPA 822-R-98-003. Washington, DC: USEPA.

U.S. Environmental Protection Agency (USEPA) and U.S. Department of Agriculture (USDA). 1998. Clean
water action plan: Restoring and protecting America’s waters. Washington, DC: U.S. Government Printing
Office.

U.S. Water Resources Council. 1968. The nation’s water resources: The first national assessment.
Washington, DC.

U.S. Water Resources Council. 1983. Economic principles and guidelines for water and related land re-
sources. Washington, DC.

Vicory, A.H., Jr., and A.K. Stevenson. 1995. What’s a river worth, anyway?  A resource valuation survey of
the Ohio River. Water Science Technology 32(5–6):63–70.



Economic Costs and Benefits of Reducing Nutrient Loads to the Gulf116

Vrooman, H., and B. Larson. 1991. A direct approach for estimating nitrogen, phosphorus, and land de-
mands at the regional level. Technical Bulletin 1786. Washington, DC: U.S. Department of Agriculture,
Economic Research Service.

Weitzman, M. 1974. Prices vs. quantities. Review of Economic Studies 41:477–91.

Wengrzynek, R.J., and C.R. Terrell. 1990. Using constructed wetlands to control agricultural nonpoint
source pollution. Presented at the International Conference on Use of Constructed Wetlands in Water
Pollution Control, Churchill College, Cambridge, England.

Whitehead, J.C., and P.A. Groothuis. 1992. Economic benefits of improved water quality: A case study of
North Carolina’s Tar–Pamlico River. Rivers 3(3):170–78.

Williams, J.R., C.A. Jones, and P.T. Dyke. 1984. A modeling approach to determining the relationship
between erosion and soil productivity. Transactions of the American Society of Agricultural Engineers
1:129–44.

Williams, J.R., C.A. Jones, and P.T. Dyke. 1990. Model documentation. In The EPIC model: EPIC-
erosion/productivity impact calculator. Technical Bulletin no. 1768. U.S. Department of Agriculture, Agri-
cultural Research Service.

Williams, J.R., P.T. Dyke, W.W. Fuchs, V.W. Benson, O.W. Rice, and E.D. Taylor. User manual. Vol. 2 of
EPIC—erosion/productivity impact calculator. Technical Bulletin no. 1768. Washington, DC: U.S. Depart-
ment of Agriculture, Agricultural Research Service.

Zimmerman, R., J. Nance, and J. Williams. 1996. Trends in shrimp catch in the hypoxia area of the north-
ern Gulf of Mexico. Galveston, TX: National Marine Fisheries Service.





OTHER TITLES IN THE DECISION ANALYSIS SERIES

No. 1 Able, Kenneth W., and Susan C. Kaiser. 1994. Synthesis of Summer Flounder Habitat Parame-
ters.

No. 2 Matthews, Geoffrey A., and Thomas J. Minello. 1994. Technology and Success in Restoration,
Creation and Enhancement of Spartina Alterniflora Marshes in the United States. 2 vols.

No. 3 Collins, Elaine V., Maureen Woods, Isobel Sheifer, and Janice Beattie. 1994. Bibliography of
Synthesis Documents on Selected Coastal Topics.

No. 4 Hinga, Kenneth R., Heeseon Jeon, and Noelle F. Lewis. 1995. Marine Eutrophication Review.
No. 5 Lipton, Douglas W., Katherine Wellman, Isobel C. Sheifer, and Rodney F. Weiher. 1995. Eco-

nomic Valuation of Natural Resources: A Handbook for Coastal Policymakers.
No. 6 Vestal, Barbara, Alison Reiser, et al. 1995. Methodologies and Mechanisms for Management of

Cumulative Coastal Environmental Impacts. Part I—Synthesis with Annotated Bibliography; Part
II—Development and Application of a Cumulative Impacts Assessment Protocol.

No. 7 Murphy, Michael L. 1995. Forestry Impacts on Freshwater Habitat of Anadromous Salmonids in
the Pacific Northwest and Alaska—Requirements for Protection and Restoration.

No. 8 William F. Kier Associates. 1995. Watershed Restoration—A Guide for Citizen Involvement in
California.

No. 9 Valigura, Richard A., Winston T. Luke, Richard S. Artz, and Bruce B. Hicks. 1996. Atmospheric
Nutrient Inputs to Coastal Areas—Reducing the Uncertainties.

No. 10 Boesch, Donald F., et al. 1997. Harmful Algal Blooms in Coastal Waters: Options for Prevention,
Control and Mitigation.

No. 11 McMurray, Gregory R., and Robert J. Bailey, editors. 1998. Change in Pacific Northwest Coastal
Ecosystems.

No. 12 Fonseca, Mark S., W. Judson Kenworthy, and Gordon W. Thayer. 1998. Guidelines for the Con-
servation and Restoration of Seagrasses in the United States and Adjacent Waters.

No. 13 Macklin, S. Allen, editor. 1998. Bering Sea FOCI (1991-1997)—Final Report.
No. 14 Wiseman, William, editor. 1999. Nutrient Enhanced Coastal Ocean Productivity in the Northern

Gulf of Mexico.
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