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Economic analysis can be a guide to determining
the level of actions taken to reduce nitrogen (N)
losses and reduce environmental risk in a cost-
effective manner while also allowing consider-
ation of relative costs of controls to various
groups. The biophysical science of N control, es-
pecially from nonpoint sources such as agricul-
ture, is not certain. Widespread precise data do
not exist for a river basin (or often even for a wa-
tershed) that couples management practices and
other actions to reduce nonpoint N losses with
specific delivery from the basin. The causal rela-
tionships are clouded by other factors influenc-
ing N flows, such as weather, temperature, and
soil characteristics. Even when the science is cer-
tain, economic analysis has its own sets of un-
certainties and simplifying economic assump-
tions. The economic analysis of the National Hy-
poxia Assessment provides an example of eco-
nomic analysis based on less than complete sci-
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entific information that can still provide guidance
to policy makers about the economic conse-
quences of alternative approaches. One critical
value to policy makers comes from bounding the
economic magnitude of the consequences of al-
ternative actions. Another value is the identifica-
tion of impacts outside the sphere of initial con-
cerns. Such analysis can successfully assess
relative impacts of different degrees of control of
N losses within the basin as well as outside the
basin. It can demonstrate the extent to which costs
of control of any one action increase with the in-
tensity of application of control.
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INTRODUCTION

Economics is unlikely to be used as the basis for large-scale ni-
trogen (N) control decisions. The first level of decision criteria
is likely to be determined by hydrologists, engineers, and others
based on what is technologically possible, and then public per-
ception is the ultimate determining factor. The critical contribu-
tion economics can play is by identifying the relatively
cost-effective opportunities to achieve a public goal among the
technically viable alternatives. The economic analysis can bound
some of the choices available, but it is very unlikely to determine
them. The choices will be made by decision makers based on
public perceptions and values. The case in point is hypoxia in the
Gulf of Mexico. Critical aspects of the science are not certain
and are part of a continuing controversy[1,2,3]. The purpose of
this article is to review that example and illustrate the relation-
ship between the scientific information, the uncertainties sur-
rounding some important parameters, and how economics can
still be useful given the uncertainties related to N. The debate in
Science over the linkage between hypoxia and N flows to the
Gulf is unlikely to be resolved, at least in the near term. Part of
that debate relates to assessing causality or blame[3]. Our con-
tention is that economics can still be useful in the dilemma of
uncertain science in guiding some steps that work toward solu-
tions (irrespective of blame).

A so-called Dead Zone has become a dominant feature of
the northern Gulf of Mexico, attributed largely to N loads from
the Mississippi River[4]. The northern Gulf of Mexico’s zone of
oxygen (O)-deficient water represents one of the largest hypoxic
zones in the western Atlantic Ocean[5]. At its peak, this zone
stretches along the inner continental shelf from the Mississippi
Delta westward to the upper Texas coast, covering about 7000
mi2. The hypoxic zone is caused by the interaction of several
features of the northern Gulf. During the summer months, the
waters in the Gulf are warm and relatively stable. During this
time, freshwater inflows from the Mississippi River, which are
lighter than salt water, form a layer at the surface that is rich in
inorganic N carried down the river. The warm waters and avail-
ability of nutrients greatly increase the primary productivity
(eutrophication) of the upper waters. Phytoplankton and organic
carbon from zooplankton sink to the bottom and utilize O through
respiration and decay. Without adequate mixing with the upper
waters, dissolved O near the bottom decreases to hypoxic or an-
oxic levels.

One critical determination is the identification of N sources.
This has been controversial in terms of the Gulf’s hypoxia from
the standpoint of both attribution of sources and past perceptions
that were at odds with current data[3]. The relative magnitude of
different sources is also important. Are we dealing with an el-
ephant or a breadbasket? From a cost and technical efficiency
perspective, it often pays to go after the big or concentrated
sources. The economics of pollution control are such that it is
typically less expensive to reduce a given proportion of a high
concentration as compared with a low concentration. In addi-
tion, the cost of reducing a pollutant often increases rapidly as
the concentration decreases.

Integrated assessments of large-scale environments or large
pollution flows can sometimes be less than precise in their deter-
mination and still provide the critical information policy makers
need to make decisions. The level of precision needed for deci-

sion making is also related to the public perception of a problem
and the level of public determination to do something about it. In
some cases, demonstrating positive benefit/cost results from pub-
lic action may not be important to the public if the problem is
perceived to be important enough. The public determination may
be that it should be fixed, and some action should be undertaken
to set that in motion irrespective of normal cost considerations.
The national hypoxia assessment process provides an excellent
example of both the limited role of economic analysis in the pub-
lic perception about the decision that something must be done
and the fact that economics does have something to say in how
the problem might be tackled even though some of the science is
controversial and uncertain.

DETERMINATION OF SOURCES AND
SOURCE CHARACTERISTICS

Determination of the N sources is a critical first step. The normal
expectation is causality between source and problem. This is the
argument in Science that may never be completely settled, but
need not necessarily be settled for public action to occur. Public
action does not require or often achieve 100% certainty as its
base. However, if one is to determine the costs of reducing N
losses, source determination and source characteristics become
important parts of that exercise. Geography, timing, and inten-
sity are also critical. In the identification of sources, it is not only
the source and relative magnitude of N inputs into the basin that
are important but also the relative magnitudes of sources of the
inputs that ultimately enter the Gulf of Mexico[6]. These are dif-
ferent in some important ways because of transport and other
factors.

Table 1 gives the N mass balance data for the river system,
as estimated by Goolsby et al.[6]. It is clear from the table that
fertilizer (6495 thousand tonnes/year), the soil system (6464 thou-
sand tonnes/year), legumes (4327 thousand tonnes/year), and
animal waste (1296 thousand tonnes/year) are major sources of
N in the Mississippi drainage basin. However, only a portion of
the total N inputs is discharged into the Gulf via the Mississippi-
Atchafalaya River (1567 thousand tonnes/year) and atmospheric
deposition (15 thousand tonnes/year).

In Table 2, a summary of the N input sources is compared to
the results of an analysis of the contributions of sources to the
total N yield to the Gulf conducted by Goolsby et al.[6] The
distinctions made here become critical in assessing where N losses
to the Gulf are best targeted as compared to inputs into the basin.
The fertilizer-soil system (50%) still represents the 800-pound
gorilla with respect to concerns about N. As a source of N inputs
to the Gulf, the fertilizer-soil system is a slightly less important
contributor than it is in providing N inputs to the basin. Basing
policy on inputs to the basin rather than loadings to the Gulf
would still result in the same policy target.

Table 2 shows that animal manure is more of a factor in
terms of its N contribution to the Gulf than it is an input to the
basin. Location may be the factor that brings this about. Animal
manure also illustrates the complexity of determining sources
and their relative priority for actions to reduce their N losses.
Historically, the amount of animal manure N contributed to the
basin has been roughly the same over the last 50 years[6]. With
this in mind, one might assume its importance to N delivered to



970

Doering et al.: Large-Scale Nitrogen Control Decisions TheScientificWorld (2001) 1(S2), 968–975

TABLE 2
Sources of Nitrogen Contributed to the Mississippi River Basin and Gulf of Mexico

N Source as a Percent of Total: Inputs to Gulf Inputs to Basin

Fertilizer-soil system 50% 61.9%

Animal manure 15% 6.2%

Municipal/industrial point sources 11% 1.4%

Legumes Not significant 20.7%

Atmospheric deposition and unmeasured 24% 9.9%

inputs such as ground water

From Goolsby et al.[6].

TABLE 1
Nitrogen Mass Balance Data for Mississippi-Atchafalaya River Basin for 1980–96, Except as Noted

New N inputs (1000 metric tons/year)

Fertilizer 6,495

Total fixed from legumes 4,327

Atmospheric deposition (1990–1996 average)

(includes wet + dry nitrate) and organic N 1,411

Recycled N inputs

Manure - (total adjusted for volatilization losses) 1,296

Potentially mineralizable from soil 6,464

Atmospheric deposition – wet ammonia 651

Point source inputs to streams    287

Total annual new and recycled inputs 20,931

Annual outputs (1000 metric tons/year)

Atmospheric deposition on Gulf 15

Mississippi-Atchafalaya River discharge (1980–1996 average) 1,567

Manure volatilization loss 1,488

Fertilizer volatilization loss 133

Total crop and pasture removal 9,658

Plant senescence 3,326

Denitrification from cropland soil 1,704

Immobilization in soil organic matter  2,978

Total outputs 20,869

Residual (inputs – outputs) difference (@ 0.3%) 62

From Goolsby et al.[6].

the Gulf was constant. However, the hog industry, a major ma-
nure producer in the basin, has been undergoing rapid structural
transformation. Thus structural change affects the potential im-
pact of thus industry’s manure on the Gulf.

The key question becomes whether continued structural con-
centration in the industry will increase (or decrease) the amount
of N delivered to the Gulf because of location or other factors,
even if the total volume of manure in the basin remains the same.
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Concern about future delivery of N from manure to the Gulf
might require more stringent location and management controls
under the new structure of the industry than would have been
required under the more traditional structure. So, not only might
animal manure contribute a higher proportion of the N delivered
to the Gulf than it inputs to the basin, but changes in the regula-
tion and management of the industry have the potential to in-
crease that amount further (or reduce it).

Municipal and industrial point sources were a point of con-
troversy during the assessment process. The perception was and
is that municipal sewage and some industrial sources are major
inputs to N in the Gulf. The Goolsby balance sheet indicates that
these sources contribute between 1 and 2% to the total N that
enters the basin[6]. The perception of these point sources as im-
portant contributors is more credible in the context of the 11% of
the total that these sources contribute as N inputs to the Gulf as
indicated in Table 2. What is key here is that the municipal and
industrial sources, because of location and character, contribute
their flow of N directly to the Gulf with little amelioration due to
transport. The same arguments and controversy surround atmo-
spheric deposition and some other sources. Again, these are much
more important as inputs to the Gulf than as inputs to the basin.
In contrast, while N from legumes is an important input into the
basin, it cannot be identified as a separate significant input into
the Gulf, as it is likely bound in soil systems.

Location is critical not only for its impact on the importance
of different sources but also for its importance in targeting con-
trol strategies. Goolsby et al.[6] show the geographical concen-
tration of N losses within the basin in the Upper Midwest. Much
of this is due to high fertilizer use, the nature of the soil system,
and animal production, but it also includes the large contribution
of the Chicago River from Chicago’s sewage. If one is to spend
resources attempting to reduce N losses, these may be best spent
where loadings are highest.

External influences like weather and response time lags are
additional critical and confounding factors with respect to the
impacts of different sources. Fig. 1 illustrates the importance of

stream flow on N flux. In essence, the amount of N delivered to
the Gulf is also determined by stream flow as a result of chang-
ing rainfall levels. In addition, we have a critical time factor in
terms of the buffering activity of the soil system. A soil system
may well leak continuing and relatively constant amounts of N
for some years after additions of N are reduced or even elimi-
nated. Fig. 2 shows the increase over time of N inputs into the
basin, largely composed of additional N fertilizer. It also illus-
trates the buildup of residual N in the soil system when inputs of
fertilizer N outpaced removals in the 1950s and 1960s. From the
1970s onward, as efficiency of N fertilizer use increased, weather
and changes in crop yield dominated the increasing fluctuations
in residuals.

The time delay and the dependence upon weather make both
economic and policy calculations much more complex[7]. What
we have is not a simple mechanistic relationship in which reduc-
tions in N losses in the basin are direct and proportional to our
actions and the reduction to the N inputs to the Gulf is also cor-
respondingly direct and proportional.

ALTERNATIVE MEASURES TO REDUCE
NITROGEN IN THE GULF

The research on alternative policies for reducing N loads to the
Gulf of Mexico was conducted for the Gulf of Mexico Hypoxia
Assessment managed by the White House Committee on Envi-
ronment and Natural Resources starting in 1998. The effort in-
cluded a series of six interrelated reports examining different
aspects of the hypoxia issue. The economics team evaluated the
social and economic costs and benefits of methods for reducing
nutrient loads to the waters of the basin.

Two basic approaches were taken with respect to N flows
into the Gulf in the hypoxia assessment[8]. One was to reduce
the amount of N reaching the surface waters in the Mississippi
Basin, the other was to reduce the N concentration already in the

FIGURE 1. Annual flux of nitrate and organic N and mean annual stream flow from the Mississippi River Basin to the Gulf of Mexico. From Goolsby et al.[6].
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waters within the basin flowing to the Gulf. Much of the effort
on N load reduction was also focused on N from agriculture.
The information presented in Table 2 on the inputs to the basin
reflects priorities in N reduction. The recommended approaches
that would yield the greatest potential reduction in N losses to
the basin were N management on the farm (900,000 to 1,400,000
metric tons/year), substituting perennial crops for 10% of the
present corn-soybean area (500,000 metric tons/year), and im-
proving management of animal manure (500,000 metric tons/
year)[8]. Creating and restoring 5 to 13 million acres of wetlands
in the basin had a potential for N reduction of 300,000 to 800,000
metric tons/year with a similar reduction possible from the resto-
ration of 19 to 48 million acres of riparian bottomland hardwood
forest. The latter two approaches are interception strategies. Re-
ducing point source N pollution was estimated to have a poten-
tial reduction of 20,000 metric tons/year[6]. The task of the
economic assessment was to assess the cost effectiveness of these
suggested strategies.

Among the specific recommendations for reducing N losses
were changes in the design and operation of Mississippi River
diversions in the Mississippi Delta, restoration of flood-prone
lands in the Upper Mississippi, and tertiary treatment for new
wastewater treatment plants in the basin[8]. Those agricultural
management practices yielding the greatest potential for reduc-
ing N losses were a 20% reduction in fertilizer N application in
the basin combined with other agricultural practices, such as
optimum timing of application, alternative crops, wider spacing
of tile drains, and better management of livestock manure. The
20% reduction in N fertilizer application was to be accompanied
by proper crediting of N for legumes and manure and optimum

timing of fertilizer application. The second measure having ma-
jor impact would be the restoration or creation of 24 million acres
(9.7 million ha) of riparian zones and wetlands to reduce N al-
ready in the surface water[8]. It would be important to strategi-
cally place these in watersheds for most effective N removal.
One important judgment associated with these recommendations
was the conclusion by the assessment team agronomists that N
loss reductions from agriculture in the 20% range could be
achieved with relatively small yield reduction[8]. This magni-
tude of reduction proved to correlate well with the economic
impacts of N loss reductions.

DESIGNING THE ECONOMIC ASSESSMENT

The approach of the economic assessment honored the causality
implied by the N flow and hydrological assessments and focused
on the economics of the methods suggested for reducing N loads
to the waters in the basin. Key to the economic assessment was
the incidence of costs or benefits in actions taken to reduce N
losses[9]. An overall benefit/cost analysis of N reduction was
not performed because of the difficulty of calculating reliable
costs of N damage to the Gulf of Mexico. These costs would in
turn become the benefits of N reduction.[10]. Instead, the focus
of the economic analysis became the identification and analysis
of cost-effective measures to reduce N losses in the basin while
also analyzing the indirect as well as the direct consequences of
such actions. Cost-effective approaches make sense when the
damages are uncertain[7,11,12]. A cost-effectiveness analysis is

FIGURE 2. Annual N inputs and outputs for the Mississippi-Atchafalaya River Basic from all major sources. From Goolsby et al.[6].



973

Doering et al.: Large-Scale Nitrogen Control Decisions TheScientificWorld (2001) 1(S2), 968–975

designed to provide information about the economic trade-offs
associated with different types of actions. Cost-effectiveness
analysis is appropriate when it is impractical or impossible to
calculate the complete value of benefits (in this case, reduction
of damage in the Gulf of Mexico or in stream or watershed ben-
efits in the basin) provided by the alternative actions or poli-
cies[13]. A policy can be considered cost-effective (on the basis
of life-cycle cost analysis of competing alternatives) if it is deter-
mined to have the lowest cost for a given amount of benefit—
however benefit is defined.

To a large extent, the analysis was limited by the tools at
hand. We had the capacity to analyze the production and eco-
nomic impacts of fertilizer reductions and some changes in crop-
ping practices and cropping systems for the Mississippi River
Basin. We had a similar capacity to analyze the creation of wet-
lands. The tools to perform such analysis had been developed by
the Economic Research Service, USDA, for the purpose of ana-
lyzing farm commodity and conservation programs.

Our analytic needs were met by the U.S. Agriculture Sector
Mathematical Programming (USMP) regional agricultural model.
The USMP model is a spatial and market equilibrium model de-
signed for general-purpose economic and policy analysis of the
U.S. agricultural sector[9]. The economic units that can be ana-
lyzed with USMP include products, inputs, geographic areas, and
supply/demand markets. Within the modeling framework, it was
possible to place restrictions on N losses due to fertilizer use. To
represent the economic impacts of increased wetlands, crop acres
were taken out of production. It was not possible to estimate how
field-level reductions in N loss would contribute to reductions in
N loadings directly into the Gulf.

Five different policy scenarios were evaluated:

• Restricting N fertilizer use by 20 and 45%;

• Reducing field N losses by 20, 30, 40, 50, and 60% at the
least cost (by adjusting all inputs, including N fertilizer);

• Restoring 0.4, 2, 4, and 7.3 million ha of wetlands at the
least cost for N filtration;

• Installing 10.9 million ha of streamside buffers; and

• Combining a 20% N fertilizer reduction with 2 million ha of
wetland restoration.

The programming simulation analysis provided the follow-
ing for different N loss constraints or other N loss reducing ac-
tions in agriculture:

• Changes in prices, exports, and net returns to producers

• Changes in crop acres and crop mix

• Changes in nutrient (N and phosphorous [P]) and sediment
loss

• Changes in consumer and producer surplus

The wetlands analysis coupled with the programming simu-
lation provided:

• Restoration and enrollment costs

• Changes in crop acres and crop mix

• Changes in crop prices, exports, and farm net cash returns

• Changes in nutrient (N and P) and sediment losses

• Changes in consumer and producer surplus

DIRECTION AND MAGNITUDE OF RESULTS

As N use was restricted or N losses were controlled, production
declined and agricultural prices increased. For example, a 20%
fertilizer restriction resulted in a 6% increase in corn prices and
a 2% increase in wheat prices. A 40% restriction resulted in a
28% increase in corn prices and a 13% increase in wheat prices.
This is after allowing for adjustments in international trade: de-
creased exports and increased imports. Increasing constraints led
to changed cropping systems and land taken out of production.
Beyond a 40% N loss restriction, net returns to crops in the Corn
Belt began to decline while the U.S. total continued to climb.
Returns to livestock production declined steadily from the outset
due to increased feed prices.

Similar patterns of response occurred with the expansion of
wetlands to reduce N in surface waters. One of the dilemmas of
wetland restoration/creation was targeting. From a technical ef-
ficiency standpoint, one would desire to concentrate wetlands in
areas of high N concentrations in surface water. However, ease-
ment costs for wetlands are the major cost, and as one attempts
to buy easements in a limited geographical area, one quickly ab-
sorbs the less valuable land and ends up bidding for higher priced
land. This fact sets the technical goals against the economic ones
and limits the extent to which targeted geographical concentra-
tion of wetlands is economically feasible.

One of the striking results was the divergence of impacts
within the basin and outside the basin. Restriction to crop pro-
duction within the basin (where the bulk of the major commodi-
ties is grown) increased prices and thus encouraged greater
intensity of fertilizer use and increased production outside the
basin where N losses increased. Increasing N restrictions also
resulted in reduced P loss within the basin and increased loss
outside the basin. However, since the bulk of the production is in
the basin, net U.S. P losses decreased—as was the case with N
losses and soil erosion as well. Increases in N and P loss outside
the basin could result in water quality degradation there. This is
an unintended consequence of a policy to reduce N in the basin
that should be considered in considering alternative policy ap-
proaches.

Whatever major approach was taken to reduce N losses to
the Gulf, costs increased at an increasing rate as any single
approach was pushed toward its limit. As Fig. 3 illustrates, ex-
cept for a very limited wetland program (in which the least
expensive land was utilized), a program of reducing overall
N losses on the farm was the most cost effective. Straightforward
N fertilizer restrictions were not as cost effective because they
limit the flexibility of producers. The logic of this is that pro-
grams for the former resulted in management attempting to opti-
mize income while achieving a N loss reduction through a variety
of measures like changing crop mix, tillage practices, and land
use and using less fertilizer. For the last measure, the N fertilizer
restriction, the management goal is to profit in spite of the direct
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N restriction, whether the resulting action reduces N losses or
not.

A critical decision factor between the two agricultural N strat-
egies would be getting either one to operate successfully. Few
consider the cost of enforcing an absolute N restriction, and the
cost can be high. On the other hand, an extensive and costly edu-
cation and incentive program would be necessary to achieve high
levels of participation in efforts to manage production to achieve
given reductions in N losses.

The trade-off between restoring wetlands and reducing N
losses at the source may not be as clear-cut as the cost compari-
son indicates. Limited wetland restoration (0.4 million ha) at low
cost has negative overall costs because of the associated envi-
ronmental benefits (such as enhanced wildlife habitat). So, some
amount of wetland restoration makes sense. However, the land
costs climb as one analyzes programs of 2, 4, and 7.3 million ha,
respectively. This is an instance in which uncertainties in what is
known about the effectiveness of different N loss reducing ef-
forts, uncertainty in the benefits of each approach, and uncer-
tainty about cost argue for a program that does some of each at a
modest level.

CONCLUSIONS AND RECOMMENDATIONS

The economic analysis did not yield results with a level of confi-
dence that would have allowed calculation of optimal solutions,
given the biophysical, cost, and benefit uncertainties. The analy-
sis also demonstrated the complexity of direct and indirect im-
pacts that would cast doubt on any attempt to identify a particular
policy or goal as “optimal.” However, the economic results did

yield parameters within which cost-effective alternatives might
be compared and a “superior” policy crafted. Some of these are:

• Marginal costs of N loss control increase as one measure or
action is increasingly applied.

• Given what we understand and had to assume about the
technical efficacy of different actions, a program goal of
reducing N losses at the source appeared to be more cost
effective.

• Very modest wetland reclamation was also cost effective,
but with similar caveats.

• Economic impacts of N loss reductions on farmers and
consumers and the shifts in out-of-basin behavior of
agricultural producers are moderate with control up to the
20 to 30% N loss reduction level. For farmers, this level of
control results in levels of price fluctuations and acreage
and crop shifts within their previous experience driven by
other factors over the preceding decade.

However, from what we know about the science, we cannot
be certain that a given reduction in N losses would result in a
given reduction of the hypoxic zone in the Gulf of Mexico. Un-
certainty about the degree and timing of reductions in the hy-
poxic zone given improved management on cropland, uncertainty
about the benefits of reduced hypoxia, sharply increasing mar-
ginal costs and impacts to the agriculture sector, and lack of knowl-
edge about program costs suggest moderation is prudent.

The public may be concerned with environmental risk as
well as with actual damage. It may be difficult to demonstrate to
the public what damage there is today due to the current N

FIGURE 3. Agricultural sector adjustment costs per unit N reduction (net of intrabasin benefits, by control method). From Doering et al.[9].
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levels. Nevertheless, the public may not want the Gulf to dete-
riorate further. If risk of environmental degradation is a major
concern, a different approach may be warranted. In such a situa-
tion, the risk concern may be met by modest reductions in N
losses to the Gulf while carefully monitoring the Gulf on the one
hand and learning more about the efficacy of N loss reduction
efforts on the other (also known as adaptive management)[14].

The economic analysis gives guidance for crafting such a
strategy. The analysis indicates that we can reduce N losses from
agriculture in the 20% range through either nutrient restrictions
or programs aimed at reducing N losses. We can also restore a
modest number of acres of wetlands, 1 to 2 million, in a cost-
effective manner. The strategies combined would not greatly af-
fect farm prices or consumer food costs in comparison with other
events in the past that have done so. However, some farms would
face higher costs of following a program than others, and the
specific incidence of this is unknown. For example, farms on
marginal soils or in drier areas may have limited flexibility in
trying to meet N-reduction goals. We also do not know the full
cost of the programs themselves, be they wetlands restorations,
N restrictions, or N loss reductions requiring incentives.

A moderate and mixed approach buys important benefits
beyond the risk insurance that the problem is unlikely to get worse
and may improve. We learn the costs of the programs and the
associated benefits within the basin. We learn more about the
timing delay of amelioration and the impacts of weather. We learn,
over time, about the relationship between a given reduction in N
losses and conditions in the Gulf. The critical component of this
approach is monitoring. Continuous monitoring over a long pe-
riod of time, something like 10 years, would be essential to learn
what we need to know to determine better the efficacy and cost
of reducing N losses further. If we are unwilling to make the
commitment to monitoring and assessment, much of the benefit
of understanding required for cost-effective approaches to re-
ducing N losses will be missed. We should be able to reduce risk
through decisions bounded by economic analysis of relative
magnitudes and hold environmental degradation in check while
we do so.

REFERENCES

1. Ferber, D. (2001) Keeping the stygian waters at bay. Science 291,
968–973.

2. Snyder, C., Howarth, R., Winstanley, D., and Ferber, D. (2001)
Compass. Science 292, 1485–1486.

3. Carey, A., Pennock, J., Lehrter, J., Lyons, W., Schroeder, W., and
Bonzongo, J.-C. (1999) The Role of the Mississippi River in Gulf
of Mexico Hypoxia. Report 70. University of Alabama Environ-
mental Institute, Tuscaloosa, AL. 150 pp.

4. Rabalais, N.N., Turner, R.E., Justic, D., Dortch, Q., Wiseman,
W.J., and Gupta, B.K.S. (1996) Nutrient changes in the Missis-
sippi River and system responses on the adjacent continental shelf.
Estuaries 19, 386–407.

5. Rabalais, N.N., Turner, R.E., and Wiseman, W.J., Jr. (1997) Hy-
poxia in the Northern Gulf of Mexico: Past, Present and Future.
In Proceedings of the First Gulf of Mexico Hypoxia Manage-

ment Conference. EPA-55-R-97-001. U.S. Environmental Pro-
tection Agency, Washington, D.C. p. 25–40.

6. Goolsby, D., Battaglin,W., Lawrence, G., Artz., R., Aulenbach,
B., Hooper, R., Keeney, D., and Stensland, G. (1999) Flux and
Sources of Nutrients in the Mississippi-Atchafalaya River Ba-
sin. NOAA Coastal Ocean Program Decision Analysis Series No.
17. National Oceanic and Atmospheric Administration, Wash-
ington, D.C. 130 pp.

7. Ribaudo, M.O., Horan, R.D., and Smith, M.E. (1999) Econom-
ics of Water Quality Protection from Nonpoint Sources: Theory
and Practice. AER-782. Economic Research Service, U.S. De-
partment of Agriculture, Washington, D.C. 106 pp.

8. Mitsch, W., Day, J., Jr., Gilliam, W., Groffman, P., Hey, D.,
Randall, G., and Wang, N. (1999) Reducing Nutrient Loads, Es-
pecially Nitrate-Nitrogen, to Surface Water, Ground Water, and
the Gulf of Mexico. NOAA Coastal Ocean Program Decision
Analysis Series No. 19. National Oceanic and Atmospheric Ad-
ministration, Washington, D.C. 111 pp.

9. Doering, O., Diaz-Hermelo, F., Howard, C., Heimlich, R.,
Hitzhusen, F., Kazmierczak, R., Lee, J., Libby, L., Milon, W.,
Prato, T., and Ribaudo, M. (1999) Evaluation of the Economic
Costs and Benefits of Methods for reducing Nutrient Loads to
the Gulf of Mexico. NOAA Coastal Ocean Program Decision
Analysis Series No. 20. National Oceanic and Atmospheric Ad-
ministration, Washington, D.C. 115 pp.

10. Diaz, R. and Solow, A. (1999) Ecological and Economic Conse-
quences of Hypoxia. NOAA Coastal Ocean Program Decision
Analysis Series No. 16. National Oceanic and Atmospheric Ad-
ministration, Washington, D.C. 45 pp.

11. Shortle, J. (1987) Allocative implications of comparisons between
the marginal costs of point and non-point source pollution abate-
ment. Northeast J. Agric. Resour. Econ. 16, 17–23.

12. Shortle, J. (1990) The allocative efficiency implications of water
pollution abatement cost comparisons. Water Resour. Res. 26,
793–797.

13. Office of Management and Budget (1992) Guidelines and
Discount Rates for Benefit-Cost Analysis of Federal Programs.
OMB Circular No. A-94 revised. Accessed at http://www.
whitehouse.gov/HW/EOP/OMB/html/circulars/a094/a094.html.

14. Committee on Environment and Natural Resources (2000) Inte-
grated Assessment of Hypoxia in the Northern Gulf of Mexico.
National Science and Technology Council, Washington, D.C.
58 pp.

This article should be referenced as follows:

Doering, O.C., Ribaudo, M., Diaz-Hermelo, F., Heimlich, R., Hitzhusen,
F., Howard, C., Kazmierczak, R., Lee, J., Libby, L., Milon, W., Peters,
M., and Prato, A. (2001) Economic analysis as a basis for large-scale
nitrogen control decisions: reducing nitrogen loads to the Gulf of
Mexico. In Optimizing Nitrogen Management in Food and Energy
Production and Environmental Protection: Proceedings of the 2nd
International Nitrogen Conference on Science and Policy.
TheScientificWorld 1(S2), 968–975.

Received: July 18, 2001
Revised: September 26, 2001
Accepted: October 3, 2001
Published: October 23, 2001


