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Abstract. The human induced input of reactive N into the global biosphere has increased to
approximately 150 Tg N each year and is expected to continue to increase for the foreseeable
future. The need to feed (∼125 Tg N) and to provide energy (∼25 Tg N) for the growing
world population drives this trend. This increase in reactive N comes at, in some instances,
significant costs to society through increased emissions of NOx, NH3, N2O and NO−3 and
deposition of NOy and NHx.

In the atmosphere, increases in tropospheric ozone and acid deposition (NOy and NHx)
have led to acidification of aquatic and soil systems and to reductions in forest and crop
system production. Changes in aquatic systems as a result of nitrate leaching have led to
decreased drinking water quality, eutrophication, hypoxia and decreases in aquatic plant diver-
sity, for example. On the other hand, increased deposition of biologically available N may
have increased forest biomass production and may have contributed to increased storage of
atmospheric CO2 in plant and soils. Most importantly, synthetic production of fertilizer N has
contributed greatly to the remarkable increase in food production that has taken place during
the past 50 years.

The development of policy to control unwanted reactive N release is difficult because
much of the reactive N release is related to food and energy production and reactive N species
can be transported great distances in the atmosphere and in aquatic systems. There are many
possibilities for limiting reactive N emissions from fuel combustion, and in fact, great strides
have been made during the past decades. Reducing the introduction of new reactive N and
in curtailing the movement of this N in food production is even more difficult. The partic-
ular problem comes from the fact that most of the N that is introduced into the global food
production system is not converted into usable product, but rather reenters the biosphere as a
surplus. Global policy on N in agriculture is difficult because many countries need to increase
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food production to raise nutritional levels or to keep up with population growth, which may
require increased use of N fertilizers. Although N cycling occurs at regional and global scales,
policies are implemented and enforced at the national or provincial/state levels. Multinational
efforts to control N loss to the environment are surely needed, but these efforts will require
commitments from individual countries and the policy-makers within those countries.

Introduction

This paper provides a view of some of the complexities of release of newly
fixed, reactive nitrogen and national and international environmental policy.
To introduce the topic we briefly discuss some of the issues related to human-
induced changes to the nitrogen cycle and how these changes relate to policy
issues. We first look at some of the main concerns that result from introduc-
tion of reactive N into the biosphere through food production and fossil fuel
consumption. We discuss some of the changes in N use distribution globally
and the impact on reactive N production of changes in human diet. We also
explore how the decoupling of cereal grain and livestock production systems
contribute to increased reactive N production and changes in regional and
global redistribution of reactive N. In the final section we discuss policy
approaches related to N use in agriculture and in fossil fuel consumption.

Characteristics of change in the nitrogen cycle

Nitrogen regulates numerous essential ecological and biogeochemical
processes, including species composition, diversity, population growth and
dynamics, productivity, decomposition, atmospheric chemistry, and nutrient
cycling of many terrestrial, freshwater, and marine ecosystems. While human
activities have altered the N cycle in a number of ways, the most fundamental
change is the dramatic increase in biologically available N, also termed
‘reactive N’. Human activities have more than doubled the rate of transfer
of N from the highly abundant but biologically unavailable form di-nitrogen
(N2) in the atmosphere to available forms such as ammonium (NH+

4 ), nitrite
(NO−2 ), and nitrate (NO−3 ) in the biosphere (Smil 1999; Vitousek et al. 1997;
Galloway et al. 1995; Vitousek & Matson 1993).

Prior to extensive human alteration, the primary pathways for transfer
from inert to available forms of N were biological N fixation by specialized
bacteria (accounting for around 100 Tg y−1 in terrestrial ecosystems and
30–300 Tg y−1 in marine systems) and lightning fixation (accounting for
up to 10 Tg y−1) (Vitousek et al. 1997). A number of anthropogenic path-
ways have now more than doubled the amount of reactive N coming into the
biosphere each year. These pathways include industrial fixation of N for use
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Figure 1. An estimate of global N fixation for 1961–1995 (FAO 1999; Galloway et al. 1995).

as fertilizers, cultivation of crops that fix N symbiotically, and mobilization
and fixation during fossil fuel combustion, and have been the subject of a
number of thorough reviews (e.g., Smil 1990, 1991, 1999; Vitousek & Matson
1993; Ayers et al. 1994; Galloway et al. 1995; Vitousek et al. 1997).

Current industrial fixation of N for fertilizer is approximately 85 Tg y−1,
a dramatic increase since 1961 (Figure 1). Until the late 1970s, most of the
industrial N fertilizer was applied in developed countries, but use there has
stabilized or declined while it has increased in developing countries (Figure
3). Animal manure and other organic residues are also used as fertilizer in
crop production world-wide, and account for more N application than does
industrial fertilizer (Bouwman 1997). Manure and organic residues represent
recycling of already fixed N rather than new fixation of N; nevertheless, their
management can have significant effects on the mobility of N and contribute
to alterations in biospheric processes due to N use in human activities.

In addition to the use of fertilizers, agriculture has increased available
N via the production of leguminous crops. Leguminous crops and forages,
such as soybeans and alfalfa, support symbiotic N-fixing organisms, and their
fixation rates typically far outstrip rates found in the natural systems that the
crops replaced. Galloway et al. (1995) estimate that between 32 and 53 Tg N
is fixed by crops annually.
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The third major anthropogenic source of available N is via the burning
of fossil fuels. Fossil fuel combustion inadvertently oxidizes atmospheric
N2 and also transfers some small amount of N from geologic reservoirs to
available forms. Approximately 21 Tg N y−1 is converted to nitrogen oxides,
which then react in the atmosphere and/or deposit to downwind ecosystems
in gaseous, solution or particulate forms (Delmas et al. 1997).

Altogether, human activities cause the fixation of approximately 150 Tg
N y−1 in terrestrial ecosystems, equivalent to biological N fixation by non-
anthropogenic processes on land. In addition, land clearing, biomass burning,
and drainage of wetlands all contribute substantially to the mobility of N in
the biosphere, leading to reductions in long-term storage of N in soil organic
matter and vegetation, and increasing fluxes to air and water.

These changes in available N, caused both directly and indirectly by
human activities, affect the biosphere in many ways. They are associated
with increased emission, transport, and deposition of a number of trace gases,
including nitric oxide (NO) and ammonia (NH3), both involved in air chem-
istry and downwind deposition, and nitrous oxide (N2O), a greenhouse gas.
Anthropogenic activities contribute significantly to all three of these gases.
Deposition of nitrogen oxides, ammonia, organic N compounds, and other
forms of N have consequences for downwind terrestrial and aquatic ecosys-
tems, and may lead to increased production and decomposition, changes
in species composition and biodiversity, and ultimately N saturation, with
declining production and C storage and accelerated N losses (Aber et al. 1995,
1998; Galloway et al. 1995; Vitousek et al. 1997).

These anthropogenic changes also have led to major increases in N loading
of aquatic systems over time. For example, nitrate concentrations in major
rivers of the northeastern US have increased 3- to 10-fold since the early
20th century. Howarth et al. (1996) suggest that total riverine fluxes from
most of the temperate zone land systems surrounding the North Atlantic have
increased 2- to 20-fold since pre-industrial times. These elevated nitrogen
concentrations and fluxes hold human health concerns due to pollution of
drinking water, and also affect downstream ecosystems through acidification
and eutrophication (Vitousek et al. 1997).

Considerations for policy development

Clearly, the dramatic changes in the global N cycle outlined above hold
significant consequences for the way the Earth system functions. Increased
nitrogen availability at the global scale has affected and will continue to
affect terrestrial and aquatic systems alike. Some of those consequences are
playing out as air (ozone formation due to NOx emissions from soils) and
water pollution problems (enrichment in nitrate from leaching and runoff
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from cropped field and domestic lawns) at local scales; others are reflected in
regional changes in net primary production and eutrophication; still others are
global in scale. As the source of multi-dimensional environmental problems,
global change in the N cycle is drawing interest among managers and policy
makers. There are, however, a number of characteristics and dynamics of this
change that make the problems stemming from global change in N especially
difficult to solve.

The first and most central characteristic to be considered in policy devel-
opment is the fact that N use is closely tied to essential human endeavors
such as the provision of food and energy. Fertilizer use has been an essential
component of the Green Revolution, the set of technologies that dramati-
cally increased food production in developing countries during the period
between 1960 and 1980. Many areas of the world still do not use enough
fertilizer to maximize crop yields, and most analysts suggest that fertilizer
use will continue to grow as food production does, in order to keep pace
with a still-rapidly increasing human population. Use of N for agriculture,
whether in the form of synthetic or organic fertilizer, is not substitutable, and
straightforward technological changes are unlikely to provide a replacement.
Plants will always require a relatively large amount of N to carry out their
photosynthetic processes, and one key to maintaining adequate food supplies
will be supplying plants with adequate N (Matson et al. 1997). This charac-
teristic sets fertilizer N apart from those environmental problems that can
be solved by technological substitutions; for example, chlorofluorocarbon
(CFC)-caused reduction in stratospheric ozone is being dealt with effec-
tively by substituting non-ozone depleting chemicals in the myriad industrial
processes that in the past relied on CFCs.

Global change in the N cycle is also linked to the use of fossil fuel energy,
and thus is likely to increase dramatically over the next several decades,
unless there is a concerted effort to control fossil fuel consumption. Galloway
et al. (1994) suggest that the production of NOx from fossil fuels will double
over the next several decades, reaching approximately 46 Tg y−1 by 2020.
In this case, technological change that either increases efficiency of fuel
combustion or removes nitrogen oxides from the exhaust stream could reduce
the total amount of N emitted, but complete solutions are closely linked to the
development of non-polluting alternative energy sources.

The second characteristic of N that is critical to policy making is the
fact that N is a highly mobile element – as one publication pointed out,
it seems to ‘hopscotch’ around the globe (Galloway et al. 1995), moving
through air and water, across political and geographical boundaries. As a
result, sources and sinks (or cause and effect) are often widely separated.
Thus, eutrophication in the Gulf of Mexico is linked to fertilizer use in the
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Mississippi Valley (Downing et al. 1999), and N deposition and acid rain in
Scandinavia are linked to fossil fuel burning and agriculture in nations to the
south (Abrahamsen & Stuanes 1998). One consequence of this mobility is
that policies to solve environmental problems associated with it must often
be multi-national in scale.

Finally, a third characteristic of N that affects policy making and manage-
ment approaches is the fact that changes in N are interactive with other global
changes. To completely understand the effects of N additions to ecosys-
tems, one must understand how those additions interact with elevated CO2,
with land use change, with biological invasions, and with other biogeochem-
ical changes. For example, attributing forest dieback to N deposition alone
has been quite difficult, because many forests are also being subjected to
increased exposure to tropospheric ozone. Likewise, attributing increased
forest growth to N deposition is complicated by the fact that climate change
and elevated CO2 are happening simultaneously. No policies to date are
comprehensive enough to address the multiple and interacting changes that
are occurring globally.

Nitrogen use in food production

Trends in fertilizer use and food production

Since 1950, N input into global crop production has greatly increased as have
crop production and human population. In 1950 synthetic fertilizer N input
comprised∼7% of total N input of∼56 Tg N. In 1996 synthetic N input
was∼43% of the total N input (including biological N-fixation in crops) of
190 Tg for global crop production (FAO 1999; IPCC 1997). Animal waste
used as fertilizer was an estimated 37 Tg in 1950 compared to∼65 Tg N
in 1996. Globally, synthetic fertilizer N consumption is expected to grow
relatively constantly at the rate of 1.6 Tg N y−1 between 2000 and 2020
(Bumb & Baanante 1996). In 1961 FAO began compiling world population,
crop production and fertilizer use statistics (FAO 1999) and since that time
global human population increased from∼3.1 billion to∼5.8 billion in 1996
(a 1.9 fold increase and an annual growth rate of∼2.5% y−1 using 1961
as the base time) (Figure 2). During this time world cereal grain production
increased from∼880 Tg to∼2070 Tg, a 2.5 fold increase representing an
annual gain of over 4.1% y−1. Synthetic fertilizer N consumption increased
from 11.6 Tg to almost 83 Tg in 1996. This 7.1-fold increase in fertilizer N
use was the result of very rapid expansion in use between 1961 and 1980 (an
annual increase of∼22%).
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Figure 2. World human population, grain production, N-fertilizer consumption and cattle
population (FAO 1999).

The continued increase in food production globally over the past 35 years
has been remarkable. Particularly, since land area used to produce grain
decreased from 0.2 to 0.12 ha per person between 1965 and 1994 while global
grain production per person increased 16%. Agricultural production increase
has come through the use of new crop varieties which need increased N-
fertilization, pesticide use, irrigation and mechanization. About 40% of the
large annual increase in crop production during this 35-y period is attributed
to the increase in use of synthetic fertilizer N (Brown 1999).

Even though agricultural production has increased dramatically, fertilizer
N use efficiency remains relatively low. Crops typically take up only 40–
50% of the total organic and inorganic N added during each cropping season
(Bleken & Bakken 1997; NRC 1993; Olsthoorn & Fong 1998). Since fertil-
izer N is not used efficiently in most parts of the world, N use in excess of
crop requirements leads to losses to the environment through volatilization
and leaching. Improved efficiency of fertilizer use can be attained, at least
in part, through improved management, using current technology, to reduce
N input into cropping systems without decreasing production (Peoples et al.
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1995; Cole et al. 1996; De Jager et al. 1998; Hendriks et al. 1998; Matson et
al. 1998; Mosier et al. 1998; Downing et al. 1999)

Shifts in global use of fertilizer N and crop production

The need for continued improvement in management of N in crop production
is further enhanced by the changes in the global distribution of N-fertilizer use
in the past few decades. Management techniques may or may not be appli-
cable to the vast array of crop production systems in use globally, since much
of the research on fertilizer N management techniques has been conducted
in the developed part of the world. According to the FAO terminology of
developed and developing countries (FAO 1999), fertilizer N use and grain
production have declined in developed countries since 1985 (Figure 3). Fertil-
izer N consumption peaked in the developed part of the world in 1985 at
38.5 Tg and dropped to 28 Tg in 1994. The data are not shown here, but a
close look at the use of N in developed countries shows that the decrease
is due mainly to lower consumption in Eastern Europe and the former Soviet
Union (FAO 1999). Since 1995 N use in North America and other parts of the
developed world began to increase again. In the developing part of the world
both grain production and N-fertilizer use have continued to increase at near
linear rates over the past three decades. Cereal grain production increased
from ∼400 in 1961 to∼1200 Tg in 1996 while fertilizer N consumption
increased from 2.2 to∼53 Tg (a 24 fold increase). On a per capita basis
fertilizer N use in the developing world increased from∼1.1 kg N y−1 per
person in 1961 to 11.6 kg N y−1 per person in 1996. During the same period
human population in the developing world increased from∼2.1 billion to
∼4.6 billion.

Human population in the developed world increased from 0.98 to 1.29
billion while grain production increased from 481 in 1961 to 913 Tg in 1990.
In 1996, 1997 and 1998 developed country grain production was 867, 906
and 856 Tg, respectively (FAO 1999). On a per capita basis fertilizer N use in
the developed part of the world was 9.6 and 23.3 kg N y−1 in 1961 and 1996,
respectively.

Increases in N loss resulting from changes in human diet and food
production systems

Increased N demand due to changes in human diet

Along with increasing fertilizer N use, continued high intake of animal
protein in developed countries and changes in the diet of people in developing
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Figure 3. Distribution of N fertilizer use, grain production and human population in developed
and developing parts of the world (FAO 1999).

countries will likely lead to greater N losses from global food production in
the future. The first aspect of changes in food production concerns increasing
meat consumption by people globally and resulting need for increased N
input into food production (Figures 3, 4, 5 & 6).

In the developed part of the world total meat and cereal grain production
were high in 1980 and have increased slightly since that time (Figures 3 &
4). In contrast, in the developing world, total meat production increased from
∼40 Tg in 1980 to more than 110 Tg in 1998 (Figure 4). Grain production
increased from∼800 to∼1200 Tg during this time (Figure 3). Improved
economic conditions, particularly in East Asia, appear to have stimulated
meat consumption at a rate greater than population increase (Figures 3 &
4). Even with the very rapid increase in meat production in the last decade,
per capita protein consumption in the developing world remains much lower
than in developed countries. Badiane and Delgado (1995) note that increased
animal production may be necessary in countries that are poor and have a
large rural population, as in Sub-Saharan Africa, to meet food needs and for
the economic development of the country.
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Figure 4. Changes in meat production since 1961 in developed and developing countries (FAO
1999).

The average protein supply per person in the developed countries is
presently∼100 g d−1, while in the developing countries it is only∼65 g d−1

(Figure 5). Protein is used because there is a direct proportionality between
protein and nitrogen composition of food (ca 0.16 g N per 1 g protein). On
average in 1995, developed countries consumed∼55% of total protein from
animal sources while developing countries derived∼25% of total protein
from animals (Figures 5 & 6). Protein consumption was highest in the USA
and Western Europe,∼70 and∼60 g animal protein person−1 d, respectively.
Protein consumption in the Former USSR declined markedly during the past
decade, mainly due to the decrease in animal protein. In developing countries,
the greatest change in animal protein consumption has occurred in China
where the consumption of meat products has increased 3.2 fold since 1980.
In Sub-Saharan Africa there has been no increase in either total or animal
protein supply during the past 30+ years (Figures 5 & 6).

The reason for focusing on the consumption of animal protein is that more
N is needed to produce a unit of animal protein than an equal amount of plant
protein. This implies greater N loss from the soil than if crops were used
directly as human food. Using information from Western Europe, Bleken and
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Figure 5. Human consumption of total protein in various parts of the world (FAO 1999).

Figure 6. Human consumption of animal protein in various parts of the world (FAO 1999).
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Figure 7. A diagram of flow of reactive N from application to soil through intermediary plant
and animal products to produce a unit of edible protein N. The numbers indicate of amount of
N. One g N corresponds to∼6.25 g protein,∼35 g meat,∼200 g milk or∼50 g wheat flour
(Bleken & Bakken 1997).

Bakken (1997) found that about 3 g N must be supplied to the soil (sum of
fertilizer, biological fixation and atmospheric deposition) to produce wheat
flour containing 1 g N (∼6.3 g protein). In order to obtain an equal amount of
animal protein (weighted average of milk and several kinds of meat) the soil
must receive 21 g N. Taking into account recycling of manure and recycling
of animal products as feed, the net external N input to the agricultural system
necessary to produce this amount of edible animal proteins is∼16 g N (Figure
7). This is more than five times the requirement for production of vegetable
protein. This illustrates the fact that even though part of the N in animal
feed can be recycled for fertilizer in crop production as animal manure,
large losses occur from volatilization of NH3 and from nitrate leaching and
runoff and N2O emissions following mineralization. Based upon the extra N
required to produce animal protein (Figure 7), continued high animal protein
consumption in developed countries and changes to animal protein-based diet
in developing countries will likely increase N input and N losses into food
production.

Moderating this increase by decreasing the average amount of animal
protein consumed in developed countries is one mechanism of limiting
part of the expected increased N requirement in food production. Bleken
(1997) analyzed the relation between human diet and global N need for food
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production. Her analysis indicates that the total N input for diets with high
animal protein intake is almost twice as high as the N needed for diets of
moderate animal protein. Her analysis was based on a historical development
of food consumption for different countries based on FAO (1999) data. One
example of a country with a good food supply and moderate consumption
of animal protein is Italy in 1963. At that time food supply was adequate
to ensure sufficient nutrition to all groups of society (Bleken 1997). Total
protein consumption was 85 g per capita d−1, and consumption of animal
protein was 32 g. This is considerably lower than the present average of
the developed countries, and yet much higher than the average of developing
countries. Another example is Japan, where animal protein consumption has
traditionally been low, although it has increased from 25 g in 1963 to 54 g
animal protein per capita d−1 in 1995. In the same period the total protein
consumption has increased from 73 g to 96 per capita d−1.

Increases in N loss due to the decoupling of livestock and crop production

The increase in consumption of animal products worldwide has been accom-
panied by an intensification of animal production in limited regions. This
production localization is generating a second important contribution to
increased N loss that results from the disassociation of crop and livestock
production. In some European countries livestock feed is imported from other
continents (Bouwman & Booij 1998). This spatial intensification of livestock
production has caused a high concentration of animal manure on little land,
with the consequence that manure has been regarded as waste rather than as
a plant nutrient resource.

The relationship of livestock and crop production in the U.S. is an example
where the dietary consumption of meat has been at a relatively high level
for many decades. As a result of domestic consumption and exports, U.S.
livestock production has historically been a large part of U.S. agricultural
production. Meat production in the U.S. (beef, pork, poultry, lamb etc.)
increased from about 90 kg/person in 1963 to about 125 in 1995 (FAO 1999).
During this time there has been a shift in the location of U.S. livestock
production, mainly to the Southern and Atlantic states from the Midwest and
Great Plains. Much of this shift in resulting N deposition can be attributed to
the increase in poultry and hog production in the South and Atlantic coastal
sections of the country. There were increases in livestock production of 140%
in the North Atlantic region, 270% in the South Atlantic region, 160% in
the Midsouth and 140% in the Southern Plains from 1963 to 1995. At the
same time livestock production decreased 40% in the Midwest and 30% in the
Northern Plains where more than 70% of U.S. maize and wheat is produced
(USDA 1997).
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Table 1. Nitrogen balance sheet for global agriculture in 1994 (Van der
Hoek 1998).

N input Tg N Products Tg N

Fertilizer 74 Animal 12

N-fixation 50 Crops 40

Feeds 10 Surplus1 90

Unaccounted 10

Total 140 Total 140

1 Surplus is defined as the difference between input and output in
animal or crop products.

Because of the centralization of livestock production into regions that
produce relatively little animal feed, the area of crop production located in
close proximity to the intensive animal production systems are not adequate
to carry the animal waste input load. This disassociation between animal and
crop production generates transportation costs for the manure that are greater
than the N or other nutrient value of the waste (NRC 1993). Of the∼11
Tg N in animal waste excreted in the U.S. in 1990, an estimated 34% was
returned to cropped fields for use as fertilizer (NRC 1993). The remainder
of the N is stored in lagoons or solid piles (Smil 1999) or distributed else-
where partly through NH3 volatilization (an estimated 25% of N excreted in
an open cattle feedlot is directly volatilized as NH3) (Hutchinson & Viets
1969) surface runoff, leaching and wind erosion. Most of the volatilized
NH3 is deposited near the feedlot but significant amounts can be converted
to aerosols and transported 1000+ km (Ferm 1998). Much of the remaining
‘unused’ N eventually finds its way into ground and surface waters (Downing
et al. 1999).

Van der Hoek (1998) estimated that 63% of the annual N input into food
production was not converted into usable product. This ‘surplus N’, defined
as the difference between input and output, is either lost to the environment
or accumulates in the soil (Table 1).

Increased N loss resulting from changes in crop production techniques

Traditionally, crop production, animal production and human consumption
were closely linked geographically in many parts of the world. Countries,
such as China, have long histories of intensive human and animal food
production that was conducted such that livestock and human wastes were
returned to the field. This practice kept the N cycle more tightly linked within
the food production system, thus minimizing N losses and maintaining soil
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fertility. In the past few decades the increased demand placed on food produc-
tion from growing human populations coupled with increased consumption
of animal protein has led to significant changes in crop production systems.
N input into crop production from synthetic fertilizer has increased while
N from animal waste has become relatively less important. This aspect is
important for P and K and minor nutrient supply and maintaining soil organic
matter (Zhu 1998a).

An important example is the current trend of livestock production in
China where, based on data from each Province (Almanac of Agriculture in
China 1982, 1997), the ratio of animal production (number of cattle + pigs +
sheep) to that of cereal grain (rice + maize + wheat) produced increased from
0.82 to 1.58 between 1981 and 1996. Thus animal production was increasing
more rapidly than cereal grain production. Even though livestock production
is increasing, utilization of animal manures for fertilizers appears to be on
the decline. To illustrate this point we use two examples from China. The
first example is highlighted in Box 1 where changes in N management by
Chinese villages in the Tai Lake region of China are documented.

Jiangsu Province example.The second example comes from Changshu in
Jiangsu Province (Figure 8). Manure N input decreased from 50 to 20 kg N
ha−1 between 1986 and 1997 while synthetic fertilizer N input increased from
113 to 274 kg N ha−1. Total N input increased from 160 to 290 kg N ha−1, an
80% increase while total grain yield ha−1 increased only 8%. Within Jiangsu
Province between 1981 and 1996, the number of cattle, pigs and sheep sold
increased by 83, 50 and 595%, respectively (Almanac for Agriculture of
China 1982, 1997). With less manure N being used for crop production and
more livestock being grown, where is the increased animal waste N going? A
nutrient budget analysis of a large watershed in Southeastern China by Yan et
al. (1998) suggests that much of the excess N is moving into aquatic systems.
The nitrate content in the water of rivers and lakes in regions that have high
N input and high crop production and has increased several fold during last
10 years (Zhu 1998a; Zhuang et al. 1995), due to the high losses of N from
croplands (Zhu 1997, 1998b; Li et al. 1998).

Options for limiting N input into crop production

It is clear from many reports that when fertilizer N is applied in an amount
needed by the crop for near optimum production, and at the time that the
plants use the N, that N losses are relatively small. As an example, Broadbent
and Carlton (1978) conducted a 3-year series of fertilizer N utilization trials in
irrigated maize using15N-depleted ammonium sulfate fertilizer. Their study
on a sandy loam soil in central California was supplemented with leaching,
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Since 1949, fertilizer N inputs have increased more than five-fold in the densely populated
alluvial flood plain of the Tai Lake Region. For centuries, farmers used less than 100 kg N
ha−1 y−1 from legume green manure, canal sediments, manure and crop residues to sustain
4 mg ha−1 rice yields in their N-limited rice/wheat double cropping systems (Ellis & Wang
1997). Starting in the 1960s, synthetic N applications began to intensify, pushing paddy fertil-
izer inputs to nearly 500 kg N ha−1 y−1 by the late 1980s, doubling rice yields in support
of doubled human populations. Over the same period, nitrate pollution and eutrophication
became common (Ma 1997). By integrating household and landscape data collected on-site
from 1993 to 1996 with historical data from reference materials and village elder interviews,
the long-term impacts of these developments are being reconstructed in a typical floodplain
village of the region. This village-scale analysis helps identify both the sources of large-scale
environmental problems and pathways toward their solution. (Ellis et al. 2000a; Ellis et al.
2000b).

Synthetic N increased from 0% of paddy fertilizer N in 1930 to more than 80% in 1994,
displacing traditional organic inputs and altering N storage and cycling. When communal
agriculture ended in 1982, synthetic N replaced the traditional labor-intensive practice of
harvesting canal sediments for fertilizer. Short of a political intervention, these unharvested
sediments will completely fill most village canals within 25 years, increasing flood risk and
impeding irrigation and transport. Another traditional fertilizer, nightsoil (human manure),
was applied mostly to paddy land in the past, at rates rarely exceeding 40 kg N ha−1 y−1.
Now, to save labor, most nightsoil is applied to small upland plots near houses at rates greater
than 200 kg N ha−1 y−1, transforming an essential fertilizer into an excess nutrient source
in the drier areas of the village most susceptible to nitrate leaching. Overall, changes in N
management and land use have increased N storage in village soil and sediment by about 25%
from 1930 to 1994, or by 1.4 mg N ha−1 on average. Accumulation in sediment accounts for
about half of the N buildup, with the remainder due to a 20% increase in agricultural soil N
concentration caused by the intensive use of N fertilizers.

Sustaining high yields is critical for village food security. Paddy land availability, already
low in 1930 (0.11 ha person−1) was halved to just 0.051 ha person−1 by 1994 and is still
declining. Annual paddy N inputs to rice/wheat systems averaged 480 kg N ha−1 y−1 in
a 1994 sample of 50 village households, varying between 210 and 850 kg N ha−1 y−1. As
inputs greater than 500 kg N ha−1 y−1 do not increase yields, N inputs by nearly half of village
households exacerbate environmental pollution without any possible benefit to farmers. Paddy
N losses could be reduced significantly if only the 48% of households with above average N
loading reduced their inputs to the average.

Box 1. Changes in N management by villages in the Tai Lake Region of China.

denitrification and modeling efforts. Their results and synthesis of these
results by Legg and Meisinger (1982) show that maximum N use efficiency
was found at the same fertilizer rate needed to obtain maximum yield. When
N was applied in excess of this amount, large amounts of nitrate accumulated
in the soil profile that were subject to leaching. Nitrification/denitrification
losses (N2 + N2O + NOx) were estimated to be a relatively constant∼22% of
N applied.
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Figure 8. Animal manure N and synthetic N input into grain production in Changshu, Jiangsu
Province, China (Zhu, Z.L., unpublished data).

These studies also showed that significant N losses through denitrifica-
tion and leaching can be expected even at ‘optimal’ N application rates. The
potential to conserve almost one third of the fertilizer N plus mineralized soil
N still exists for most cropping systems. Management techniques to limit
N input while maintaining crop production need to continue to be incor-
porated into crop production systems. Some management options that have
proven useful in reducing N input into cropping systems without decreasing
production follow (Peoples et al. 1995; Cole et al. 1996; De Jager et al. 1998;
Hendriks et al. 1998):

• Match N supply with crop demand by: Using soil/plant testing to
determine fertilizer needs; optimizing split application schemes; or
matching N application to reduced production goals in regions of
overproduction

• Tighten N flow cycles by: Integrating animal and crop production
systems to utilize animal manure in crop production; maintaining plant
residue N on the production site; or minimizing fallow periods to limit
mineral N accumulation
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• Use advanced fertilization techniques such as: Controlled release fertil-
izers; place fertilizers below the soil surface; foliar application of
fertilizers; nitrification inhibitors; or match fertilizer type to seasonal
precipitation

• Optimize tillage, irrigation and drainage

• Optimize animal protein in human diet

The first option aims at a more efficient use of N in agriculture and gener-
ally applies to intensively managed types of agriculture. These strategies
include a better matching of N supply with crop demand and optimizing split
application schemes. An example of a system where a change in fertilizer
management decreased N demand, decreased gaseous N losses and improved
profit to the farmer is provided by Matson et al. (1998) from their study in
irrigated wheat production in west-central Mexico. This study shows that
although it is unlikely that losses can be completely eliminated that manage-
ment can improve efficiency. The amount of fertilizer N required to produce
the same crop was decreased 28%, thereby, decreasing N losses (nitrate
leaching, NOx and N2O emissions) and increasing farmer profit. In areas of
high input agriculture it has been assumed that fertilizer use efficiency could
be improved by 20% (Cole et al. 1996; Peoples et al. 1995).

A combination of these first mitigation options are being considered for
improving N utilization in China (Zhu 1998a): (1) to maintain the high
yield level with a reduced rate of N application through improvement in N
application techniques. Three mechanisms to promote this strategy are: (a)
to optimize the rate of N application (Zhu 1997, 1998b). For example, in
set of field experiments for flooded rice conducted in Wujin county, south
Jiangsu province, Cui et al. (1998) found that the optimal rate of N application
for maximum economic benefit and minimum leaching loss was 220–260
kg N ha−1 for a grain yield of around 7.5 t ha−1, (b) to optimize timing
of N application, by applying little N in the early stage of growth and to
top-dress the major portion of fertilizer N at vigorous growth stages. Many
15N-microplot field experiments have found that the N loss in from a late
application was much less than from an early application (Zhu 1997) and
(c) to deep-place the fertilizer N into the soil, which can reduce ammonia
volatilization substantially (Zhu 1997). (2) A second choice is to reduce the
yield target in the high-yielding regions. This assumes that the yield loss can
be compensated by the yield increase in other regions of low and moderate
productivity where the rate of N application is less than 150–180 kg N ha−1

crop−1. This strategy could only be adopted by policy-makers if the increase
in yield in the low yielding regions can be realized through improvement
in irrigation, land leveling and the increase in the rate of N application and
balanced fertilization (P and K additions in addition to N).
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The second type of fertilization management option is applicable to most
areas of the world. As we have shown in examples in China and the USA, the
tightening N flow cycles through reintegration of animal and crop produc-
tion systems could be used to decrease the demand for synthetically fixed N.
Utilizing plant residue in N recycling to both increase soil fertility but also
to reduce erosion could be increased in many parts of the world (Lal et al.
1998). Tightening N cycles could reduce the need for synthetic N input by
another 10 to 20% if fully utilized (Cole et al. 1996).

The third and fourth options for decreasing N losses from agriculture
include new technological advances and management. The development of
control release fertilizers which can release fertilizer components at a rate that
matches crop demand while protecting the remainder of the fertilizer from
release (Minami et al. 1994; Shoji & Kanno 1994). Managing N input so that
the fertilizer type applied helps decrease N loss. For example, in a seasonally
wet pasture applying an ammonium-based fertilizer during the wet period
and a nitrate-based fertilizer during the dry period significantly decreased N
losses (McTaggart et al. 1997). Full use of these techniques have the potential
to improve N utilization globally by 10–20% (Cole et al. 1996).

Finally, a change in the human diet may be an effective way to reduce
the total amount of N cycled through the agricultural system. Bleken (1997)
analyzed the relation between N needed for food production and the daily
consumption of animal proteins. Her analysis indicates that total N needed
for diets with high animal protein intakes (comparable to many industrialized
countries today) are almost twice as high as the N needed for the average
diets in Italy 1963 or Turkey 1993. Based on her analysis, we assume that in
high-N input regions per capita N need for food production may be reduced
by 45%, which would reduce present-day N inputs by about 15% worldwide.

Fossil fuel combustion and NOx

Trends in NOx emissions

Fossil fuel combustion is a major source of NOx inputs to the atmosphere,
accounting for worldwide emissions of some 21 Tg N in 1985 (Benkovitz
et al. 1996) (Table 2). The source of these emissions may be disaggre-
gated into two components. Thermal NOx is generated by the oxidation of
diatomic nitrogen as a by-product of combustion. Fuel NOx is formed when
the nitrogen contained in the organic compounds that comprise fossil fuels
is released to the atmosphere. Although thermal NOx is dominant for fuels
with low nitrogen content such as natural gas and petroleum distillates, fuel
NOx accounts for 50–90% of the emissions associated with heavier fuels such
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Table 2. Worldwide NOx emissions from fossil fuel combustion in 1985 (Benkovitz
et al. 1996).

Tg N yr−1

North America 6.24

Former USSR (stationary sources) 0.50

Europe, Middle East, North Africa 6.07

South Africa 0.22

Australia 0.21

25 Asian countries 4.20

Rest of world 3.56

Total 21.00

as residual oil and coal, which typically contain between 0.3% and 3.0%
nitrogen by weight (Seinfeld 1986). Both pathways are strongly affected by
combustion technologies and the details of equipment operation.

Estimating the anthropogenic emissions of NOx that are linked to fossil
fuel consumption is an imprecise art. Emissions are often not subject to direct
measurement but are instead inferred from data on fuel use. In the simplest
case, the consumption of various energy carriers (e.g. hard coal, lignite,
gasoline, residual fuel oil, natural gas, etc.) is multiplied by average emission
coefficients that are derived from field observations and/or laboratory studies
(Müller 1992). This approach is useful in generating order-of-magnitude
emission estimates, but is unable to account for the role of specific technolo-
gies in mediating the relationship between fuel use and NOx emissions. This
method, however, is often the best that can be done to estimate NOx emissions
in developing countries, where disaggregated data on the disposition of fuel
consumption by end use or process are often of low quality or are entirely
lacking.

Relatively detailed data are available for the advanced industrial nations of
North America, Europe, Oceania, and Japan, where pollution control has been
a long-standing policy priority. In the United States, for example, emissions
of NOx from stationary and mobile sources are regulated under the Clean
Air Act, the main provisions of which date to 1970. This statute requires
the monitoring of emissions from power plants and industrial facilities as
well as detailed estimation of the emissions generated by automobiles and
commercial vehicles. Given their role in the process of acid deposition, NOx

emissions have come under close scrutiny in both North America and Europe,
where emissions abatement is mandated under the Convention on Long-
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Range Transboundary Air Pollution. According to Bergesen and Parmann
(1997), 21 out of 25 nations that signed onto this agreement have met
their commitment to stabilize NOx emissions at 1987 (or, for the United
States, 1978) levels. These targets have been achieved using a combination
of economic incentives and technology-based standards.

At a global level, NOx emissions have grown exponentially throughout the
20th century (Holland & Lamarque 1997). Although emissions dipped briefly
during the Great Depression and the energy shocks of the 1970s, they grew
from near zero in 1900 to over 20 Tg N in the 1990s. According to the Global
Emissions Inventory Activity project (Benkovitz et al. 1996), worldwide NOx

emissions in 1985 were distributed between regions as shown in Table 2.
Unfortunately, time series data on global NOx emissions are not readily

available from official sources, although the Organization for Economic
Cooperation and Development (1997) publishes periodic statistics on
pollutant emissions for member countries, which include the industrial
democracies of North America, Europe, Oceania, and Japan.

Options for decreasing NOx emissions

A range of approaches to NOx emissions control has been implemented. At
the most general level, emissions may be reduced by curtailing energy use,
by switching from fossil fuels to alternative energy sources, or by altering
the technologies through which fossil fuels are harnessed to provide heat
and power. It is well-recognized that energy use is an important contrib-
utor to human well-being, providing the services necessary to heat and cool
buildings, operate vehicles and equipment, provide lighting, and drive indus-
trial processes. Since the 1970s, however, major industrial economies have
attained substantial economic growth without commensurate increases in
energy use (Schipper & Meyers 1992). In part, reductions in the ratio of
energy use per unit of economic activity were driven by a behavioral response
to the energy price increases of the 1970s and early 1980s. More generally,
however, the efficiency of energy use has been enhanced by a range of tech-
nologies related to buildings, transportation, and industrial production. Given
current energy prices and the lack of interest in more stringent energy perfor-
mance standards, progress towards enhanced energy efficiency has stalled
in recent years. The Intergovernmental Panel on Climate Change (1996),
however, estimates that worldwide energy use could be reduced by some
10–30% through the full implementation of cost-effective, energy-efficient
technologies.

Opportunities to reduce NOx emissions through reduced reliance on fossil
fuels is a second possible control strategy. Of course, renewable energy
sources such as biomass, animal power, and small-scale hydro have long
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histories in human societies and are still extensively used in developing
countries. In the industrialized world, significant progress has been made in
the use of solar and wind energy to provide significant flows of power at
low environmental cost. These technologies, however, are characterized by
high capital costs and reliability constraints that limit their general adoption
(Holdren 1990). In a similar vein, nuclear power and large-scale hydroelectric
dams – although free from the emissions of traditional air pollutants that
are associated with fossil fuel combustion – face significant issues of cost,
adaptability, and environmental impacts. These technologies are best suited to
the generation of electric power, which constitutes a poor substitute for liquid
fuels in transportation. Nuclear power raises questions of reactor safety, waste
disposal, and weapons proliferation, while hydroelectric dams pose unique
threats to natural environments and the people who populate them.

A broad range of technologies exists for reducing the amounts of NOx

generated by the combustion of specific fossil fuels. Because diatomic
nitrogen is a chemically stable compound, its oxidation to NOx involves high
activation energies that are typically achieved only in regions of peak flame
temperature. Since the relationship between flame temperature and emissions
is strongly nonlinear, steps to reduce temperature are a major pathway to
pollution control. In addition, NOx formation is generally favored by the
presence of excess oxygen in combustion gases. Carefully balancing the ratio
of fuel to combustion air is thus also important in emissions control. Both
combustion temperatures and fuel-air ratios are addressed through the use
of flue gas recirculation and water injection in natural gas and oil boilers.
These technologies achieve typical emissions reductions of 70–90% in prac-
tical applications (Seinfeld 1986). In coal-fired power plants the use of
staged combustion methods is more common. This approach, in which fuel is
burned in sequential stages in conditions of low oxygen availability and low
combustion temperatures, reduces emissions by 30–50%. Emerging technolo-
gies involving advanced burner designs and the removal of NOx from stack
gases also have the potential to reduce energy-related NOx emissions from
stationary sources.

The technologies used to control NOx emissions from vehicles are similar
in principle but different in the details. In this context, pollution control
technologies focus on achieving appropriate fuel-to-air ratios, exhaust gas
recycling, and the removal of pollutants from exhaust gases using catalytic
converters. Although technologies have improved substantially in the indus-
trialized nations given the environmental regulations that emerged in the
1970s and 1980s, growth in transportation activity has offset these improve-
ments so that NOx emissions have been relatively stable. In addition, there
is concern that catalytic converters actually increase emissions of nitrous
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oxide (N2O), a greenhouse gas that generates a range of environmental harms
(Dasch 1992). In developing countries that lack effective regulatory mechan-
isms, emissions of NOx and other energy-related pollutants continue to pose
serious threats to urban air quality and ecosystem health.

Policy approaches

Fertilizer N and livestock production

Given the characteristics of change in the N cycle discussed above, what
policy approaches are available to mitigate or prevent environmental prob-
lems associated with fertilizer N use? In reviewing the policy options, three
principles should be emphasized. First, although N cycling occurs at regional
and global scales, policies are implemented and enforced at the national or
provincial/state levels. Multinational efforts to control nitrogen loss to the
environment are surely needed, but these efforts will require commitments
from individual countries and the policy-makers within those countries.

Second, there is a wide range of direct and indirect policy instruments
available to alter fertilizer N use at the national level, ranging from fertilizer
subsidies, taxes, and regulations to exchange rate controls. Policies influenc-
ing the use and loss of fertilizer N are thus made by several institutions –
often concurrently – including the Ministry (or Department) of Agriculture,
the Central Bank, the Finance Ministry, and the Ministry of Environment
and Natural Resources. These institutions may have opposing objectives, and
communication between the groups is often poor or non-existent. Moreover,
external advisory bodies, such as the World Bank, may play an important role
in designing or endorsing policies related to fertilizer use.

Finally, officials implementing policies at the national level are usually
different from the people engaged in international activities that deal with
global N issues, such as the Framework Convention on Climate Change,
the World Health Organization, and the World Trade Organization. Again,
good communication between people within these international and national
institutions is required to make global or regional initiatives on fertilizer N
use and loss more effective.

While the following section is not a complete review, we will attempt
to illustrate the policy dimensions of change in the nitrogen cycle by
providing examples that have been employed at international, national and
local/regional scales. At the national level, there are four sets of direct policy
instruments that can be used to control N use and loss within the agriculture
and livestock sectors: 1) subsidies and taxes on N fertilizer; 2) regulations
on nitrate losses from agriculture and livestock activities; 3) investments in
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technology to increase N uptake by plants and reduce N loss (e.g., breeding
efforts, nitrification inhibitors); and 4) expenditure on extension services and
knowledge transfer to enhance the efficiency of N use through improved
rates, timing, and placement of fertilizers. There are also several indirect
policy measures that affect nitrogen use and loss within countries, which
may be complementary to – or competitive with – direct policy instruments.
Examples of such measures include commodity subsidies on crops or live-
stock products, land tenure policies, conservation and set-aside programs,
credit subsidies, irrigation/water subsidies, macroeconomic and trade policies
(and their impacts on exchange rates and interest rates), and marketing
policies.

Taxes and subsidies on nitrogen fertilizer are the most direct and wide-
spread means to influence N use in agriculture. With the introduction of
Green Revolution seed technologies in the late-1960s and early-1970s,
many developing countries subsidized fertilizers in order to encourage their
use in conjunction with the new varieties. In other countries, fertilizers
remained unsubsidized, or even implicitly taxed. During the past decade,
price regimes for fertilizers have varied from free market pricing in Thailand
to fully controlled pricing in Nigeria (Bumb & Baanante 1996). In countries
where fertilizer supplies have not been constrained, fertilizer subsidies have
promoted rapid growth in both fertilizer use and food production; examples
include China, India, Indonesia, and Mexico.

In some of these cases, subsidies have become financial burdens on the
economy and have led to overuse of fertilizer N (Conway 1997). In India, for
example, fertilizer subsidies amounted to roughly 3% of the national budget
in the early 1990s (Bumb & Baanante 1996). This subsidy rate is high even
by OECD standards; total agricultural subsidies (inputs and outputs) in the
OECD countries were $3.62 billion, or 1.3% of GDP, in 1998. The longer-
term trend for subsidies, at least in the OECD countries, remains downward as
governments increasingly introduce market-oriented farm policies. In 1986–
1988, farm subsidies in the OECD countries averaged 2.1% of GDP (OECD
1999).

Taxes and subsidies for fertilizers are measured by the difference between
international and domestic prices (accounting for transportation, insurance,
and other marketing costs); if it is less expensive for a farmer to import
fertilizer than to buy it domestically, the fertilizer is taxed, and vice versa
for subsidies. Ratios of international to domestic fertilizer N prices have
ranged from about 0.25 on the low side (tax) to about 1.5 on the high side
(subsidy) in recent years. For example, in 1997, many African countries (e.g.,
Ethiopia, Kenya, and Zimbabwe) had ratios significantly below one, while
several countries in Asia and South America (e.g., India and Argentina) had
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Table 3. Ratio of fertilizer N to crop prices at the farm-gate.

Ratio of N: Ratio of N: Ratio of N:

Country wheat prices1 corn prices2 rice prices3

Ethiopia 2.40 7.79 –

Kenya 4.80 7.30 –

Zimbabwe 2.40 4.90 –

China 1.90 – 1.35

India 2.10 – 1.21

Pakistan 1.85 2.50 1.03

Japan – – 0.22

Argentina 5.80 2.40 –

Brazil 4.58 3.20 –

Mexico 3.30 1.30 –

World 2.00 2.50 1.16

1 1994, CIMMYT (1996); 2 1997, CIMMYT (1999); 3 1990, IRRI
(1995).

ratios above one. The ratios are calculated from data collected by CIMMYT
(1996), IRRI (1995), and the World Bank.

In many countries, ‘high’ (or ‘low’) fertilizer prices (as measured by
historical prices or world prices) are compensated to some extent by high
(or low) crop prices. Moreover, both sets of prices are often distorted by
over- or under-valued exchange rates. An important policy variable for the
objectives of enhanced food production and rural incomes is thus the ratio
between N fertilizer prices and output prices, measured in the local currency
at the farm gate. This ratio directly affects expected farm profits and can be
used to gauge the potential farm-level impact of increasing fertilizer prices.
For a given crop and year, this ratio varies widely among countries. Table 3
shows this variation for a subset of countries, commodities, and years.

The extent to which price policies should be used to force fertilizer
producers and farmers to ‘internalize external costs’ of fertilizer N is debat-
able, and the answer depends importantly on the economic and policy context
of the country. Given the essential role of nitrogen fertilizers in crop produc-
tion in many regions of the world, increasing the costs to producers could
lead to reduced yields and/or higher food prices for consumers. This outcome
would be damaging for chronic food-deficient countries, such as those in
Sub-Saharan Africa, whose fertilizer use is still less than one-fourth the
world average. In these regions, increasing (rather than decreasing) nutrient
use is a major objective of agricultural policy. In countries that are over-
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applying fertilizer N, one tractable policy is to reduce subsidies on fertilizers.
If subsidies do not exist, alternative policy measures, such as regulations on
the type, timing, and amount of fertilizer N applied, or taxes on imported
fertilizer can be used to reduce N use and lower N losses.

In most developing countries, regulations on N use or loss are either
non-existent or not enforced. Even in North America and Europe, monitoring
and enforcement of non-point source pollution of nitrates policies is difficult,
and there are few mandates on other forms of N loss. Both the U.S. and the
European Union have regulations in place to limit N leaching losses from
agricultural and livestock systems. These policies are compatible with the
World Health Organization’s recommendation that nitrate levels in drinking
water should not exceed 50 milligrams of nitrate per liter of water (Bumb
& Baanante 1996; Conway 1997). The Nitrate Directive of the European
Union, formed in 1991, has as its major objective the control of net N
supplies (supply minus uptake) to the soil beginning in 1999. Similarly
in the U.S. the Clean Water Act was enacted in 1972 to improve national
water quality. To renew impetus, the Clean Water Action Plan was developed
jointly by nine Federal Agencies in 1998 to supplement the Clean Water
Act. The Action Plan targets watershed protection as the main priority and
provides communities with new resources to control pollution runoff and
enhance natural resource stewardship (http://www.cleanwater.gov/action/).
The Action Plan contains 111 key actions and was initiated with a 5-year
funding proposal to provide approximately $2.3 billion in new funds.
In 1999 the U.S. Congress funded $171 million of the $568 million
requested for the Action Plan. The U.S. EPA estimates that 52% of the
community water wells and 57% of the domestic water wells in the country
contain nitrate (http://www.epa.gov/grtlakes/seahome/groundwater/src/
overview.htm). In the U.S., individual states can implement their own N
policy as long as it is compatible with national programs. The policies
adopted by the state of Nebraska highlighted in Box 2 are an example.

Although regulations on N loss are not always effective, extension services
and other forms of knowledge transfer have played an important role in
helping farmers in North America and Europe to reduce N losses from agri-
culture. In these countries, fields are regularly tested, and farmers receive
precise recommendations on application rates and timing, dependent on the
soil type, irrigation practice, and previous crop. By contrast, N fertilizer appli-
cations often are not timed well to the plants’ needs and flooded conditions
in many developing countries. Many rice farmers in Asia, for instance, apply
fertilizer directly to the water 1–3 weeks after transplanting, which results
in large N losses to the atmosphere (Peoples et al. 1995). A critical policy
need for the developing world is investment in and implementation of more
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The Nebraska Department of Environmental Quality has been charged by new state legislation
to require permitting of all livestock feeding operations larger than 1000 animal units. These
permits require whole-farm nutrient management plans with easements for application of the
expected manure load on neighboring farms if the amount of land owned by the livestock
farm operation is not adequate to absorb the nutrient load in the manure. (‘Adequate’ is
measured by a simple input-output formula taking into account manure production and the
nutrient content of the manure, crop nutrient requirements for N, and an ‘availability index’
for the manure which relates to the rate at which the N it contains becomes available to the
crop.)

Despite positive actions to reduce N loss from livestock, a more important problem is
the loss of phosphorus, because the N/P ratio in manure is much lower than in plants. Thus,
applying the manure at rates to satisfy crop N requirements leads to massive P accumulation
in soil and a significant potential for P runoff to surface waterways. Eventually both the EPA
and state regulators will need to focus more tightly on the P challenge of animal manure
applications to farm land.

Box 2. Water quality policies adopted by the state of Nebraska, USA.

extensive training services on nitrogen use efficiency. Investments in fertil-
izer N management would complement further investments in plant breeding
aimed at improving N uptake and allocation in crops.

Indirect policy measures may have an equal, if not larger, impact on N use
efficiency and loss from agricultural systems. For example, macroeconomic
policy that raises interest rates or reduces credit availability for farmers may
lead to lower N application rates or greater N use efficiency. In many devel-
oping countries, fertilizer accounts for a large share of cash expenditure for
small and medium farmers, and resource-poor farmers generally depend on
borrowed funds to purchase fertilizer and other agricultural inputs. In Eastern
Europe, the division of large state farms into small-holder units has led to
a situation in which many small farmers do not have money or credit to
purchase fertilizers; as a result, total fertilizer consumption in East Europe
declined from 10 Tg of nutrients in 1986/87 to 3.7 Tg in 1996/97 (IFDC
1999).

A different type of land policy has influenced fertilizer rates in Western
Europe. Land set-asides through the Common Agricultural Policy have
contributed to an annual reduction in fertilizer consumption of 2.1% during
the past ten years, with the largest reductions occurring in France, Germany,
Italy, and the U.K. (IFDC 1999). The E.U. had an estimated set-aside rate
of 10% for the 1998/99 harvest, double that of recent years. Although this
program has dramatically reduced the area planted, it is not yet clear whether
it has resulted in increased fertilizer use per hectare or increased fertilizer use
efficiency (IFDC 1999).
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It is clear from this discussion that no easy generalizations can be made
about global nitrogen policy approaches. Each country has a different balance
of policy objectives and budget constraints. National policies directly targeted
toward nitrogen use and loss may also be confounded by other types of
policies, including macroeconomic policies affecting exchange rates and
interest rates. Some countries may choose to target nitrogen gases as part of
a multi-gas approach towards reducing greenhouse gases within the frame-
work of the Kyoto Protocol (Reilly et al. 1999); industrialized countries
with already high rates of fertilizer N use and increasing N use efficiency
would most likely enter into such an agreement. The agricultural policy of
the Netherlands is an example and is highlighted in Box 3. For food deficit
countries, particularly those which still underutilize fertilizer N, entering into
an international agreement to control global N loss is improbable. The most
interesting set of countries to watch with respect to international agreements
on N loss include China and India, which are among the largest consumers of
fertilizer N in the world. These countries have relatively strong agricultural
sectors, but also escalating population- and income-driven food demands.

Energy sector

Efforts to reduce energy-related N emissions have been approached mainly
through air pollution control policies. These policies were pioneered in the
1960s in response to perceived problems of urban air quality. Measures
to improve the efficiency of energy use have also played a role (Box 4).
Although it had long been recognized that emissions of particulates, SO2,
and NOx imposed negative aesthetic impacts, the effects of these pollutants
on human health were first recognized in the years following World War
II. In 1948, an air pollution event occurred in the steel town of Donora,
Pennsylvania that caused 6,000 illnesses and 20 fatalities in a population
of 14,000 people (Snyder 1994). And in 1952, a smog event in the city of
London caused 4,000 deaths over the course of a few days (Wise 1968).
Public health officials came to recognize the cause-and-effect relationship
between health risks and pollutant concentrations. Growing awareness of
such risks led to calls for environmental regulation.

The United States Clean Air Act

In the United States, air pollution control policy is carried out under the
auspices of the Clean Air Act (CAA), the major provisions of which date
to 1970. The CAA requires the Environmental Protection Agency (EPA) to
establish ambient air quality standards for so-called ‘criteria pollutants’ –
particulates, SO2, NOx, tropospheric ozone, carbon monoxide, and lead – that
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Dutch agriculture is among the most intensive in the world and typically has had high
livestock stocking density and a high level of crop production per hectare. During
the past 15 years the Dutch government has embarked on a policy to address the
manure and ammonia problem (Policy 1999). The agricultural sector has invested
heavily in efforts to implement environmentally friendly technology and manage-
ment. In the Netherlands, agriculture contributes∼30% of total phosphate and 75%
of total N to surface waters. More than half of total acidification is traced to ammonia
emissions,∼90% of which are derived from agriculture. The main burden of phos-
phates and N from agriculture are from the over-application of livestock manure, the
over-application of inorganic fertilizers and ammonia emissions.

In general, intensive livestock farms with large phosphate and mineral N and NH3
losses constrained to a relatively limited land area, produce the greatest environ-
mental risk. The standard unit for livestock density in the Netherlands is one dairy
cow. From 1998 to 2002 a minerals accounting is obligatory only for farms with a
livestock density of 2.5 livestock units (LU)/ha. In 2002 the standard will be lowered
to 2 LU/ha. To limit N leaching, runoff, and NH3 emissions, spreading manure in
autumn and winter is banned. Use of techniques that minimize NH3 emissions when
manure is spread or stored is required.

Manure management policy:The Dutch animal manure policy is aimed at farms
posing the highest environmental risks. A farm minerals accounting approach is used
where an input-output book-keeping system relates total applications of fertilizers to
production. If the losses, which are reported yearly, exceed the standards then a fine
is imposed on the excess. Beginning in 1998, farms with more than 2.5 LU stocking
rates are required to report mineral losses.

Ammonia policy:The Policy (1999) report indicates that of the ammonia losses
to the atmosphere from Dutch agriculture∼36% is derived from livestock housing
and manure storage,∼50% from manure spreading and∼14% from waste depos-
ition in the field from grazing animals. Such mitigation measures as low-emission
application and covering manure storage tanks are suggested for implementation
within the livestock production sector, which is indicated to account for 55% of
agricultural NH3 emissions. Other options proposed include selling less profitable
animals, increasing milk yield per cow and improving animal feeds. Pig production is
attributed a 30% share of agricultural NH3 emissions and is decreased by the devel-
opment of low-emission pig rearing units. The poultry sector accounts for∼15%
of total emissions and could be reduced by low-emission housing systems NH3
policy. The NH3 policy emphasis is on emission reduction. Farmers having stocking
densities below 2 LU will deal only with basic mitigation measures while farmers
having stocking densities over 2 LU will be obligated to construct low-emission
housing. NH3 policy targets a 70% reduction between 2000 and 2005 compared to
1980. Lowering emissions from manure application are expected to reduce emissions
from slurry boom 50%, spreading harrows∼60%, shallow injection∼85% and deep
injection∼95%. Since small fines on N will likely not entice farmers to build low-
emission housing, special requirements are made on housing systems to reduce NH3
emissions.

Box 3. Policy on manure and ammonia emissions from agriculture in The Netherlands.
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Since anthropogenic emissions of NOx and other air pollutants are dominated by fossil fuel
combustion, efforts to improve energy efficiency, measured in terms of the services obtained
per unit of fuel consumption, have been a major focus of environmental policy. In the United
States, the Corporate Average Fuel Economy (CAFE) standards, introduced in response to the
1970s oil shortage, require passenger cars to achieve an efficiency target of 27.5 miles per
gallon (8.5 l/100 km), or 20.7 miles per gallon (11.35 l/100 km) for ‘light trucks’ (pickup
trucks, minivans, and sport utility vehicles). It is widely recognized that these standards have
led to substantial improvements in vehicle technology and reduced energy use. In a similar
vein, the U.S. Appliance Efficiency Standards, which target the energy efficiency of refriger-
ators, washers, dryers, and other household equipment, are expected to save some 24 exajoules
of energy from their initial adoption in 1990 through the year 2015 (Geller 1997).

The merits of policies to promote energy efficiency are not without controversy. Critics
charge that the CAFE standards have forced consumers to purchase small vehicles that
compromise performance while posing increased safety risks. Crandall and Graham (1989),
for example, suggest that the vehicle size reductions induced by the CAFE standards may have
caused as many as 3,900 fatalities for the 1989 model year alone. Greene (1998), in contrast,
points to opportunities to enhance the safety of small cars through careful engineering.
Although safer for their occupants, the large vehicles that are currently so popular impose
heightened risks on third parties; a factor not considered by Crandall and Graham.

By way of comparison, the appliance efficiency standards provide evidence that well-
designed policies can yield simultaneous energy and economic savings. These regulations,
which are based explicitly on cost-effectiveness criteria, provide consumers with an estimated
$1.8 billion in net annual savings (Geller 1997). More generally, the Intergovernmental Panel
on Climate Change (1996) concludes that the full adoption of least-cost energy-efficient
technologies could reduce energy use per unit of economic activity by some 10–30% in the
industrial economies of Europe and North America.

Although energy efficiency can clearly contribute to the achievement of environmental
policy goals, the links between reduced energy use and NOx emissions are not entirely
clear-cut. In the United States, the Clean Air Act requires passenger vehicles to meet
uniform technology standards that specify maximum levels of pollutant emissions per distance
traveled. Since all passenger cars are held to the same standards, NOx emissions are partially
decoupled from energy efficiency. Until recently, pickup trucks, minivans, and sport utility
vehicles faced less stringent requirements than automobiles with respect to both fuel economy
and emissions standards. In December of 1999, the Clinton administration issued new regu-
lations under which these ‘light trucks’ will be held to the same emissions standards as
automobiles. The disparity in fuel economy requirements remains in place, however, providing
incentives for the production and sale of large, energy-intensive vehicles.

Box 4. Energy efficiency and NOx.

are known to have serious health impacts on affected populations. The statute
requires EPA to set standards at the level required ‘to protect public health’
based on the best available experimental and epidemiological data.

Air quality standards for criteria pollutants set national targets that are
implemented and enforced through a two-part policy approach. First, the
CAA requires state governments, in consultation with EPA, to construct so-
called ‘state implementation plans’ (SIPs) to achieve air quality standards
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within the state’s boundaries. A SIP imposes specific emissions standards on
major stationary sources of pollution such as industrial facilities and power
plants. State administrators are granted considerable flexibility regarding the
criteria used to distribute required emissions reductions between sources
provided that air quality achieves federal standards. Second, the federal
government itself defines and enforces national emissions standards for both
new stationary sources of pollution (‘New Source Performance Standards’)
and transportation equipment. Under these rules, new power plants and
industrial facilities must meet stringent, technology-based standards that set
upper bounds on allowable emissions of criteria pollutants. In a similar vein,
passenger automobiles must be equipped with catalytic converters and related
pollution abatement measures.

The ambient air quality standard for NOx is currently set at 0.053 ppm
(USEPA 1999). This standard is reviewed at 5-y intervals to account for
advances in scientific knowledge. In addition, NOx emissions are regulated
with an eye towards reducing ambient concentrations of tropospheric ozone.
NOx is a well-known ozone precursor that, in conjunction with hydrocarbon
emissions, gives rise to photochemical smog. The impacts of the CAA on
NOx emissions in the United States have been quite substantial. Although
emissions were rising rapidly prior to 1970 with the growth of energy use,
transportation activity, and industrial production, U.S. NOx emissions in
1995 were limited to 21.8 Tg – an increase of only 11% between 1970 and
1997 despite substantial growth in population and economic activity (USEPA
1998b). Given the success of State Implementation Plans, New Source Perfor-
mance Standards, and emissions standards for new vehicles, only 13 U.S.
cities violated air quality standards on ten or more days in 1997 (USEPA
1998c).

Despite such success, environmentalists have called for more aggressive
policies to address the ecological impacts of energy-related NOx emissions.
Given the CAA’s traditional focus on improving urban air quality, questions
of long-range pollution transport – in which NOx is involved as a precursor of
both tropospheric ozone and acid deposition – have been difficult to address
under the prevailing regulatory framework. On the one hand, state regulators
have traditionally had no reason to consider the impacts of their own state’s
emissions on air quality beyond their own jurisdictions. On the other hand,
a mechanism for achieving coordinated emissions reductions across state
boundaries was, until recently, not embodied in the statute.

This problem was partially addressed by the 1990 Clean Air Act amend-
ments, which aimed in part to reduce the ecological impacts of acid deposi-
tion caused by the long-range transport of SO2 and NOx. The amendments
call for a 50% reduction in sulfur emissions from electrical generating
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stations in the Midwest and Northeast, along with smaller reductions in NOx

emissions from these same sources. The differential treatment of sulfur and
nitrogen was based in part on the perception that SO2 is ecologically more
damaging than NOx. In part, this approach was based on the belief that emis-
sions abatement costs would be lower for sulfur than for nitrogen since SO2

emissions could be achieved through a mere shift from high- to low-sulfur
fuels. In September of 1998, addition, EPA promulgated a new regulation
known as the ‘NOx SIP Call’ to address interstate transboundary flows of
nitrogen oxides in order to reduce tropospheric ozone pollution. Under this
rule, 22 states in the Northeastern U.S. must reduce their NOx emissions by
an average of 28% during the summer months, the period for which ambient
ozone concentrations are likely to exceed federal standards (USEPA 1998a).

The convention on long-range transboundary air pollution

While the Clean Air Act of 1970 began to address the human health impacts
of U.S. urban air pollution, evidence of a more complex problem was turning
up in Europe, where studies were linking forest dieback and the acidifica-
tion of Scandinavian lakes to continental emissions of SO2 and NOx. When
scientists established that air pollutants could be transported hundreds or
even thousands of kilometers across national frontiers, it became clear that
effective response strategies would require international cooperation. In 1972,
the participants of the United Nations Conference on the Human Environ-
ment in Stockholm declared that nations must ensure that activities carried
out in their territories do not result in environmental damage in other states.
Consequently, a 1979 ministerial meeting of the U.N. Economic Commis-
sion for Europe (UNECE) was convened in Geneva to address the region’s
environmental problems. The result was the Convention on Long-Range
Transboundary Air Pollution (LRTAP), an agreement that was signed by all
35 (now 44) member countries.

The goal of LRTAP is to ‘limit and, as far as possible, gradually
reduce and prevent air pollution [using] the best available technology which
is economically feasible.’ Establishing the convention-protocol model that
has since been used in international agreements on ozone depletion and
climate change, the agreement led to a series of protocols mandating targets
and timetables for pollution abatement as well as the long-term funding
of the European Monitoring and Evaluation Program (EMEP) in 1984.
EMEP is a main source of data both on air pollution levels and trans-
boundary fluxes, gathering data at 100 monitoring stations in 25 countries
(see http://projects.dnmi.no/˜emep/index.html). The first protocol was signed
in Helsinki in 1985, where signatories agreed to reduce SO2 emissions by at
least 30% relative to 1980 levels. Although neither the United States nor the
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United Kingdom signed this agreement, overall sulfur emissions in UNECE
countries had been reduced by over 50% through 1993 (UNECE 2000a).

A series of subsequent protocols has addressed the deleterious impacts
of NOx (1988), volatile organic compounds (1991), heavy metals (1998),
and persistent organic pollutants (1998). A second sulfur protocol (1994)
stiffened the requirements of the Helsinki accord. The most recent agree-
ment – the Protocol to Abate Acidification, Eutrophication and Ground-level
Ozone (1999) – deals with multiple effects and multiple pollutants, with a
special emphasis on SO2, NO, volatile organic compounds, and NH3. Both
the NOx and the ‘Multiple Effects’ Protocols deal with human effects on the
nitrogen cycle.

With 25 original signatories and 27 ratifications, the Sofia Protocol
Concerning the Control of Emissions of Nitrogen Oxides or their Trans-
boundary Fluxes entered into force in 1991. This agreement obliges its
parties to freeze NOx emissions at 1987 (or, for the United States, 1978)
levels by 1994. The agreement prescribes both technical means for reducing
NOx emissions using specific technologies and policy measures that include
the establishment of national emissions standards for all new and existing
sources of NOx. As of 1994, most signatory nations had met or exceeded their
abatement targets, with a total emissions reduction of 9% (UNECE 2000a).

Article 6 of the NOx Protocol laid the foundation for future emissions
reductions based on the so-called ‘Critical Loads Approach.’ A critical load
is “a quantitative estimate of the exposure to one or more pollutants below
which significant harmful effects on specified sensitive elements of the
environment do not occur according to present knowledge.” The article aims
to ensure that critical loads of nitrogen are not exceeded due to anthropogenic
emissions, assigning the tasks of evaluation and monitoring to individual
nations. This framework set the stage for the Multiple Effects Protocol that
was signed in Gothenburg in November of 1999.

The Multiple Effects Protocol sets differentiated emissions ceilings for
its 29 parties based on the severity of the effects to which each contributes
(both within its borders and abroad) and the cost-effectiveness of emissions
abatement (UNECE 2000b). This approach builds on research carried out by
the EMEP in the 1980s and 1990s. Through 2010, UNECE (2000b) estimates
that this agreement will yield emissions reductions of 63% for SO2, 41% for
NOx, 40% for volatile organic compounds, and 17% for NH3 relative to 1990
levels. For NOx, the policy approach taken by the Multiple Effects Protocol
largely resembles the earlier Sofia Protocol, setting overall emissions ceilings
and limiting pollution from both new and existing sources. Unlike the Sofia
agreement, however, the Multiple Effects Protocol allows countries to choose
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their own pollution control strategies as long as they attain the stipulated
emissions targets.

In addition to NOx, the Multiple Effects Protocol establishes measures to
control NH3 emissions, directing parties to publish and disseminate guides
to good agricultural practices to abate emissions within their borders. These
guidelines must address nitrogen management (taking the full nitrogen cycle
into account), livestock feeding strategies, manure spreading techniques,
manure storage, animal housing, and the prospects for limiting ammonia
emissions from the use of mineral fertilizers.

According to UNECE (2000b), the full implementation of the Multiple
Effects Protocol would: (a) reduce the land area affected by excess acidifica-
tion from 93 to 15 million hectares; (b) reduce eutrophication by 35%; (c) cut
the number of lives lost from exposure to ozone and particulates by 47,500 per
annum; and (d) lower the exposure of vegetation to high ozone levels by 44%.
The protocol will enter into force 90 days after it is ratified by at least 16 of
its 29 signatories. At present, the agreement has a large and growing number
of parties, and there is cause for optimism regarding its implementation.

Overall, LRTAP and its protocols have been quite effective in reducing
air pollution. In addition, these agreements have fostered a large body of
scientific research and established a framework for international cooperation.

Summary

The human induced input of reactive N into the global biosphere has
increased to approximately 150 Tg N each year (Figure 1) and is expected
to continue to increase for the foreseeable future. The need to feed and
to provide energy for the growing world population drives this trend. This
increase in reactive N comes at, in some instances, significant monetary and
nonmonetary costs to society through increased emissions of NOx, NH3, N2O
and NO−3 and deposition of NOy and NHx.

In the atmosphere, increases in tropospheric ozone and acid deposition
(NOy and NHx) have lead to acidification of aquatic and soil systems and in
reductions in forest and crop system production. Changes in aquatic systems
as a result of nitrate leaching have led to decreased drinking water quality,
eutrophication, hypoxia and decreases in aquatic plant diversity, for example.

On the other hand, increased deposition of biologically available N may
have increased forest biomass production and may have contributed to
increased storage of atmospheric CO2 in plant and soils. Most importantly,
synthetic production of fertilizer N has contributed greatly to the remarkable
increase in food production that has taken place during the past 50 years.
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In 1994 fuel combustion fixed∼21 Tg of N while food production fixed
approximately 120 Tg of N. There are many possibilities for limiting reactive
N emissions from fuel combustion, and in fact, great strides have been made
during the past decades. The control and reduction of the introduction of new
reactive N and in curtailing the movement of this N in food production is even
more difficult. The particular problem comes from the fact that most of the
N that is introduced into the global food production system is not converted
into usable product, but rather reenters the biosphere as a surplus (Table 1).
Policy issue problems are further exacerbated by the fact that most reactive
N species are highly mobile through atmospheric transport or flow through
aquatic systems. Reactive N produced in one region or country may cross
territorial boundaries. Policies for control are typically found on a state or
national basis. There are examples, such as the U.S. Clean Air Act of 1970
and later amendments, that have helped minimize the increase in NOx emis-
sions from combustion. The U.S. NOx emissions have increased by∼6%
while human population has increased by∼30% during the past 30 years.

The difficulties for policy development to control unwanted reactive N
release are confounded by the fact that much of the reactive N release is
involved with food and energy production. Global policy on N in agriculture
is further difficult because many countries need to increase the input of fertil-
izer N to increase food production to raise nutritional levels or to keep up
with population growth. There is a wide range of direct and indirect policy
instruments available to alter fertilizer N use at the national level, ranging
from fertilizer subsidies, taxes, and regulations to exchange rate controls.
Policies influencing the use and loss of fertilizer N are thus made by several
institutions – often concurrently – including the Ministry (or Department)
of Agriculture, the Central Bank, the Finance Ministry, and the Ministry of
Environment and Natural Resources. These institutions may have opposing
objectives, and communication between the groups is often poor or non-
existent. Moreover, external advisory bodies, such as the World Bank, may
play an important role in designing or endorsing policies related to fertilizer
use.

Although N cycling occurs at regional and global scales, policies are
implemented and enforced at the national or provincial/state levels. Multi-
national efforts to control nitrogen loss to the environment are surely needed,
but these efforts will require commitments from individual countries and the
policy-makers within those countries. Officials implementing policies at the
national level are usually different than the people engaged in international
activities that deal with global N issues, such as the Framework Convention
on Climate Change, the World Health Organization, and the World Trade
Organization. Again, good communication between people within these inter-
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national and national institutions is required to make global or regional
initiatives on fertilizer N use and loss and fossil fuel consumption more
effective.
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