Model Simulation of Soil Loss, Nutrient Loss, and Change in Soil Organic Carbon

Associated with Crop Production

|
Nitrogen loss

Modeling the nitrogen cycle

Nitrogen is a necessary input for crop growth and pro-
duction. Along with carbon and phosphorus, nitrogen
provides the organic building blocks for plant growth
and crop yield. Although the atmosphere is 78 per-
cent nitrogen gas, it cannot be directly used by plants.
Nitrogen molecules in the air are inert, mainly exist-
ing as two nitrogen atoms strongly bonded together
(di-nitrogen gas). To be used by plants, the di-nitrogen
molecules must be split apart and converted into am-
monium or nitrate compounds that plants can take up
and metabolize—a process called nitrogen fixation.
Most nitrogen fixation is the product of biochemical
processes performed by soil microorganisms. A small
amount of nitrogen is converted by lightning and ultra-
violet rays. Plant available nitrogen is usually in short
supply under natural conditions, limiting plant growth
and biomass production.

Most soil nitrogen is bound up in soil organic matter,
which is partially decomposed plant and animal resi-
due. As soil microbes consume the organic matter, am-
monium or nitrate nitrogen is released, allowing the ni-
trogen to be recycled as plant uptake. Decomposition
of organic matter, or mineralization, is typically a slow
process that may take from several months to hun-
dreds or even thousands of years, depending on the
type of organic material. Intensive tillage of cropland
and the introduction of oxygen into the soil increas-

es mineralization and speeds the release of plant avail-
able nitrogen from organic sources in the soil.

Modern farming practices include the application of
commercial fertilizers and manure to promote plant
growth and increase crop yields. Commercial fertil-
izers, which are produced through chemical industri-
al processes, and manure applications are the primary
sources of nitrogen applied. Planting soybeans, peas,
and other legume crops that host symbiotic nitrogen-
fixing bacteria are also an important source of plant-
available nitrogen. Another source of nitrogen is at-
mospheric deposition. Ammonia and nitrogen oxide
gasses are released into the atmosphere as a by-prod-
uct from modern industrial societies (for instance,
automobile emissions), from livestock and livestock

production facilities, and from volatilization and deni-
trification of applied fertilizers, decomposing organic
matter, and other soil nitrogen. These nitrogen com-
pounds may drift with the wind and be re-deposited on
cropland with rainfall or as dry deposition.

Some forms of nitrogen fertilizer, such as anhydrous
ammonia, and most livestock manures contain a high
percentage of ammonium nitrogen, which is highly
volatile. To prevent significant loss of this nitrogen at
the time of application, ammonium forms of commer-
cial fertilizer and manures are incorporated or injected
into the soil. Rainfall or application of irrigation water
soon after application of manure or ammonia fertil-
izers will also reduce loss of ammonia. Nitrate nitro-
gen fertilizers are generally not volatile, but can lead
to nitrogen loss to the atmosphere through denitrifica-
tion processes if applied to fields where the soil mois-
ture content is near saturation. Chemical products can
be added to nitrogen fertilizers and manures to reduce
the release of gaseous nitrogen.

The nitrogen cycle as simulated by EPIC consists of
mineral and organic fractions (fig. 13). Organic nitro-
gen is partitioned into fresh, stable, and active pools,
while mineral nitrogen is partitioned into ammonium
or nitrate pools. The model tracks nitrogen transfor-
mations between pools within each fraction and also
between the organic and mineral fractions on a dai-

ly time-step through a series of coupled equations that
are solved within a mass balance framework. These
equations are closely tied to other model components
including the hydrology component, which controls
most of the transport processes, and the plant growth
component, which handles plant uptake. EPIC min-
eralization and immobilization transformations are
based upon the PAPRAN (Seligman and Van Keulen
1981) model. Plant uptake of nitrogen is estimated us-
ing a supply and demand approach, which balances
available nitrogen with an ideal nitrogen concentration
in the plant for a given day.

Nitrogen inputs in EPIC simulations include nitrogen
applied as ammonia, nitrate, and organic (manure) fer-
tilizers, symbiotic bio-fixation associated with lequme
crops, and soluble nitrogen deposited with rainfall.
Commercial nitrogen fertilizer data used in EPIC mod-
el simulations were derived from farmer surveys, as
described in a previous section of this report. Manure
nitrogen applications used in EPIC model simulations
were derived from data on livestock populations, also
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described in a previous section of this report. Daily ni-
trogen fixation from legumes is estimated as a fraction
of daily plant uptake. Daily plant uptake is modeled as
a function of soil nitrate concentration, soil-water con-
tent, and plant growth stage. The growth stage factor
inhibits nitrogen fixation in young plants prior to de-
velopment of functional nodules and in old plants with
senescent nodules. For rainfall depositions, the rain-
fall concentration of soluble nitrogen was set at 0.8
parts per million. Thus, for each inch of rainfall, 0.181
pounds per acre of nitrogen was added to the system
in the form of nitrate. Dry deposition and lightning fix-
ation inputs were not included in the simulations.

EPIC simulates nitrogen exports from the field in two
forms: crop removal and losses to the air and water.
Nitrogen contained in the plant material is partitioned
between that which is removed from the field with
the harvested crop yield and that portion remaining
in the residue which is added into the organic pools.
Nitrogen losses include nitrates dissolved in surface
runoff, percolation (leachate), and lateral subsurface
flow; organic nitrogen attached to wind and water-
borne sediment; and ammonia and nitrogen oxides lost
to the atmosphere.

Nitrate losses in surface water runoff, lateral subsur-
face flow and percolation are estimated as products

of the volume of water and the average concentration
of nitrate in the soil layer. Organic nitrogen transport
with sediment is calculated with a loading function
developed by McElroy et al. (1976) and modified by
Williams and Hann (1978) for application to individual
runoff events. The loading function estimates the dai-
ly organic nitrogen runoff loss based on the concentra-
tion of organic nitrogen in the top soil layer, sediment
yield, and nutrient enrichment ratio. The enrichment
ratio is the concentration of organic nitrogen in sedi-
ment divided by that in soil. Volatilization is estimat-
ed simultaneously with the conversion of ammonia-ni-
trogen to nitrate-nitrogen in the nitrification process.
Partitioning is regulated by a function of temperature,
soil-water content, and soil pH for nitrification, while
below surface volatilization is controlled by depth of
ammonia within the soil, cation exchange capacity of
the soil, and soil temperature. Volatilization of surface-
applied ammonia is estimated as a function of temper-
ature and wind speed.

Denitrification is an anaerobic microbial process, oc-
curring under saturated soil moisture conditions,

Figure 13 Nitrogen cycle as modeled in EPIC
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that reduces nitrates to nitrogen oxides and di-nitro-
gen gas molecules that are lost to the atmosphere.
Denitrification rates can range from 5 to 20 percent

of applied nitrogen. In EPIC, denitrification rates are
regulated by a function of temperature and soil-water
content that is parameterized as the fraction of field
capacity soil water storage. This threshold was set at
1.01 for all model simulations conducted in this study,
which resulted in no denitrification. As discussed in a
previous section, the minimum depth of the water ta-
ble was also set to 2 meters year-round for all model
runs to simulate adequate drainage. While the assump-
tion of adequate drainage during the crop production
time period is generally desirable, the model simula-
tions reported in this study did not account for high
water tables and denitrification during times of the
year when drainage is not critical for crop produc-
tion (after harvest and during winter months), which
is when saturated soil conditions and denitrification
most often occur on cropland acres. By not account-
ing for poor drainage and denitrification outside of the
growing season, model estimates of nitrates in leach-
ate may be overstated in some cases, nitrates in sur-
face water runoff may be understated in some cases,
and nitrogen volatilization estimates may be understat-
ed in some cases. Total nitrogen loss, however, is gen-
erally not affected by these modeling assumptions. (In
this study, nitrogen volatilization includes both gas-
eous nitrogen lost as ammonia, usually at the time of
nitrogen application, and di-nitrogen and nitrous ox-
ide gases generated through denitrification processes,
which take place over longer periods of time.)

For comparisons of nitrogen loss to nitrogen inputs in
this report, nitrogen inputs included commercial fertil-
izer, manure applications, bio-fixation, and atmospher-
ic deposition. Nitrogen input from mineralization of
soil organic matter is not reported or included in these
comparisons, but did contribute to the pool of mineral
nitrogen in the EPIC model and, therefore, is reflected
in nitrogen loss estimates. In addition, it is recognized
that the organic portion of manure nitrogen is not im-
mediately available to the plant, and that the portion of
manure nitrogen that is not available for plant growth
in the year of application is available in subsequent
years. As simulated by EPIC, manure nitrogen inputs

in a given year are equal to the mineral form of nitro-
gen (mostly as ammonia) in the manure applied dur-
ing the current year and mineralized nitrogen from the
organic fraction of manure applications in previous
years.

EPIC also calculates a complete daily mass balance

of nitrogen, including mineralization and immobiliza-
tion between the organic and mineral fractions, trans-
formations between the pools within each fraction,
and residue additions. These model outputs were not
tracked or reported in this study.

Model simulation results for nitrogen in-
puts

Nitrogen inputs from commercial fertilizer applica-
tions, manure applications, bio-fixation, and atmo-
spheric deposition totaled about 21 million tons per
year for the 298 million acres of cropland represent-
ed by the model simulations (table 33). Of this, 49 per-
cent (10.4 million tons) came from symbiotic bac-
terial-legume fixation (bio-fixation), 41 percent (8.7
million tons) was added as commercial fertilizer, 5
percent (1.1 million tons) was added as manure, and

4 percent (0.8 million tons) was added with rainfall.
Soybeans, corn, and legume hay had the largest inputs
with 6.3, 5.2, and 5.0 million tons per year, respective-
ly (table 33). About half of total commercial nitrogen
fertilizer and about half of the total manure nitrogen
was applied to corn. The preponderance of the nitro-
gen inputs for the three legume crops—soybeans, pea-
nuts, and alfalfa hay—came from bio-fixation, with
relatively small amounts coming from other sources.
Atmospheric deposition of nitrogen was treated in the
model as a fixed concentration, but varied in impor-
tance from region to region because of differences in
the amount of rainfall and cropland acres. Nitrogen
from these four sources, together with soil organic ni-
trogen converted each year from organic to mineral
form, was available for plant growth in the EPIC mod-
el simulations, where they were either taken up by the
crop and removed from the field at harvest, stored in
the soil, or transported from the field by wind and wa-
ter.

Spatial trends in nitrogen application rates

Map 13 shows the spatial distribution of average com-
mercial fertilizer application rates that are based

on the inputs used for the EPIC model simulations.
Commercial fertilizer application rates varied substan-
tially throughout most of the cropland acres, reflecting
the crop mix and the associated differences in applica-
tion rates by crop. The color pattern in corn and soy-
bean production areas, for example, mainly represents
the mix of corn acres receiving substantial commercial
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fertilizer interspersed among soybean acres receiving
little to moderate commercial fertilizer. In some plac-
es, the application rates show sharp differences be-
tween neighboring states, revealing the state-level na-
ture of the available farmer survey information.

Map 14 shows the spatial distribution of manure appli-
cations used for the model simulations. Class breaks
used in map 14 were the same as used for map 13 to
facilitate comparisons between manure and commer-
cial fertilizer sources of nitrogen. The broad areas of
intensive animal agriculture can be identified in map
14 by the higher application rates: swine production

in lowa and North Carolina; poultry production in the
Mid-Atlantic area and parts of the Southeast; dairy pro-
duction in the Northeast, in Minnesota, Wisconsin,

and parts of Michigan, and in areas in California and
parts of Texas; and fattened cattle production in the
mid-Great Plains area and areas throughout the West.
These hot spots for manure application correspond
closely to areas of intensive livestock production re-
ported by Kellogg et al. (2000).

The percentage of acres shown in the legend of map 14
for each application rate class is the percentage of NRI
acres for which some portion of the acres at an NRI
point received manure, not the percentage of acres
treated with manure. In areas of intensive livestock
production, the portion of acres at the NRI point re-
ceiving manure could be high, but in most other areas,
it was low, often below 10 percent. Overall, only 3.6
percent of the acres included in the study received ma-
nure applications (table 19) in the model simulations.
Also evident in map 14 are broad areas of cropland
that received almost no manure applications.

The per-acre application rates for nitrogen from ma-
nure and nitrogen from commercial fertilizer pre-
sented in maps 13 and 14 (as well as application rates
shown in tables) are the averages for all cropland
acres, including acres without manure application or
without commercial fertilizer application. The aver-
ages shown are thus lower than the application rates
assigned to each crop as model inputs, such as those
shown in tables 15 and 18. For example, the manure
nitrogen application rates for corn in climate cluster

1 in Nebraska ranged from 146 to 342 pounds of ni-
trogen per acre for cropland acres associated with
manure producing farms and ranged from 79 to 184
pounds of nitrogen per acre for cropland acres asso-
ciated with manure receiving farms, depending on the

108

yield class (table 18). However, only 5.3 percent of the
total corn acres received manure in that state-climate
cluster. The overall average manure nitrogen applica-
tion rate for corn in the Nebraska portion of climate
cluster 1 was about 10 pounds per acre, which is the
value represented in map 14.

An important feature shown on both maps 13 and 14
is the variability in average nitrogen applications even
within fairly localized areas.

Nitrogen input estimates by region

Northeast region. The highest per-acre nitrogen in-
put was in the Northeast region (fig. 14, table 34), av-
eraging 244 pounds of nitrogen per acre of cropland.
About 65 percent of nitrogen inputs in this region were
from bio-fixation (fig. 15), followed by 23 percent for
commercial fertilizer, 9 percent for manure, and 3 per-
cent for atmospheric deposition. The average rate for
manure application was also highest in the Northeast
(fig. 14), averaging 22 pounds of nitrogen per acre of
cropland. This was largely due to 1.5 million acres of
corn silage, which represented a third of the acreage
of non-legume row crops in the Northeast and had an
average application rate of 114 pounds of manure ni-
trogen per acre.

Upper Midwest region. The Upper Midwest region
had the second-highest per acre nitrogen input, averag-
ing 176 pounds per cropland acre (table 34). Nitrogen
inputs in the Upper Midwest were disproportionately
high, representing nearly half of the total nitrogen in-
puts for all regions but accounting for only 38 percent
of the cropland acres (table 33). About 56 percent of
the nitrogen inputs in this region was bio-fixation, 35
percent was commercial fertilizer, 5 percent was ma-
nure, and 4 percent was atmospheric deposition (fig.
15).

South Central and Southeast regions. Nitrogen in-
puts in the South Central region and the Southeast av-
eraged 157 and 154 pounds per acre of cropland, re-
spectively (fig. 14). The percent representation by
source was similar to that in the Upper Midwest re-
gion, although, both regions received more nitrogen
from atmospheric deposition and the Southeast re-
ceived slightly more nitrogen from manure applica-
tions on a per-acre basis. Among all the regions, at-
mospheric deposition of nitrogen was highest in these
two regions—averaging 8 to 9 pounds per acre—be-
cause of higher precipitation.
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Figure 14 Sources of per-acre nitrogen inputs—by region
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Table 34 Sources of nitrogen inputs on a per-acre basis-by region and by crop within regions (average annual values)
|
Commercial Atmospheric Sum of
Acres fertilizer Manure deposition Bio-fixation inputs
Region Crop (1,000s) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a)
By region
Northeast All crops 13,642 57.0 21.5 7.1 158.6 244.2
Northern Great Plains All crops 72,397 50.1 43 34 25.1 829
South Central All crops 45,350 56.9 3.8 8.7 87.9 157.3
Southeast All crops 13,394 63.3 12.3 83 70.0 153.9
Southern Great Plains All crops 32,096 59.4 4.6 3.8 6.6 74.5
Upper Midwest All crops 112,581 62.3 8.3 6.1 99.1 175.8
West All crops 9,018 70.7 15.9 2.3 58.4 147.3
All regions All crops 298,478 58.3 73 56 69.7 141.0
By crop within region*
Northeast Corn 2,943 85.3 27.1 7.2 0.0 119.6
Corn silage 1,482 64.5 113.7 7.0 0.0 185.2
Grass hay 2,369 63.6 6.4 7.0 0.0 77.0
Legume hay 4,052 359 0.9 6.9 485.1 528.9
Oats 362 524 1.0 7.0 0.0 60.3
Soybeans 1,305 31.7 16.8 7.5 151.3 207.4
Winter wheat 853 533 34 7.4 0.0 64.1
Northern Great Plains Barley 3,243 78.4 0.3 3.0 0.0 81.8
Corn 15,466 101.2 13.7 37 0.0 118.6
Corn silage 810 69.6 67.0 35 0.0 140.1
Grass hay 2,443 64.5 34 32 0.0 71.1
Legume hay 6,152 359 1.1 33 168.7 209.0
Oats 1,255 17.9 0.1 33 0.0 213
Spring wheat 18,916 39.0 0.0 3.1 0.0 421
Sorghum 1,595 79.8 47 36 0.0 88.2
Soybeans 9,562 2.9 1.0 3.7 81.4 89.0
Winter wheat 12,748 349 0.7 33 0.0 389
South Central Corn 5,956 125.1 7.4 9.1 0.0 141.7
Cotton 5,487 81.1 04 9.4 0.0 90.9
Grass hay 3,347 559 24.6 8.3 0.0 88.8
Legume hay 1,630 35.8 0.8 8.2 5333 578.1
Peanuts 880 13.9 2.1 9.3 79.3 104.5
Rice 3,004 121.1 0.0 9.7 0.0 130.8
Sorghum 2,729 834 2.0 7.4 0.0 929
Soybeans 14,083 4.7 14 9.1 216.4 231.6
Winter wheat 7,896 57.5 03 7.4 0.0 65.1
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Table 34 Sources of nitrogen inputs on a per-acre basis-by region and by crop within regions (average annual values)—
— Continued
Commercial Atmospheric Sum of
Acres fertilizer Manure deposition Bio-fixation inputs
Region Crop (1,000s) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a)
Southeast Corn 3,028 121.9 16.3 83 0.0 146.6
Cornsilage 412 105.7 69.3 8.0 0.0 183.1
Cotton 2,422 63.0 1.9 8.7 0.0 73.6
Grass hay 2,000 58.5 19.1 8.1 0.0 85.7
Legume hay 1,183 359 1.1 77 478.7 523.5
Peanuts 479 13.5 29 8.9 77.6 102.8
Soybeans 2,419 12.2 14.2 8.4 137.9 172.7
Winter wheat 1,216 55.9 4.6 8.3 0.0 68.9
Southern Great Plains Corn 2,665 116.1 36.4 38 0.0 156.3
Cotton 7,316 435 0.2 3.6 0.0 473
Legume hay 677 35.8 2.8 33 256.5 298.5
Oats 503 16.8 04 4.9 0.0 220
Peanuts 484 33.2 0.1 4.2 413 78.8
Sorghum 4,895 81.0 34 4.0 0.0 88.4
Winter wheat 15,037 53.2 1.0 3.9 0.0 58.0
Upper Midwest Corn 47,941 114.2 12.6 6.2 0.0 133.0
Corn silage 1,947 63.8 136.8 57 0.0 206.4
Grass hay 4,044 64.4 4.0 6.1 0.0 74.6
Legume hay 9,233 359 0.8 5.8 420.8 463.4
Oats 1,388 18.9 03 5.6 0.0 24.8
Spring wheat 815 813 0.2 4.9 0.0 86.4
Sorghum 1,604 824 1.2 6.0 0.0 89.6
Soybeans 40,049 3.0 0.8 6.2 181.6 191.7
Winter wheat 5147 825 0.2 6.3 0.0 89.1
West Barley 958 60.2 25 2.2 0.0 64.8
Cornsilage 297 78.1 202.1 2.6 0.0 2829
Cotton 1,631 1254 10.2 1.8 0.0 137.5
Legume hay 1,847 355 7.5 1.8 285.2 330.1
Potatoes 329 2144 3.1 1.9 0.0 2194
Rice 599 22.8 0.0 3.1 0.0 259
Spring wheat 772 55.7 10.5 2.1 0.0 68.3
Winter wheat 2,118 58.4 8.4 2.8 0.0 69.6

* Estimates for crops with less than 250,000 acres within a region are not shown. However, acres for these minor crops are included in the
calculation of the regional estimates.
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Figure 15 Sources of nitrogen inputs as a percent of the regional total
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Northern Great Plains and Southern Great

Plains. On a per-acre basis, nitrogen inputs were low-
est for the Northern Great Plains and Southern Great
Plains regions for almost all sources (fig. 14, table 34),
averaging 83 and 75 pounds of nitrogen per acre, re-
spectively. This was largely because of the small acre-
age of nitrogen bio-fixing legume crops. Commercial
fertilizer accounted for the bulk of the nitrogen inputs
in these two regions (fig. 15); manure nitrogen and at-
mospheric deposition each accounted for about 5 per-
cent of the total inputs.

West region. Total nitrogen input for the West re-

gion averaged 147 pounds per acre (table 34, fig. 14).
The largest source was commercial fertilizer at 48 per-
cent, followed by bio-fixation at 40 percent, manure at
11 percent, and atmospheric deposition at 1.6 percent
(fig. 15). The West region had the lowest amount of ni-
trogen from atmospheric deposition, averaging only
2.3 pounds per acre in these model simulations.

Nitrogen input estimates by crop

Of all the crops, alfalfa hay had the highest per-acre
amount of nitrogen inputs in these model simula-
tions, mostly consisting of bio-fixation (fig. 16, table
34). Corn silage and soybeans were the next highest.
Nitrogen for soybeans was almost entirely bio-fixation,
whereas manure was the dominant source for corn si-
lage. Commercial nitrogen fertilizer application rates
varied from crop to crop, with the highest rates for po-
tatoes, rice, and corn, and the lowest for soybeans (fig.
16). Commercial nitrogen fertilizer accounted for 80
percent or more of the nitrogen inputs for all but corn
silage and the three legume crops. About 60 percent
of the nitrogen sources for corn silage came from ma-
nure. Manure was a significant source on a per-acre ba-
sis for only three crops—corn silage, corn, and grass
hay—resulting directly from assumptions used to de-
rive the manure application database.

Model simulation results for nitrogen loss

Of the 21 million tons per year of nitrogen inputs rep-
resented in the EPIC model simulations, about 28 per-
cent—6 million tons—was lost from the field through
volatilization, dissolved in surface water runoff, leach-
ing, or carried away with the soil by wind and water
erosion (table 35). Most nitrogen was lost through vol-
atilization—47 percent, equivalent to an average per
acre loss of 18.5 pounds per year. The next highest
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loss pathway, accounting for 21 percent of total nitro-
gen loss, was nitrogen lost with waterborne sediment,
which averaged 8.5 pounds per cropland acre per year
(table 35, table 23). Nitrogen dissolved in leachate was
the third highest loss category, averaging 6.7 pounds
per acre per year and representing 17 percent of total
nitrogen losses. Nitrogen dissolved in surface water
runoff averaged 3.8 pounds per acre per year and ac-
counted for 10 percent of total nitrogen loss. On aver-
age for all cropland, windborne nitrogen loss with sed-
iment accounted for about 4 percent of nitrogen loss,
and nitrogen lost from the field through lateral sub-
surface flow accounted for only about 1 percent. The
average for all nitrogen loss pathways combined was
about 40 pounds per acre per year (table 36).

Map 15 shows the distribution of the sum of nitro-

gen loss from all six pathways. The most vulnera-

ble areas for overall loss of nitrogen from farm fields
are colored red and brown in the map, and repre-

sent about 9 percent of the cropland acres. In these
areas, the loss of nitrogen from farm fields averages
over 72 pounds per acre per year. These highly vulner-
able cropland acres are scattered throughout various
parts of the country, but tend to be concentrated most-
ly in lowa, Indiana, Pennsylvania, the Atlantic Coastal
Plain, Lower Mississippi River Basin, and southeastern
Texas. The least vulnerable acres, represented in green
on the map, comprise 59 percent of the cropland acres
and have total nitrogen loss rates below 36 pounds per
acre per year, on average.

The potential for nitrogen loss varied considerably
among cropland acres, reflecting variability in the
amounts lost through each of the six nitrogen loss
pathways, variability in nitrogen lost among soils with
different properties, variability in the amount and kind
of nitrogen sources by crop, the extent to which con-
servation tillage occurred, and the extent to which the
three conservation practices included in the model
simulation were present.

Per-acre nitrogen loss estimates for six loss
pathways

The spatial distribution of nitrogen loss for each of
the nitrogen loss pathways (except lateral subsur-
face flow) is shown in maps 16 through 20. The class
breaks for maps 16 through 20 are the same so that
comparisons can be made among the maps. It is clear
from these maps that there is considerable variabili-
ty within cropland as to which loss pathways account
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Table 36 Nitrogen loss estimates on a per-acre basis—by region and by crop within regions (average annual values)
—

Dissolved Dissolved

in surface Dissolved in lateral Lost with Lost with Sum of

water in subsurface  waterborne windborne  all loss

Acres Volatilized  runoff leachate flow sediment sediment pathways

Region Crop (1,000s) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a)
By region
Northeast All crops 13,642 11.5 6.6 6.8 0.7 13.4 0.2 39.2
Northern Great Plains All crops 72,397 16.5 1.8 1.0 0.3 45 3.6 27.8
South Central All crops 45,350 17.6 7.7 134 0.5 10.9 0.4 50.6
Southeast All crops 13,394 255 4.0 299 0.9 7.1 <0.1 67.4
Southern Great Plains All crops 32,096 27.3 1.7 3.8 0.3 2.6 6.4 421
Upper Midwest All crops 112,581 17.7 2.8 6.0 0.5 11.8 0.3 39.2
West All crops 9,018 17.0 16.0 23 0.3 2.7 0.2 38.6
All regions All crops 298,478 18.5 3.8 6.7 0.4 8.5 1.8 39.7

By crop within region*

Northeast Corn 2,943 12.6 3.2 11.8 0.9 233 0.3 52.1
Corn silage 1,482 104 54 8.5 1.2 40.9 0.4 66.9
Grass hay 2,369 6.8 15.5 0.8 0.3 4.2 <0.1 27.5
Legume hay 4,052 135 7.0 1.3 0.4 0.1 <0.1 22.2
Oats 362 8.1 43 4.7 0.7 17.7 0.1 35.7
Soybeans 1,305 13.8 29 17.4 1.0 133 0.3 48.6
Winter wheat 853 11.5 23 1.9 0.4 15.2 0.1 31.2
Northern Great Plains Barley 3,243 26.7 3.2 0.2 0.5 47 3.9 39.1
Corn 15,466 28.2 2.7 3.6 0.8 8.0 7.7 50.9
Corn silage 810 20.3 31 23 0.7 9.0 77 43.1
Grass hay 2,443 53 6.6 <0.1 0.1 0.4 <0.1 124
Legume hay 6,152 12.0 3.0 0.1 0.1 0.1 <0.1 15.2
Oats 1,255 8.8 0.7 0.2 0.2 5.2 33 183
Spring wheat 18,916 12.6 1.4 0.1 0.2 4.8 3.1 22.1
Sorghum 1,595 26.3 1.4 1.4 0.7 6.0 7.7 435
Soybeans 9,562 133 0.5 0.7 0.2 57 3.7 24.2
Winter wheat 12,748 10.9 0.4 0.1 0.1 1.5 0.9 14.0
South Central Corn 5,956 18.3 8.4 13.1 0.7 19.1 0.6 60.2
Cotton 5,487 9.0 5.1 20.7 0.4 124 0.1 47.6
Grass hay 3,347 9.3 48 0.6 0.2 2.1 <0.1 17.0
Legume hay 1,630 10.8 3.2 0.4 0.2 0.1 <0.1 14.8
Peanuts 880 189 2.8 50.2 2.2 4.8 0.6 79.6
Rice 3,004 6.9 378 24.5 0.1 8.6 <0.1 779
Sorghum 2,729 17.4 2.8 8.5 0.4 1.1 26 42.8
Soybeans 14,083 251 7.8 17.4 0.7 124 0.4 63.8
Winter wheat 7,896 18.7 1.9 2.9 0.3 8.4 0.2 324
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Table 36 Nitrogen loss estimates on a per-acre basis—by region and by crop within regions (average annual values)—
— Continued
Dissolved Dissolved
in surface Dissolved in lateral Lost with Lost with Sum of
water in subsurface  waterborne windborne  all loss
Acres Volatilized  runoff leachate flow sediment sediment pathways
Region Crop (1,000s) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a) (Ib/a)
Southeast Corn 3,028 45.6 5.0 51.0 1.1 12.5 <0.1 115.2
Corn silage 412 224 6.6 18.3 1.7 20.4 <0.1 69.5
Cotton 2,422 10.7 2.1 26.6 0.6 5.6 <0.1 45.7
Grass hay 2,000 124 55 2.2 0.3 25 <0.1 229
Legume hay 1,183 125 5.2 1.6 0.4 0.1 <0.1 19.8
Peanuts 479 18.4 2.7 55.5 1.8 54 <0.1 83.8
Soybeans 2,419 313 34 41.6 1.4 5.8 <0.1 83.6
Winter wheat 1,216 331 2.2 23.1 0.7 9.8 <0.1 68.8
Southern Great Plains Corn 2,665 304 5.6 43 0.4 49 124 57.9
Cotton 7,316 14.5 2.1 6.5 0.2 29 133 39.4
Legume hay 677 15.4 37 0.1 0.1 <0.1 <0.1 19.2
Oats 503 20.8 1.4 6.2 0.3 33 0.6 326
Peanuts 484 173 5.0 20.1 1.0 23 9.1 54.8
Sorghum 4,895 36.6 1.8 5.9 0.3 3.1 2.9 57.5
Winter wheat 15,037 315 0.5 1.4 0.2 1.9 1.3 37.0
Upper Midwest Corn 47,941 23.0 23 9.3 0.6 16.0 0.6 51.7
Corn silage 1,947 19.3 3.2 7.5 0.8 16.6 0.7 48.0
Grass hay 4,044 7.2 12.8 0.1 0.2 1.2 <0.1 215
Legume hay 9,233 11.0 7.6 0.2 0.2 <0.1 <0.1 19.1
Oats 1,388 6.7 1.1 0.8 0.2 9.0 0.4 18.2
Spring wheat 815 175 54 0.1 0.1 5.5 0.8 29.5
Sorghum 1,604 15.4 1.6 4.1 0.6 10.6 04 32.8
Soybeans 40,049 14.6 1.4 4.8 0.5 1.1 0.2 325
Winter wheat 5,147 14.8 31 0.6 0.2 8.9 0.1 27.8
West Barley 958 14.8 13.5 0.8 0.8 4.8 0.5 35.2
Corn silage 297 30.4 29.6 8.8 0.4 2.7 0.2 72.2
Cotton 1,631 13.0 38.9 2.8 0.1 0.4 <0.1 553
Legume hay 1,847 17.4 24 0.1 <0.1 0.1 <0.1 20.1
Potatoes 329 56.1 38.7 10.0 2.1 0.6 14 108.9
Rice 599 3.9 11.9 6.7 <0.1 1.0 <0.1 235
Spring wheat 772 9.0 15.6 0.7 0.4 33 0.5 29.5
Winter wheat 2,118 17.9 6.0 1.7 0.2 6.6 0.3 327

* Estimates for crops with less than 250,000 acres within a region are not shown. However, acres for these minor crops are included in the
calculation of the regional estimates.
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Geographic boundaries are sometimes evident on maps

Geographic boundaries such as state boundaries or climate zone boundaries are sometimes evident on the maps
of model output. The sharp boundaries are not real, but rather are a modeling artifact. They are due to the use of
highly aggregated input data on nutrient applications or due to adjacent climate zones with very different weath-
er parameters. For example, several state boundaries and climate zone boundaries are evident in maps 15 and

16. There are sharp differences shown in model output along the state border between Minnesota and bordering
states to the west. Climate zone boundary effects occur in parts of Nebraska, Kansas, and Texas. These bound-

ary effects show up in other maps, as well.

The origin of the state boundary effects is evident from the maps on nitrogen and phosphorus commercial fertil-
izer and manure application rates (see maps 13-14 and 26-27). Commercial fertilizer application data were de-
rived from farmer surveys and aggregated to the state level or sometimes combinations of states for each crop.
Manure application data were derived from the Census of Agriculture farm-level data and aggregated to the
state-climate zone level for each crop. Thus, all NRI sample points for a particular crop in a particular state-cli-
mate zone area were modeled with the same average nutrient application inputs, which were sometimes mark-
edly different from average nutrient application inputs in an adjoining state.

The origin of the climate zone boundaries is evident from the climate zone map (map 4). Most of the climate
zones outside of the West region are very large, creating marked differences between climate zones in the data
inputs used in the EPIC model to calculate precipitation (map 5) and surface water runoff (map 7). These cli-
mate zones boundaries are sometimes apparent in maps of model output heavily influenced by surface water
runoff. The map of nitrogen lost with waterborne sediment (map 17), for example, shows climate zone boundary
effects in the Great Plains regions.
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Visual distortion of cropland acres in per-acre maps

The mapping technique used to display per-acre model output results was developed specifically to show spatial
trends, thereby identifying cropland areas with specific resource concerns. There are three steps involved in the
mapping technique (see figs. 5 and 6):

Step 1.  Calculate the average value for each 25-square kilometer (9.6 mi?) grid cell using the model output
for each NRI sample point located in the grid cell.

Step 2.  Interpolate values to surrounding cells that have no NRI sample points.

Step 3. Perform a geographic transformation that smoothes the representation of the results.

While these steps enhance spatial trends, they also produce some distortion of the extent to which cropland
acres are represented.

The biggest source of distortion stems from use of grid cells to represent NRI attributes. Some grid cells contain
only a few NRI sample points, representing only a few acres of cropland. This is common in areas of the coun-

try where cropland is not the dominant land use. In areas where cropland is concentrated, each grid cell will rep-
resent many more cropland acres. Since all grid cells are the same size, this has the visual effect of exaggerating
the cropland representation in some areas of the country relative to other areas of the country. Areas where crop-
land is a small share of the land use on the landscape appear over-represented in the maps.

Map 20 provides an example of this kind of distortion. The Atlantic Coastal Plain shows prominently on the map
as a large area of high vulnerability to nitrogen dissolved in leachate. Most mapping cells in this area had aver-
age per acre values of over 30 pounds per acre—the highest class shown on the map. While cropland acres in this
area are highly vulnerable to nitrogen leaching, less than 40 percent of the acres in that area are cropland acres.
Overall, only 5.3 percent of the cropland acres included in the study had nitrogen leaching estimates above 30
pounds per acre, as shown in the legend for map 20. The visual representation leaves the impression that many
more acres are vulnerable than there actually were.

The interpolation step further exaggerates the representation of cropland acres in areas of the map where crop-
land is a minor land use. This source of distortion is explained in figure 7. The visual impression of the extent of
the vulnerable acres in the Atlantic Coastal Plain in map 20 is also affected by interpolation along the edges of
the cropland areas.

The percentage of acres associated with the class breaks used to construct the maps is reported in the map leg-
end to provide a perspective on the extent of the over-representation of acres in the maps. These percentages
were calculated on the basis of the individual NRI sample points, and not on the basis of the average values for
the map cells. Thus, the percentages reported in the map legend do not account for the “averaging effect” origi-
nating from use of the mean values to represent model output for each map cell.
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for the bulk of the nitrogen loss in a particular area or
even an entire region. This variability stems from the
spatial variability among the various factors that effect
nitrogen loss. Areas of greatest vulnerability did not al-
ways correspond to areas with the highest nitrogen in-
puts (maps 13 and 14), indicating the importance of
the physical setting in nutrient loss dynamics.

Nitrogen volatilization. Loss of nitrogen to the at-
mosphere through volatilization was high for nearly
all cropland acres (map 16), and was the highest loss
pathway for the vast majority of acres. On the basis of
model simulation results shown in map 16, the regions
of greatest vulnerability for nitrogen volatilization—
colored brown and red—are:

e A broad area in Oklahoma and Texas, which in-
cludes most of the cropland in those two states.
In this area, volatilization losses appear to result
from the prevalence of calcareous alkaline soils,
high temperatures, strong winds, and lengthy
dry periods. In the model simulations, fertilizers
were applied according to a set activity schedule
and were not adjusted to reflect dry periods and
associated periods of depressed crop growth,
which might partly explain the high nitrogen vol-
atilization results obtained with EPIC for this
area.

e An area that extends from northern lowa north-
ward through most of the cropland in Minnesota

e An area along the Mid-Atlantic coast that in-
cludes North Carolina and parts of South
Carolina

e Cropland acres in the northwest

These vulnerable areas represent about 29 percent of
cropland acres included in the study. The least vulner-
able areas are colored yellow and green in the map
and represent about 25 percent of cropland acres.

Nitrogen lost with waterborne sediment. In gen-

eral, areas of greatest vulnerability for nitrogen lost
with waterborne sediment are about the same as those
shown for sediment loss in map 9. Areas of greatest
vulnerability—colored brown and red in map 17—rep-
resent about 10 percent of the cropland acres includ-
ed in the study. The area that stands out as the most
vulnerable is in Pennsylvania and northern Maryland.
An area consisting of cropland acres in lowa, north-

ern Missouri, and Illinois was also prominent in terms
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of vulnerable acres for nitrogen lost with waterborne
sediment. This area was less prominent in terms of
vulnerable acres for sediment loss.

Nitrogen lost with windborne sediment. Areas of
greatest vulnerability for nitrogen lost with windborne
sediment (map 18) are the same areas that had the
highest potential for wind erosion shown in map 11.

Nitrogen dissolved in surface water runoff. The
potential for loss of nitrogen dissolved in surface wa-
ter runoff from farm fields is shown in map 19. For
most cropland acres, the per-acre amount of nitrogen
dissolved in surface water runoff was much less than
nitrogen lost with waterborne sediment. About 78 per-
cent of the cropland acres included in the study—col-
ored green in map 19—had less than 5 pounds per acre
of nitrogen dissolved in surface water runoff. Overall,
the cropland areas with the highest potential for loss
of nitrogen dissolved in surface water runoff—colored
brown, red, and orange in the map and representing
about 8 percent of the cropland acres included in the
study—are:

e intensively irrigated areas in the West

o cropland acres in the lower Mississippi River
Basin and the rice growing area that extends into
southern Louisiana and southeastern Texas

¢ Northeast region

e northern edge of cropland in Minnesota,
Wisconsin, and Michigan

In general, cropland areas with the highest loss of ni-
trogen dissolved in surface water runoff correspond to
cropland acres with the highest surface water runoff
shown in map 7.

Nitrogen dissolved in leachate. The spatial distri-
bution for nitrogen dissolved in leachate (map 20) is
quite different from the spatial patterns of nitrogen
dissolved in surface water runoff. The spatial distribu-
tion generally corresponds to spatial trends in annu-
al percolation. Most of the cropland acres in regions
where percolation exceeds 5 inches per year are as-
sociated with elevated levels of nitrogen dissolved in
leachate. A notable exception, however, is for a large
region in northern lowa where annual percolation
rates are low but where loss of nitrogen in leachate is
sometimes high. Intensively irrigated areas in the West
and most cropland in the Great Plains have very low
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losses of nitrogen dissolved in leachate and also have
low levels of percolation. The cropland area of highest
percolation in the Southeast, extending from Alabama
through Delaware, also has the highest loss of nitro-
gen dissolved in leachate in the country, usually ex-
ceeding rates of 30 pounds per acre per year. Cropland
acres with the highest potential for nitrogen dissolved
in leachate, represented by the brown and red colored
areas in map 20, are:

o Atlantic coastal plain extending from Alabama
northward through eastern Virginia and the
Delmarva Peninsula

e Lower Mississippi River Basin, including es-
pecially cropland in northern Mississippi and
Alabama

e cropland in southeastern Texas

e an areain northern lowa including parts of
southern Minnesota

e scattered areas within Michigan, Indiana, west-
ern Ohio, and central Wisconsin

e Southern Pennsylvania, New Jersey, and scat-
tered area in New York and the New England
states

e Willamette River Basin in Oregon

These vulnerable areas represent about 9 percent of
the cropland acres included in the study. Areas of low-
est vulnerability for nitrogen dissolved in leachate are
colored green in map 20, and represent about 43 per-
cent of the cropland acres included in the study. About
29 percent of the cropland acres had almost no dis-
solved nitrogen in leachate, shown by the grey areas in
map 20.

As explained previously, model simulations did not ex-
plicitly account for tile drainage because of the lack of
information on the presence or absence of tile drain-
age fields at NRI sample points. In heavily tiled crop-
land areas, however, it has been shown that much of
the nitrate nitrogen dissolved in leachate that reach-
es the depth of the tile drainage field returns to surface
water via the drainage tiles (Chung et al. 2001, 2002;
Fausey et al. 1995; Fischer et al. 1999; Randall and
Mulla 2001; Zucker and Brown 1998). Thus it is likely
that the vulnerable acres shown in map 20 throughout
most of the acreage in the Midwest are actually con-
tributing to nitrogen in surface water runoff via dis-
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solved nitrogen in leachate returning to surface water
flows through tile drainage systems.

Itis also likely that estimates of nitrogen dissolved in
leachate are overstated in cropland areas where sur-
face drainage systems are common because of the mit-
igating influence of denitrification processes, which
were not taken into account in the model simulation.
In the Southeast, for example, inherent hardpans and
tillage pans can be a hindrance to nitrogen leaching
and contribute to short-term waterlogging, resulting in
substantial losses of nitrogen via denitrification.

Nitrogen dissolved in lateral subsurface flow.
Nitrogen loss through lateral subsurface flow was low
in all model simulations, averaging less than 1 pound
per acre overall and seldom exceeding 2 pounds

per acre in specific model runs. Because of the low
amounts lost through this pathway, the spatial distri-
bution is not shown in a map. The ultimate fate of ni-
trogen loss from the field through lateral subsurface
flow cannot be determined by EPIC. Subsurface flow
occurs where there is a sloped landscape. After pass-
ing the edge of the field, it could return to the surface
and contribute to surface water runoff, or it could con-
tinue to percolate into the soil as leachate. EPIC model
estimates of lateral subsurface flow are not estimates
of nitrogen loss through tile drains, although some
subsurface lateral flow would be expected to return
to surface water through drainage tiles in some situa-
tions.

Per-acre nitrogen loss by region

Southeast region. The highest per-acre losses oc-
curred in the Southeast region, where the sum of loss-
es from all loss pathways averaged 67 pounds per acre
per year (table 36, fig. 17). Total nitrogen loss in this
region represented 44 percent of the annual nitrogen
inputs (commercial fertilizer applications, manure ap-
plications, bio-fixation, and atmospheric deposition),
which was second highest among the seven regions.
Most of the nitrogen loss was either nitrogen dissolved
in leachate (44%) or nitrogen that volatilized (38%) (fig.
18). Nitrogen loss dissolved in leachate averaged 30
pounds per cropland acre per year—over twice as high
as determined for any of the other regions. However,
since cropland acres with high water tables are com-
monly found in areas throughout the Southeast region,
a portion of the nitrogen attributed to nitrogen leach-
ing in these model simulations is more likely to vola-
tilize as gaseous nitrogen compounds as a result of de-
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Figure 17 Average annual per-acre estimates of nitrogen loss-by region
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nitrification, or, in cases where ponding would have
occurred, contributed to nitrogen losses in surface wa-
ter runoff.

Corn acres in the Southeast region had among the
highest nitrogen losses of any crop in any of the re-
gions, averaging 115 pounds per acre per year for ni-
trogen loss summed over all pathways. For corn acres
in this region, nitrogen loss dissolved in leachate aver-
aged 51 pounds per acre per year and nitrogen volatil-
ization loss averaged 46 pounds per acre. Nitrogen loss
was also high for peanuts and soybeans, each averag-
ing over 80 pounds per acre per year for nitrogen loss
summed over all pathways. Nitrogen loss dissolved in
leachate was 56 pounds per acre for peanuts in this re-
gion, which was the highest average loss for this path-
way among all crops in all regions.

South Central region. The South Central region had

the second highest per-acre nitrogen loss, averaging 51
pounds per cropland acre per year (table 36, fig. 17).
All nitrogen pathways except windborne sediment and
lateral subsurface flow had significant losses in the
South Central region (fig. 18); the highest losses were
due to volatilization and nitrogen dissolved in leach-
ate. Total nitrogen loss in the South Central region rep-
resented 32 percent of annual nitrogen inputs.

Peanuts and rice had the highest nitrogen loss rates in
this region, each averaging about 80 pounds per acre
for nitrogen loss summed over all pathways. The dom-
inant loss pathway for rice was nitrogen dissolved in
surface water runoff; nitrogen loss for this pathway av-
eraged 38 pounds per acre, the highest loss for nitro-
gen dissolved in surface water runoff among all crops
and all regions. The dominant loss pathway for pea-
nuts was nitrogen dissolved in leachate, with nitrogen
loss for this pathway averaging about 50 pounds per
acre per year. Per-acre nitrogen loss was also high for
corn and soybean acres in this region, averaging over
60 pounds per acre for nitrogen loss summed over all
pathways.

Southern Great Plains region. The Southern Great
Plains region had the largest percentage of annual ni-
trogen inputs lost from farm fields—56 percent. The
Southern Great Plains region had the lowest per-acre
amount of nitrogen inputs, but had the third highest
per-acre nitrogen loss. Model simulations showed that,
on average, 42 pounds per acre of nitrogen was lost
from cropland acres in this region each year. Nitrogen
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volatilization was the principal source of nitrogen loss
in the region, accounting for 65 percent of all losses
(fig. 18). High soil pH, high temperatures, and windy
conditions are prevalent in this region, resulting in

high rates of nitrogen volatilization. Nitrogen loss with
windborne sediment was the second highest loss path-
way, accounting for 15 percent of the nitrogen loss-

es. Nitrogen loss with windborne sediment was higher
in the Southern Great Plains than in any other region.
Other loss pathways in this region were relatively

small. Highest losses occurred for corn, sorghum, and
peanuts within this region. Nitrogen lost to windborne
sediment exceeded 12 pounds per acre, on average, for
corn and cotton acres in this region.

Northeast region. Per-acre nitrogen losses in the
Northeast region averaged 39 pounds per acre per
year, of which waterborne sediment accounted for

the largest percentage (34 percent) (figs. 17 and 18).
Losses from volatilization accounted for 29 percent,
and losses dissolved in runoff and leachate each ac-
counted for 17 percent. The Northeast region had the
lowest percentage loss of nitrogen inputs—16 per-
cent—but also had the highest nitrogen inputs among
the seven regions.

Corn silage had the highest nitrogen losses among
crops in the Northeast, averaging 67 pounds per acre
per year for the sum of losses from all pathways.
Nitrogen lost with waterborne sediment averaged 41
pounds per acre for corn in this region, the highest
per-acre loss for this pathway among all crops in all re-
gions. Corn had the second highest nitrogen loss in the
region, averaging 52 pounds per acre per year for the
sum of losses over all pathways.

Upper Midwest region. Nitrogen loss in the Upper
Midwest region averaged 39 pounds per cropland acre
per year, slightly lower than in the Southern Great
Plains and about the same as the Northeast and West
regions. The dominant nitrogen loss pathways were
volatilization (45%) and waterborne sediment (30%)
(fig. 18). Highest losses occurred for corn and corn si-
lage. Nitrogen loss in the Upper Midwest represented
only 22 percent of the annual nitrogen inputs, which
was second to the Northeast region in being the lowest
percentage among all the regions.

West region. The West region averaged about 39
pounds per cropland acre of nitrogen losses from all
pathways (table 36, fig. 17). These losses represent-
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ed 28 percent of the annual nitrogen inputs in this re-
gion. Nitrogen loss dissolved in surface water run-

off averaged 16 pounds per acre per year and nearly
equaled the amount lost through volatilization. These
two loss pathways accounted for the majority of nitro-
gen loss in the region. The percentage of nitrogen loss
dissolved in surface water runoff was much higher in
the West than in any other region—42 percent (fig. 18).
These high losses of nitrogen dissolved in surface wa-
ter runoff are associated with irrigation practices in
the West.

Potatoes had the highest loss of nitrogen in the re-
gion, averaging 109 pounds per acre per year for the
sum of all loss pathways. An average of 56 pounds per
acre per year was due to nitrogen volatilization for po-
tato acres, which is the highest loss for this pathway
among all crops and within all regions. Corn silage had
the second highest nitrogen loss at 72 pounds per acre
for the sum of all loss pathways, followed by cotton at
55 pounds per acre.

Northern Great Plains region. The Northern Great
Plains region had the lowest per-acre nitrogen loss

at 28 pounds per acre per year for the sum of all loss
pathways, consistent with the low level of nitrogen in-
puts for the region (table 36, fig. 17). Nitrogen losses
represented about 34 percent of annual nitrogen in-
puts in this region. As observed for most regions, ni-
trogen volatilization accounted for most of the loss,
but waterborne sediment and windborne sediment
were also significant nitrogen loss pathways in the
Northern Great Plains, accounting for 16 and 13 per-
cent of nitrogen losses, respectively. Highest losses oc-
curred for corn acres, which averaged 51 pounds per
acre per year for the sum of losses from all pathways.

Per-acre nitrogen loss by crop

The per-acre estimates of nitrogen loss varied by crop,
contributing to the diversity of nitrogen loss shown in
maps 15 and 16 through 20 because of crop specific
differences in nitrogen inputs and management prac-
tices.

The highest nitrogen loss on a per-acre basis was for
potatoes (averaging 114 Ib/a/yr), peanuts (averaging 74
Ib/a/yr), and rice (averaging 69 Ib/a/yr) (fig. 19). (These
three crops also have the lowest cropland acres. As
these crops were often minor crops in some regions,
regional per-acre estimates of nitrogen loss were not
always included in table 36.) For potatoes and pea-

nuts, the dominant loss pathway was nitrogen dis-
solved in leachate. For rice, the dominant loss path-
way was nitrogen dissolved in surface water runoff.

The lowest nitrogen losses were for grass hay and le-
gume hay, averaging less than 20 pounds per acre for
nitrogen loss from all pathways. These two crops usu-
ally had the lowest nitrogen loss estimates within each
region, with regional average losses always less than
30 pounds per acre per year. Oats, spring wheat, and
winter wheat also had low nitrogen losses, averaging
between 23 and 30 pounds per acre for all acres and
averaging less than 37 pounds per acre for all regions
except the Southeast region. Nitrogen loss for winter
wheat in the Southeast region was 69 pounds per acre
per year, where nitrogen volatilization represented
about half of the loss.

The overall average loss for the remaining crops—
barley, corn, corn silage, cotton, sorghum, and soy-
beans—ranged from 38 to 56 pounds per acre per year
(fig. 19).

Nitrogen loss estimates for irrigated crops often dif-
fered from nitrogen loss estimates for non-irrigated
crops (table 37). For the sum of nitrogen losses for all
pathways, about a third of the estimates were similar,
about a third had substantially higher nitrogen losses
for irrigated crops, and about a third had substantial-
ly lower nitrogen losses for irrigated crops. Examples
of crops with substantially lower nitrogen loss esti-
mates for irrigated acres are: sorghum and corn in the
Southern Great Plains region, barley in the West re-
gion, cotton in the Southeast region, and corn in the
Northern Great Plains region. Examples of crops with
substantially higher nitrogen loss estimates for irrigat-
ed acres are peanuts and legume hay in the Southern
Great Plains region and legume hay in the Northern
Great Plains region. The largest differences were pri-
marily a reflection of large differences in nitrogen vol-
atilization. For some crops, nitrogen volatilization for
non-irrigated crops exceeded nitrogen volatilization
for irrigated crops by more than 30 pounds per acre.
All irrigated acres had higher estimates of nitrogen dis-
solved in surface water runoff than non-irrigated acres
in these model simulations. In most comparisons, ni-
trogen dissolved in leachate and nitrogen lost with wa-
terborne sediment were generally similar; where large
differences occurred, nitrogen loss from these two
pathways was lower for irrigated acres than for non-ir-
rigated acres.
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Figure 19 Average annual per-acre estimates of nitrogen loss-by crop
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Tons of nitrogen loss

Total nitrogen loadings are obtained when the acres of
cropland are taken into account. Estimates of the an-
nual tons of nitrogen loss for each of the five princi-

pal loss pathways are shown in maps 21-25. Each dot
on these five maps represents 500 tons of nitrogen loss
from cropland acres to facilitate spatial comparisons

of nitrogen loadings.

The Upper Midwest region accounted for about 37
percent of total tons of nitrogen loss (table 35), near-

ly twice as much as any of the other six regions. The
Upper Midwest Region also accounted for 37 percent
of the cropland acres included in the study. The per-
centage of the total nitrogen lost each year was almost
exactly the same as the percentage of total cropland
acres in three other regions—the Northeast region, the
Southern Great Plains region, and the West region (fig.
20). Notably, this occurred in the Upper Midwest and
Northeast regions even though the percentages of ni-
trogen sources were disproportionately high in those
regions. Nitrogen losses were disproportionately low
in the Northern Great Plains, which is in part be due to
the disproportionately low sources of nitrogen inputs
(fig. 20). For the South Central and Southeast regions,
however, nitrogen losses were disproportionately high-
er than the proportion of cropland acres.

Tons of nitrogen volatilization losses (map 21) tended
to correspond to cropland acres, with some concen-
tration in the Southern Great Plains region (table 35).
Tons of nitrogen lost with windborne sediment were
concentrated in the Southern Great Plains region (map
22). Over half of the nitrogen lost with waterborne sed-
iment was in the Upper Midwest region (map 3, ta-

ble 35), with disproportionately low losses in the two
Great Plains regions. Nearly 60 percent of the nitrogen
loadings for nitrogen dissolved in surface water run-
off was in the South Central and Upper Midwest re-
gions, with disproportionately high loadings relative to
cropland acres in the West region (map 24, table 35).
The Upper Midwest and the South Central regions ac-
counted for the bulk (65%) of nitrogen loadings from
nitrogen dissolved in leachate (map 25, table 35), with
disproportionately high loadings occurring in the
Southeast region.

Corn accounted for the largest share of total nitrogen
loss (table 35). Corn acres comprise 26 percent of the
cropland acres included in the study. However, corn
accounted for 36 percent of the total nitrogen loss-
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es, due in part to corn accounting for 50 percent of all
commercial fertilizer and manure nitrogen applied (ta-
ble 38).

Soybeans accounted for the second largest share of
nitrogen loss (table 35). In contrast to corn, howev-

er, nitrogen loss for soybeans was almost exactly the
same proportion as acres of soybeans—23 percent (ta-
ble 38). Since only 2 percent of the commercial fertil-
izer and manure nitrogen was applied to soybeans, it
is clear that nitrogen from bio-fixation was the prima-
ry source of nitrogen loss on soybean acres, and that
these losses were directly proportional to the acres of
soybeans. Peanuts, the other legume row crop, simi-
larly had disproportionately low commercial fertilizer
and manure nitrogen sources relative to acres, but had
disproportionately high losses of nitrogen (proportion
for nitrogen loss was twice that of acres), probably
because of inherent soil and climate characteristics

in peanut growing regions. Legume hay, on the other
hand, was associated with 24 percent of all nitrogen
sources but only accounted for 3.9 percent of nitro-
gen losses, while accounting for over twice that many
acres (legume hay accounted for 8.3 percent of total
cropland acres).

In addition to corn and peanuts, potatoes and rice also
had disproportionately high losses of nitrogen, where
the proportion of nitrogen loss was nearly twice or
more the proportion of acres. Grass hay, spring wheat,
oats, and winter wheat had disproportionately low
losses of nitrogen relative to acres, in addition to le-
gume hay. For the remaining crops, the shares of total
nitrogen loss and acres were closer.

Effects of soil properties on nitrogen loss

Soil properties such as texture and hydrologic soil
group explain some of the variability in nitrogen loss
results (tables 39 and 40), and also provide opportuni-
ties for identifying the most susceptible cropland acres
at the local level.

Model simulation results showed that extremely high
nitrogen loss occurred on organic soils, averaging over
300 pounds per acre per year (table 39); these soils
comprise less than half of one percent of the cropland
acres included in the study. The very high levels of or-
ganic material in these soils rapidly mineralize when
the soil is tilled, releasing significant amounts of nitro-
gen compounds, a portion of which are subsequently
lost to the atmosphere or lost from the field with wind
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Figure 20 Regional percentages of the total for cropland areas, all nitrogen sources, commercial fertilizer and manure ni-
—— trogen, and total nitrogen loss
West O Percent N loss
O Percent fertilizer and manure
E O Percent sources
‘ B Percent acres
Southern Great Plains |
\
Northern Great Plains |
\
Upper Midwest
e —
\
South Central L1
Southeast
Northeast 4‘:|
0.0 5.0 10.0 13.0 20.0 25.0 36.0 35.0 40.0 45.0
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Table 38 Percentages by crop of the total for cropland acres, total nitrogen loss, all nitrogen sources, and commercial fertil-
— izer and manure nitrogen source

Percent of Percent of Percent of Percent of commercial

total crop- total nitrogen  all nitrogen fertilizer and manure
Crop land acres losses sources nitrogen applied

Disproportionately high nitrogen loss relative to acres

Corn 26.2 36.3 24.5 50.3
Peanuts 0.6 1.2 0.4 0.2
Potatoes 03 0.9 04 0.8
Rice 1.2 2.1 1.0 1.9

Disproportionately low nitrogen loss relative to acres

Legume hay 83 39 24.0 4.7
Grass hay 4.9 24 2.8 55
S wheat 6.9 39 22 44
W wheat 15.1 1.1 6.2 123
Oats 13 0.7 0.3 0.5

Nitrogen loss approximately proportional to acres

Soybeans 22.6 22.8 29.7 2.1
Barley 1.6 1.5 0.9 1.8
Cornsilage 1.7 25 24 5.0
Cotton 5.6 6.3 3.0 5.9
Sorghum 3.7 44 23 4.7
All crops 100.0 100.0 100.0 100.0
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and water erosion. Average application rates for com-
mercial fertilizer and manure were higher on these
soils than other soil texture groups (table 39), but not
enough to explain the extremely high nitrogen loss
rates. Most of the nitrogen loss from organic soils is
through volatilization (69%), but high amounts are also
lost through leaching and with waterborne sediment.
About half of the organic soils are classified as hydro-
logic soil group A, which has a lower runoff potential
and higher infiltration rate than other soil hydrologic
groups. Group A soils are found predominately in the
Southeast and Upper Midwest regions.

Apart from the high loss rates for organic soils, soil
texture and hydrologic soil group had little influence
on nitrogen volatilization (tables 39 and 40). Losses
were slightly higher for hydrologic soil group D soils
when organic soils are excluded.

Nitrogen lost with windborne sediment was strong-
ly influenced by soil texture and hydrologic soil group
(tables 39 and 40). Soil texture and hydrologic soil
group effects were similar to effects on wind erosion
rates shown in figure 12. Highest losses occurred for
coarse textured soils and for soils in hydrologic soil
group A.

Soil texture and hydrologic soil group also had a pro-
nounced effect on estimates of nitrogen lost with wa-
terborne sediment (tables 39 and 40, fig. 21). Low lev-
els of nitrogen loss occurred on hydrologic soil group
A soils, as well as coarse and moderately coarse tex-
tured soils. Except for organic soils, the relationship
between nitrogen lost with waterborne sediment and
soil properties was generally similar to that observed
for sediment loss in figure 11.

Loss of nitrogen dissolved in surface water runoff was
influenced more by hydrologic soil group than soil
texture (fig. 22). Highest losses were for hydrologic

soil group D soils, where the average annual loss was
about 8 pounds per acre. Hydrologic soil group D soils
are the dominant soil type in the South Central region,
representing over 40 percent of the cropland acres in
that region. Hydrologic soil group A had the lowest
loss of nitrogen dissolved in surface water runoff, av-
eraging only 2 pounds per acre per year.

Soil texture played the major role in determining ni-
trogen dissolved in leachate (fig. 23). Average nitrogen
leaching rates were highest for organic soils, followed

by coarse textured soils (23 Ib/a/yr) and moderate-

ly coarse textured soils (12 Ib/a/yr). Medium textured
soils in hydrologic soil group A also had significant
loss, averaging 16 pounds per acre per year. Finer tex-
tured soils had average nitrogen leaching losses below
7 pounds per acre per year. This relationship between
nitrogen leaching and soil texture reflects the tenden-
cy for coarser soil to have larger, more continuous
pathways or pores for downward movement of water.

Soil types with the highest nitrogen losses occur less
frequently on the landscape than soil types with the
lowest nitrogen losses. Organic soils, which had ex-
tremely high nitrogen losses in these model simula-
tions, represented less than 0.5 percent of cropland
acres. Apart from the organic soils, coarse textured
soils had the highest total nitrogen loss (51 Ib/a/yr), as
did hydrologic group A soils (50 Ib/a/yr excluding or-
ganic soils). However, these soil groups together com-
prise only a small fraction of the total cropland acres
(<6%). Overall, medium textured soils had the low-
est total nitrogen loss rates, averaging 36 pounds per
acre per year, and among the hydrologic soil groups,
hydrologic soil group B had the lowest total nitrogen
loss rates, also averaging 36 pounds per acre per year
(tables 39 and 40). Hydrologic soil group B with medi-
um soil texture is the dominant soil type for cropland
acres included in the study, representing about 30 per-
cent of cropland acres (table 5).

Example of spatial variability of nitrogen loss

Two specific examples of how nitrogen loss varies
within a local area are shown in figure 24. The diver-
sity of soil types represented in the model simulations
for these two lowa watersheds was discussed in a pre-
vious section (fig. 4). Dominant soils from figure 4 are
shown in red in figure 24. Overall, commercial fertiliz-
er and manure nitrogen inputs were about the same in
both of these watersheds.

Total nitrogen loss was slightly lower for the Lower
lowa watershed (44.5 Ib/a/yr) than for the Floyd wa-
tershed (53.1 Ib/a/yr). The predominant loss path-
way differed between the two watersheds as well; in
the Floyd, about half of the nitrogen loss was through
volatilization, whereas about half of the losses in the
Upper lowa watershed were with waterborne sedi-
ment.

Variability in total nitrogen loss by soil cluster was
quite high in both watersheds, ranging from 14 to 113
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Figure 21 Average annual loss of nitrogen with waterborne sediment-by hydrologic soil group and soil texture class
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Figure 22 Average annual loss of nitrogen dissolved in surface water runoff-by hydrologic soil group and soil texture class
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Figure 23 Average annual loss of nitrogen dissolved in leachate-by hydrologic soil group and soil texture class
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pounds per acre in the Floyd watershed and 18 to 150
pounds per acre in the Upper lowa watershed. In both
watersheds, the highest loss occurred for soil cluster
1055 (Kossuth soil), and the second highest loss oc-
curred for soil cluster 1063 (Turlin soil). In the Floyd
watershed, about 74 percent of the total nitrogen loss
was associated with the 5 soil clusters with the highest
loss rates, representing 50 percent of the acres. In the
Lower lowa watershed, the highest losses occurred on
soils with few acres—the 8 soil clusters with the high-
est losses accounted for 16 percent of the total nitro-
gen loss, but represented only 9 percent of the crop-
land acres.

Effects of tillage practices on nitrogen loss

Tillage practices were shown to have a significant in-
fluence on sediment loss and wind erosion estimates
(tables 24 and 30). Model simulations showed that the
effect of tillage practices on nitrogen loss estimates
was also significant, but not as pronounced as ob-
served for sediment loss. As discussed earlier in this
report (table 12 and related discussion), the subset of
model runs where all three tillage systems—conven-
tional tillage, mulch tillage, and no-till—were present
within a URU was used as the domain for examining
the effects of tillage. This tillage comparison subset

of model runs included eight crops and represented
about 70 percent of the cropland acres covered by the
study.

For the 208 million acres in the tillage comparison sub-
set, the tillage-effects baseline nitrogen loss (sum of all
loss pathways) averaged 41 pounds per acre per year
(table 41), which is nearly the same as the estimate

for the full set of NRI sample points included in the
study. Model simulation results showed that nitrogen
loss summed over all loss pathways would have aver-
aged 44 pounds per acre per year if conventional till-
age had been used on all acres, indicating that the till-
age practices currently in use have reduced nitrogen
loss (sum of all pathways) by 7 percent. As shown for
sediment loss, nitrogen loss estimates for mulch tillage
were similar to the tillage-effects baseline. Nitrogen
loss estimates assuming mulch tillage was used on all
acres averaged about 10 percent less than if conven-
tional tillage had been used on all acres. Simulation of
full implementation of no-till resulted in an average ni-
trogen loss of 32 pounds per acre per year, a decrease
of nearly 9 pounds per acre, on average, when com-
pared to the tillage-effects baseline. Full implementa-
tion of no-till would have the greatest effect in three
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regions—the Northeast, the Upper Midwest, and the
Southern Great Plains regions. The Southeast region,
which had the largest estimate of nitrogen loss among
the seven regions, would benefit the least in terms of
reduced nitrogen loss from additional mulch tillage
and only modestly with additional no-till.

The effect of tillage on nitrogen loss estimates varied
by crop (table 41). The largest reductions in nitrogen
loss for full implementation of mulch tillage compared
to the baseline were for barley and spring wheat.
Nitrogen loss reductions of about 10 pounds per acre
or more, on average, would be obtained for these two
crops, as well as three additional crops—corn, corn si-
lage, and sorghum—uwith full implementation of no-till.

Most of the differences in nitrogen loss among the
three tillage systems are for losses that are due to
windborne sediment, waterborne sediment, and nitro-
gen volatilization (fig. 25). In these model simulations,
tillage had little effect on soluble nitrogen lost with ei-
ther surface water runoff or leachate.

Effects of three conservation practices on

nitrogen loss

In addition to tillage effects, three conservation prac-
tices—contour farming, stripcropping, and terraces—
were shown to have a significant influence on nitrogen
loss estimates on the basis of the model simulations.
As shown for tillage practices, the effect of these three
conservation practices on nitrogen loss estimates was
modest compared to their effect on sediment loss. For
comparison to the results for the model runs that in-
cluded conservation practices, an additional set of
model runs were conducted after adjusting model set-
tings to represent no practices. The difference be-
tween the no-practices scenario and the conservation-
practices baseline scenario (consisting of the original
model runs for NRI sample points with conservation
practices) is used here to assess the extent to which
conservation practices reduced the nitrogen loss esti-
mates (see table 13 and related discussion).

For the 31.7 million acres modeled with conservation
practices, nitrogen loss estimates (sum of all loss path-
ways) averaged 34 pounds per acre per year (table

42), which was lower than the 40 pounds per acre es-
timate for the full set of NRI sample points included

in the study. Had conservation practices not been ac-
counted for in the model simulations, nitrogen loss es-
timates on these acres would have averaged 41 pounds
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Table 41 Effects of tillage practices on estimates of nitrogen loss, sum of all loss pathways (Ib/a/yr)
—
Change relative
Change relative to the tillage- to conventional
Nitrogen loss, all pathways effects baseline tillage

Acresin

tillage

comparison Tillage-

subset effects Conventional Mulch Conventional Mulch Mulch

(1,000s) baseline tillage tillage No-till tillage tillage No-till tillage No-till
By region
Northeast 6,034 50.4 54.7 49.0 383 43 -1.4 -12.1 -5.7 -16.4
Northern Great 56,551 82.8 86.6 83.7 77.2 3.8 0.9 -5.6 -2.9 94

Plains
South Central 24,879 514 54.5 525 441 3.1 1.1 -7.3 -2.0 -10.4
Southeast 4,442 419 45.2 42.2 342 33 0.3 -7.6 -3.0 -11.0
Southern Great 17,746 28.9 319 25.1 19.2 3.0 -3.8 -9.7 -6.8 -12.7
Plains

Upper Midwest 96,330 42.6 44.9 38.0 31.9 23 -4.6 -10.7 -6.9 -13.0
West 1,661 35.2 39.1 30.7 26.0 4.0 -4.5 -9.1 -8.5 -13.1
By crop
Barley 3,256 39.5 42.6 28.2 24.0 3.1 11.3 -15.6 -14.4 -18.7
Corn 71,016 53.7 574 53.9 42.2 3.7 0.1 -11.6 -35 -15.2
Corn Silage 4,082 55.6 58.2 54.7 42.5 2.6 -0.9 -13.1 -3.5 -15.6
Oats 2,078 219 239 18.0 15.7 2.0 -39 -6.2 -6.0 -8.2
Spring wheat 18,074 211 23.7 13.9 11.3 2.6 -7.2 -9.8 -9.9 -124
Sorghum 7,697 47.7 50.7 47.3 36.0 29 -0.4 -11.8 -3.3 -14.7
Soybeans 62,967 38.1 41.6 39.0 33.0 3.5 0.9 -5.1 -2.6 -8.6
Winter wheat 38,473 27.7 29.8 24.2 215 2.1 -3.5 -6.2 -5.6 -8.3
All crops and
regions 207,642 40.6 43.8 394 321 3.2 -1.2 -8.5 -4.4 -11.7

Note: The subset used for this analysis includes only those URUs where all three tillage systems were present. The tillage-effects baseline results
represent the mix of tillage systems as reported in the Crop Residue Management Survey for 2000 (CTIC 2001). Tillage-effects baseline results
reported in this table will differ from results reported in table 36 because they represent only about 70 percent of the acres in the full database.
Results presented for each tillage system represent nitrogen loss estimates as if all acres had been modeled using a single tillage system.
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Figure 25
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per acre per year, representing a reduction in nitrogen
loss of about 7 pounds per acre. These model simula-
tions suggest, therefore, that the conservation practic-
es reported by the NRI reduce nitrogen loss by about
16 percent, on average, for acres with one of more of
the three practices.

The bulk of the reductions in nitrogen loss resulted
from reductions in waterborne sediment. Volatilization
estimates were virtually the same for the two sce-
narios in all regions, and the practice effects on ni-
trogen lost with windborne sediment or dissolved in
leachate or surface runoff were small in most regions.
Estimates of nitrogen dissolved in leachate were typi-
cally higher for the baseline scenario than for the no-
practices scenario, offsetting some of the overall nitro-
gen reductions obtained by reducing nitrogen lost with
waterborne sediment. This is an expected result; these
conservation practices are designed to slow the veloci-
ty of surface water runoff, which can lead to more per-
colation of water into the soil.

The largest reductions occurred for contour farming
alone (10 Ib/a/yr) and contour farming in combination
with stripcropping (12 Ib/a/yr). The most prevalent
practice set—contour farming and terraces—reduced
nitrogen loss estimates about 7 pounds per acre per
year, on average. As observed for sediment loss, ter-
races only or stripcropping only resulted in the small-
est reductions in nitrogen loss—about 2 pounds per
acre per year on average.

The effects of conservation practices varied con-
siderably by region (table 42). The largest nitrogen
loss reductions occurred in the Northeast and Upper
Midwest regions, which were also the regions with the
highest sediment loss reductions attributable to the
three conservation practices. Nitrogen loss reductions
for acres with one or more of the three conservation
practices in these two regions exceeded 10 pounds per
acre per year, on average. The largest reduction in ni-
trogen loss was for the combination of contour farm-
ing and terraces in the Upper Midwest, which reduced
nitrogen loss by 16 pounds per acre per year—33 per-
cent.
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Implications for reducing nitrogen loss with
nutrient management practices

It is not possible to estimate the extent to which nutri-
ent management practices may have reduced nitrogen
loss estimates in these model simulations as done in
the above sections for tillage practices and conserva-
tion practices, mostly because the available databases
on nitrogen fertilizer applications did not identify op-
erations that were complying with criteria for Nutrient
Management Plans (NMP) and because the model in-
puts for nitrogen fertilizer were highly aggregated.
Nevertheless, some insight into nitrogen loss reduc-
tions that may be possible with full implementation of
NMP can be obtained by analyzing the results for the
various application timing categories and application
rate categories used to create the NNLSC database.

A subset of the NNLSC database was analyzed to an-
swer two specific questions:

o If all crop producers adopted application times
and rates associated with low nitrogen loss, what
is the magnitude of the reduction in nitrogen loss
that can be expected?

e What changes in the timing and application rates
would be needed to achieve these expected
reductions?

The approach taken to address these questions was

to select from among the various nutrient manage-
ment options represented in the database those that
minimized nitrogen loss (sum of all loss pathways)

for each URU and compare nitrogen loss estimates to
those obtained for the full set of nutrient management
options. Identifying the low nitrogen loss model runs
within each URU guaranteed that all the major soil and
climate conditions would be represented in the solu-
tion set.

Farmer surveys provided information for commercial
fertilizer applications for nine crops included in the
EPIC model simulations, representing nutrient man-
agement practices for 1990 to 1995 (see earlier section
on representing commercial fertilizer applications in
the model). A broad range of combinations of nitrogen
application timing categories (fall, spring, at plant and
after plant, and combinations) and nitrogen applica-
tion rates (zero, low, medium, high) were simulated.

The scenario domain was restricted to the 9 crops (ir-
rigated and non-irrigated)—corn for grain, soybeans,
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sorghum, winter wheat, spring wheat, cotton, rice,
peanuts, and potatoes. Model runs with manure ap-
plications were excluded because manure applica-
tion rates used in the model simulations were not ob-
tained from farmer surveys. In addition, URUs with six
or fewer nutrient management options were excluded
to provide a reasonable amount of diversity among the
nutrient management options within each URU. The
resulting scenario domain consisted of 586,184 EPIC
model runs for 14,699 URUs, representing 236 mil-
lion cropland acres (about 80% of the full NNLSC data-
base).

Two separate scenarios were constructed: 1) a nitro-
gen-reduction baseline scenario consisting of the full
set of model runs in the domain described above, and
2) a minimum nitrogen loss scenario consisting of a
subset of the model runs in the domain.

The minimum nitrogen loss scenario represents aggre-
gate results for only the model runs within each URU
that met criteria for minimum nitrogen loss. To se-

lect the minimum nitrogen loss nutrient management
options, model runs were first grouped together for
each tillage system (conventional tillage, mulch till-
age, and no-till) within a URU. Separate sets of mod-

el runs were selected for each tillage system within a
URU to avoid confounding the results with tillage ef-
fects. Model runs with crop yields less than 90 percent
of the yield obtained for each URU-tillage grouping in
the baseline scenario were discarded. This was done
to prevent economically infeasible nutrient manage-
ment options from being selected in the minimum ni-
trogen loss set. Because the nutrient management op-
tions were derived from farmer surveys, all would be
expected to be economically feasible; however, some
low (or no) nitrogen input options may not have been
economically feasible as modeled. In some cases, low
nitrogen use as reported in farmer surveys would have
been associated with manure applications or crop ro-
tations with legume crops in previous years. However,
as this information was not available from the survey,
some of the model simulations may have resulted in
yields that were too low to be economically feasible.

Then, for each tillage subset within a URU, the mod-

el run having the lowest total nitrogen loss was identi-
fied, as well as all other model runs within that subset
with nitrogen losses within 10 percent of the mini-
mum. These model runs were used to represent the
minimum nitrogen loss dataset. Application rates and

timing categories associated with these model runs
were used to define the nutrient management options
associated with low nitrogen loss. Approximately
120,000 model runs—20 percent of the scenario do-
main—met the criteria for inclusion in the minimum
nitrogen loss dataset.

Nitrogen loss summed over all loss pathways averaged
43 pounds per acre per year for the nitrogen-reduction
baseline scenario, which was close to the 40 pounds
per acre estimate for the full set of NRI sample points
included in the study (table 43). Nitrogen loss for the
minimum nitrogen loss scenario averaged 31 pounds
per acre per year, 12 pounds per acre lower than the
baseline. This result suggests that if all crop producers
adopted application times and rates associated with
low nitrogen loss, overall nitrogen loss might be re-
duced about 30 percent. The largest per-acre reduction
in nitrogen loss—26 pounds per acre per year—would
occur in the Southeast region, which had the highest
per-acre nitrogen leaching loss estimates among the
seven regions. The largest percent reduction in nitro-
gen loss would be expected in the West region, where
the minimum nitrogen loss scenario had nitrogen loss
estimates 62 percent lower than the baseline scenario.
The smallest potential for nitrogen loss reductions oc-
curred in the Upper Midwest and the Northern Great
Plains regions. Of the crops included in the analysis,
corn consistently showed the greatest potential for ni-
trogen loss reductions through improved timing of ap-
plications and lower application rates (table 43).

Most of the potential for nitrogen loss reductions—80
percent—was due to reductions in nitrogen volatiliza-
tion and nitrogen dissolved in leachate in these mod-
el simulations (table 44). Overall, 52 percent of the po-
tential nitrogen reduction was due to reductions in
nitrogen volatilization. Over 75 percent of the poten-
tial for nitrogen reduction in the Northern Great Plains
and the Southern Great Plains regions was due to re-
ductions in nitrogen volatilization. On average, 28 per-
cent of the potential for nitrogen loss reduction was
due to reductions in nitrogen dissolved in leachate. In
the Southeast region, about 60 percent of the potential
for nitrogen loss reduction was due to reductions in ni-
trogen dissolved in leachate. This nitrogen loss path-
way also accounted for over half of the potential ni-
trogen loss in the Northeast region. In the West region,
the predominate loss pathway associated with poten-
tial nitrogen loss was nitrogen dissolved in surface wa-
ter runoff.
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Table 43 Nitrogen loss estimates (sum of all loss pathways) for the nitrogen-reduction baseline scenario and the minimum
— nitrogen loss scenario (Ib/a/yr)
Percent
Acres in difference
baseline Minimum relative to
scenario Baseline nitrogen loss baseline
Region Crop (1,000s) scenario scenario Difference scenario
Northeast All crops 4,250 53.2 37.1 -16.1 -30
Northern Great Plains All crops 57,302 29.6 20.3 -9.3 -31
South Central All crops 37,813 54.7 42.1 -12.7 -23
Southeast All crops 9,191 81.7 55.6 -26.1 -32
Southern Great Plains All crops 29,702 439 23.1 -20.8 -47
Upper Midwest All crops 94,174 42 32.2 -9.9 -24
West All crops 3,586 51.9 19.9 -32 -62
All regions All crops 236,019 43.2 30.6 -12.6 -29
By crop within region*
Northeast Corn 2,889 54.2 344 -19.8 -37
Soybeans 1,146 42.8 37.2 -5.6 -13
Northern Great Plains Corn 15,425 52 316 -204 -39
Spring wheat 18,720 22.1 15.4 -6.7 -30
Sorghum 1,460 45.9 23.7 -22.2 -48
Soybeans 9,351 24.2 23.6 -0.6 -2
Winter wheat 12,156 13.9 10.1 -3.8 -27
South Central Corn 5,899 60.8 325 -284 -47
Cotton 5,487 47.6 28.2 -19.3 -41
Peanuts 864 77.7 69.4 -84 -1
Rice 3,004 77.9 49 -28.9 -37
Sorghum 2,585 435 244 -19.1 -44
Soybeans 12,607 63.1 61.7 -1.4 -2
Winter wheat 7,367 32.7 26.5 -6.2 -19
Southeast Corn 2,934 116.3 56.7 -59.5 -51
Cotton 2,422 45.7 303 -15.4 -34
Peanuts 470 81.1 71.2 -9.9 -12
Soybeans 2,344 78.5 739 -4.6 -6
Winter wheat 1,021 75.6 63.5 -12.1 -16
Southern Great Plains Corn 2,645 64.3 27.2 -37.1 -58
Cotton 7,306 395 25 -14.5 -37
Peanuts 465 543 373 -17 -31
Sorghum 4,497 59.5 239 -35.6 -60
Winter wheat 14,767 374 20.8 -16.6 -44
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Table 43 Nitrogen loss estimates (sum of all loss pathways) for the nitrogen-reduction baseline scenario and the minimum
— nitrogen loss scenario (Ib/a/yr)—Continued
Percent
Acres in difference
baseline Minimum relative to
scenario Baseline nitrogen loss baseline
Region Crop (1,000s) scenario scenario Difference scenario
Upper Midwest Corn 47,394 51.6 334 -18.2 -35
Spring wheat 815 29.5 21.1 -8.4 -28
Sorghum 1,471 338 21.9 -11.9 -35
Soybeans 39,649 324 32 -04 -1
Winter wheat 4,720 28 25.8 -2.1 -8
West Cotton 1,631 52 10.6 -414 -80
Potatoes 323 109.5 42.8 -66.7 -61
Winter wheat 1,435 325 21.8 -10.7 -33
Note: Results for crops within regions with less than 250,000 acres are not shown, but these data are included in the aggregated results by
region.
Table 44 Nitrogen loss reductions (nitrogen loss estimates for the nitrogen-reduction baseline scenario minus the minimum
— nitrogen loss scenario) for each nitrogen loss pathway (Ib/a/yr)
Dissolved
Dissolved in lateral Lost with Lost with Sum of
in surface Dissolved subsurface waterborne windborne all loss
Region water runoff in leachate flow Volatilization sediment sediment pathways
Northeast 0.89 8.56 043 3.53 2.67 0.06 16.1
Northern Great Plains 0.67 0.74 0.17 7.05 0.30 0.33 9.3
South Central 2.18 5.45 0.13 3.59 1.26 0.08 12.7
Southeast 0.99 15.59 0.28 8.23 1.00 0.00 26.1
Southern Great Plains 0.91 2.85 0.16 15.75 0.24 0.87 20.8
Upper Midwest 0.50 3.48 0.16 4.36 1.30 0.06 9.9
West 19.47 1.92 0.22 10.26 0.11 0.03 32.0
All regions 1.18 3.59 0.17 6.55 0.91 0.23 12.6
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What changes in the timing and application rates
would be needed to achieve these expected reduc-
tions? In this analysis, the potential for nitrogen loss
reduction was determined by the set of model runs as-
sociated with low nitrogen loss. This set of model runs
represented a different mix of application rate catego-
ries and application timing categories than in the base-
line scenario. The difference in the mix between the
two scenarios is an indication of some of the changes
in current nutrient management practices that would
be necessary to realize the potential for nitrogen loss
reductions reported.

The mix of application rate and timing categories

for the two scenarios can be represented by the pro-
portion of model runs in each category (table 45).
Comparing the mix of application rate and timing cate-

gories in the two scenarios indicates that nitrogen loss
reductions could be achieved by:

e Reducing the nitrogen application rates for pro-
ducers with rates in the top third (the high rate
category) to rates similar to the lower rates used
by the other two-thirds of producers. In the mini-
mum nitrogen loss scenario, only 6 percent of the
model runs had application rates in the high rate
category and 44 percent had application rates in
the low rate category, whereas in the baseline
scenario the three application rate categories
were about equally represented.

e Reducing the occurrence of fall applications of
nitrogen wherever possible. In the baseline sce-
nario, 37 percent of the model runs included a
fall application, compared to only 24 percent for
the minimum nitrogen loss scenario.

Table 45 Percentage of model runs in each application rate and timing category for the nitrogen-reduction baseline scenar-

— io and the minimum nitrogen loss scenario

Percent of model runs in the
Category minimum nitrogen loss scenario

Percent of model runs in the
baseline scenario

Application rate categories*

High nitrogen rates 6.7 31.2
Medium nitrogen rates 325 325
Low nitrogen rates 440 30.7
No nitrogen applications 16.8 5.7
All categories 100.0 100.0
Application timing categories**
Spring before plant only 22.8 20.8
At plant only 225 1.1
After plant only 17.5 12.9
Fall only 18.1 22.7
Fall and spring 0.2 2.6
Fall and at plant 1.1 47
Fall and after plant 4.2 7.3
Spring and at plant 2.6 6.8
Spring and after plant 3.2 43
At plant and after plant 7.6 6.8
All categories 100.0 100.0

* High, medium, and low application rate categories were derived from the farmer surveys and represent different rates for each crop and
state. The high category is based on the highest third of the application rates in the survey sample and the low category is based on the lowest
third of the application rates in the survey sample for each crop and state (see section on representing commercial fertilizer applications in

the model).
** Excludes occurrences of no nitrogen applications
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¢ Replacing fall applications with applications at
plant or applications after plant. In the minimum
nitrogen loss scenario, 40 percent of the model
runs were for applications either at plant or af-
ter plant, compared to 24 percent for the baseline
scenario.

e Reducing the occurrence of nitrogen applications
in multiple time periods. In the minimum nitro-
gen loss scenario, 81 percent of the model runs
were for applications in only one time period,
compared to 67 percent for the baseline scenario.

Assessment of critical acres for nitrogen
loss

Three of the six nitrogen loss pathways are used to
identify critical acres for nitrogen loss:

e nitrogen lost with waterborne sediment
e nitrogen dissolved in surface water runoff

e nitrogen dissolved in leachate

Nitrogen loss from volatilization was not used to iden-
tify critical acres because loss estimates were high for
nearly all cropland acres; identification of the high-
est subsets tends to reinforce critical acres identified
by other measures rather than define additional acres
with resource concerns. Nitrogen lost with windborne
sediment is well represented by critical acres identi-
fied for wind erosion. Nitrogen loss dissolved in later-
al subsurface flow had levels too low to be useful as a
criterion for identifying critical acres.

Specific regions of the country have been shown in
this study to have a much higher potential for nitrogen
loss from one of these three nitrogen loss pathways
than other areas of the country. Moreover, as shown

in maps 17, 19, and 20 and in the example for the two
lowa watersheds, nitrogen loss estimates often varied
considerably within relatively small geographic areas.
Estimates of the average nitrogen loss by region and
by crops within regions mask much of this underlying
variability. Tables 46 through 48 demonstrate the ex-
tent of both regional and local variability by presenting
the percentiles for each of the three nitrogen loss path-
ways for each region.

For nitrogen lost with waterborne sediment, the mean
of the distribution exceeded the median for all re-

gions (table 46), indicating that the bulk of the nitro-
gen loss estimates for this pathway is below the av-
erage and that there is a minority of sample points
with very high loss estimates. This disproportionali-

ty was pronounced for three regions—the Northeast,
the Southeast, and the West. For all regions, loss esti-
mates for acres at or above the 90th percentile thresh-
old were over twice the average. In the Southeast and
the West, the mean was nearly the same as or exceed-
ed the 75th percentile.

All regions exhibited strong disproportionality for ni-
trogen dissolved in leachate and dissolved in surface
water runoff (tables 47 and 48). The mean for nitro-
gen dissolved in surface water runoff (3.8 Ib/a/yr) was
over twice that of the 50th percentile (1.7 Ib/a/yr) for
all acres included in the study. The mean for nitrogen
dissolved in leachate (6.7 Ib/a/yr) was over six times
that of the 50th percentile (1.1 Ib/a/yr) and exceeded
the 75th percentile for all cropland acres included in
the study.

Five categories of critical acres for nitrogen lost with
waterborne sediment, representing different degrees
of severity, are defined on the basis of national level
results:

e acres where per-acre nitrogen loss is above the
95th percentile for all acres included in the study
(26.597 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
90th percentile for all acres included in the study
(19.425 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
85th percentile for all acres included in the study
(16.181 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
80th percentile for all acres included in the study
(13.518 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
75th percentile for all acres included in the study
(11.733 Ib/a/yr)

Five categories of critical acres for nitrogen dissolved
in surface water runoff were defined in a similar man-
ner:

e acres where per-acre nitrogen loss is above the
95th percentile for all acres included in the study
(12.863 Ib/a/yr)
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e acres where per-acre nitrogen loss is above the
90th percentile for all acres included in the study
(8.961 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
85th percentile for all acres included in the study
(7.046 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
80th percentile for all acres included in the study
(5.413 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
75th percentile for all acres included in the study
(4.396 Ib/a/yr)

Five categories of critical acres for nitrogen dissolved in
leachate were defined in a similar manner:

e acres where per-acre nitrogen loss is above the
95th percentile for all acres included in the study
(31.454 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
90th percentile for all acres included in the study
(18.902 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
85th percentile for all acres included in the study
(12.674 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
80th percentile for all acres included in the study
(8.659 Ib/a/yr)

e acres where per-acre nitrogen loss is above the
75th percentile for all acres included in the study
(6.069 Ib/a/yr)

The regional representation of critical acres is shown

in tables 49-51 for each of the five categories. About 95
percent of the acres with per-acre estimates of nitrogen
lost with waterborne sediment in the top 5 percent were
in three regions—the Upper Midwest region (60% of
critical acres), the South Central region (17% of critical
acres), and the Northeast region (17% of critical acres).

These are the same three regions with most of the criti-
cal acres for sediment loss.

For nitrogen dissolved in surface water runoff, the

South Central (34%) and West (28%) regions had the ma-
jority of acres in the top 5 percent. As the criterion for
critical acres expanded from the top 5 percent to the
top 25 percent, the Upper Midwest replaced the West

as the region with the second highest number of critical
acres for nitrogen dissolved in surface water runoff.

For nitrogen dissolved in leachate, three regions had
about 90 percent of the critical acres in the top 5 per-
cent category—the South Central region (37%), the
Southeast (27%) and the Upper Midwest (26%). In the
Northeast region, over half of the cropland acres were
designated as critical acres in the top 25 percent na-
tionally for nitrogen dissolved in surface water runoff.
In the South Central region, over half of the cropland
acres were designated as critical acres in the top 25 per-
cent nationally for both nitrogen dissolved in surface
water runoff and nitrogen dissolved in leachate. In the
Southeast region, two-thirds of the cropland acres were
critical acres in the top 25 percent nationally for nitro-
gen dissolved in leachate.

These critical acres accounted for the bulk of the
570,341 tons per year of nitrogen dissolved in surface
water runoff, 998,637 tons per year of nitrogen dis-
solved in leachate, and the 1,269,517 tons per year of ni-
trogen lost with waterborne sediment. The 95th percen-
tile category, representing the 5 percent of acres with
the highest per-acre losses, accounted for 32 percent of
the total tons of nitrogen dissolved in surface water run-
off, 44 percent of the total tons of nitrogen dissolved

in leachate, and 23 percent of the total tons of nitrogen
lost with waterborne sediment. The 25 percent of acres
with the highest per-acre losses accounted for 71 per-
cent of the total tons of nitrogen dissolved in surface
water runoff, 87 percent of the total tons of nitrogen dis-
solved in leachate, and 63 percent of the total tons of ni-
trogen lost with waterborne sediment.

Percent of total tons of
nitrogen dissolved in

Percent of total tons of
nitrogen dissolved in

Percent of total tons
of nitrogen lost with

Percentile leachate surface water runoff waterborne sediment
95th 443 324 233
90th 62.5 46.3 36.7
85th 74.1 56.7 47.0
80th 81.9 64.8 55.7
75th 87.4 71.2 63.1
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