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Anthropogenic Inputs of Nitrogen and Phosphorus
and Riverine Export for Illinois, USA
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ABSTRACT

Agricultural nonpoint sources are important contributors of N and
P to surface waters. We determined N and P net anthropogenic inputs
for Illinois, examining changes during the last 50 yr and linkages
to surface water export of N and P. Inputs (fertilizer, atmospheric
deposition, and N, fixation) were compared to exports (grain export,
after accounting for animal and human consumption, plus animal
product export) from 1945 through 1998 using state-reported data on
fertilizer sales, crop production, and human and animal populations.
Large inputs of N were found beginning about 1965, coinciding with
increased N fertilizer applications (about 800 000 Mg N yr'). The N
input (about 400 000 Mg N yr~') was 8.6 million Mg N for the 1979
to 1996 crop years, with a corresponding riverine flux of 4.4 million
Mg N (51% of net anthropogenic inputs discharged by rivers). Using
literature estimates of field and in-stream denitrification, we could
account for nearly all of the missing N in a mass balance. For P, a
different pattern was found for state net anthropogenic inputs with
a large input from 1965 to 1990, and on average no net inputs since
1990. For rivers, we estimated that 16% of the total N load and 47%
of the total P load was from sewage effluent. We estimate that Illinois
contributed 15 and 10% of the annual total N and P loads of the
Mississippi River, respectively, and that any reduction strategy in
Illinois must address agricultural sources.

NONPOINT pollution of surface waters from N and P
inputs is well established in the United States, with
agricultural and urban activities constituting the major
sources (Carpenter et al., 1998). This has lead to wide-
spread eutrophication of surface waters, causing degra-
dation of aquatic ecosystems and problems such as toxic
algal blooms, loss of oxygen, fish kills, and loss of biodi-
versity (Carpenter et al., 1998). Nitrogen also can be a
concern in drinking water supplies, due to methemoglo-
binemia in infants and more recently concerns about
linkages to non-Hodgkin’s lymphoma (Ward et al.,
1996). Nonpoint sources of N and P are difficult to
measure and regulate because of the large land areas
involved and extreme temporal variability due to
weather (Carpenter et al., 1998).

Recently, many efforts have been made to construct
N and P balances for watersheds of various sizes in
attempts to relate inputs to nonpoint contributions to
surface waters (e.g., Jordan and Weller, 1996; Howarth
et al., 1996; van Eerdt and Fong, 1998; Bennett et al.,
1999; Burkart and James, 1999; Cahoon et al., 1999).
These balances have included inputs from row crop
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agriculture, animal production, human consumption of
food, and sewage production. Howarth et al. (1996)
related net anthropogenic inputs (the terrestrial nutrient
balance) to export by river systems, examining all water-
sheds that drain into the North Atlantic. They found a
strong linear relationship between riverine fluxes of to-
tal N and the sum of net anthropogenic inputs (fertilizer
application, atmospheric deposition of oxidized N
forms, fixation by leguminous crops, and the import/
export of N in agricultural products) and that riverine
fluxes of N were about 25% of these inputs. Caraco and
Cole (1999) developed a simple model that used point
source N loading (sewage inputs) combined with fertil-
izer and NO (inorganic oxides of N) deposition for 35
large rivers throughout the world that had a 1000-fold
variation in NO; -N export. They found that their model
explained NO; -N export well (r? > 0.8), with about
20% of fertilizer plus NO, deposition inputs exported
in rivers as NO; -N.

These types of studies and improved understanding
of nonpoint pollution are needed because human inputs
of N and P are greatly increasing worldwide. In a recent
synthesis, Vitousek et al. (1997) indicated that humans
have doubled the rates of N inputs to terrestrial systems,
with input rates still increasing. Much of this increase
was estimated to be from fertilizer applications and use
of leguminous crops (Vitousek et al., 1997). In forest
ecosystems, there is great concern about N saturation,
which leads to NO3;-N losses in drainage waters (Aber
et al,, 1998; Fenn et al., 1998). The greatest input of N
in these systems is from atmospheric deposition and
there is concern when NO; —-N concentration in drainage
waters reach 0.1 to 1 mg N L' (Aber et al., 1998).
Agricultural lands, on the other hand, are essentially all
intentionally N saturated (from fertilizer and N, fixation
inputs) in order to maximize crop production, leading
to NO; -N concentrations >10 mg N L, particularly
in tile drained areas of the Midwest (David et al., 1997).
Tile drainage provides a linkage between agricultural
fields and rivers in much of the midwestern Cornbelt.
Therefore, in much of the USA, further studies are
needed to relate N and P fluxes in agricultural produc-
tion to riverine fluxes.

Another impact of nonpoint inputs of N and P to
large river systems is alterations in the composition and
functioning of estuarine and nearshore ecosystems (Vi-
tousek et al., 1997). Increases in N and P carried by the
Mississippi River to the Gulf of Mexico have been linked
to fertilizer applications in the drainage basin (Turner
and Rabalais, 1991). This resulting eutrophication has
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many potential effects on coastal plankton food webs
(Turner and Rabalais, 1991, 1994; Turner et al., 1998),
including hypoxia (Rabalais et al., 1991) and anoxia ep-
isodes.

It is generally found that inputs of N to terrestrial
systems exceed riverine export (Howarth et al., 1996;
David et al., 1997), leading to surplus or missing N in
mass balances. Howarth et al. (1996) and Howarth
(1998) proposed that much of this N is lost to the atmo-
sphere by denitrification in the sediments of wetlands,
lakes, and rivers. If this hypothesis is correct, then total
losses of N from terrestrial systems are even greater
than the fluxes of N in large river systems would suggest
(Kellman and Hillaire-Marcel, 1998). Much of this loss
from N-enriched river systems may be as N,O (Seit-
zinger and Kroeze, 1998; McMahon and Dennehy,
1999), which is a greenhouse gas and is important in
the breakdown of stratospheric ozone. In-field denitrifi-
cation also may account for much of the surplus or
missing N, and needs to be included in mass balances.

In order to understand these sources and sinks, we
have conducted studies linking N and P export to surface
waters with agricultural activities both at the field (Gen-
try et al., 1998) and small watershed scale (David et al.,
1997; Xue et al., 1998) in Illinois. Illinois is a predomi-
nately agricultural state, dominated by corn (Zea mays
L.) and soybean (Glycine max L.. Merr) row crops, with
extensive artificial tile drainage in about 4 000 000 ha
of the soils in the state (Fausey et al., 1995). Taken
together, these factors should lead to high exports of N
and P from nonpoint sources in the state to surface
waters. However, there have been no estimates made
of net anthropogenic N and P inputs and linkages to
riverine export for the state of Illinois, an important
component of the Mississippi River drainage.

We estimated N and P inputs and outputs, including
riverine fluxes, for the state of Illinois. This approach
can be used as a heuristic tool in identifying gaps in our
knowledge concerning the fate of N and P. Our goal
was to examine long-term changes in N and P inputs and
outputs, and determine Illinois’ current contribution of
these nutrients to the Mississippi River. Understanding
the role of a large agricultural state such as Illinois in
contributing to export of N and P by river systems will
help demonstrate the importance of addressing non-
point pollution by agriculture. As the USEPA begins
to look to states to possibly regulate themselves, an
approach such as the one used in this study can provide
a framework for setting state level priorities in reducing
N and P nonpoint sources.

MATERIALS AND METHODS

Terrestrial Nitrogen and Phosphorus Net
Anthropogenic Inputs

We used annual Illinois Agricultural Statistics (Illinois De-
partment of Agriculture, 1945-1998) for 1945 through 1998
to estimate agricultural inputs and outputs of N and P. The
surface area of Illinois is 146 000 km? with approximately
93000 km’ of row crop agriculture. Inputs included atmo-
spheric deposition, fertilizer, and N, fixation by crops and
grasses. Outputs included crop grain and animal product ex-

port (in excess of human consumption). Crop grain export
was reduced by human and animal consumption, which pro-
vided an overall net export of food and feeds from the state.

Values for wet atmospheric deposition were calculated from
annual averages of all National Atmospheric Deposition Pro-
gram/National Trends Network (NADP/NTN) sites (three to
seven sites each year) in the state from 1980 through 1997
(NADP, 1999), with 1998 estimated using the 1997 value. The
average areal NO;-N flux from the NADP sites was then
multiplied by the area of the state. Only wet deposition of
NO;-N was considered a net input; NHf-N was treated as
an internal, recycled flux and not included in our net anthropo-
genic inputs (Howarth et al., 1996). Dry deposition of HNO,
and NO; -N was estimated as 70% of wet based on recent
estimates from the U.S. Environmental Protection Agency
(USEPA) Clean Air Status and Trends Network (CASTNet)
of 14 sites in the Mississippi River basin where wet deposition
was co-located (G.B. Lawrence, 1999, personal communica-
tion). Prior to 1980, we used estimates of national emissions
of nitrogen oxides to scale NO;—N deposition in 10 yr intervals
from 1940 through 1970 (USEPA, 1999). The average of emis-
sions from 1980 through 1996, a period when emissions were
stable, was taken as a baseline (1940 emissions were 31% of
this baseline). Because deposition inputs are a minor compo-
nent of the Illinois N budget, this method is sufficiently accu-
rate. Phosphorus in deposition was not included because the
limited data that was available suggested that inputs were
small. Wet deposition of PO —P at Bondville, IL averaged
only 0.02 kg P ha™! yr™! for 1995 through 1998 (V. Bowersox,
unpublished data).

Fertilizer N and P inputs were derived from annual sales
data (July though June basis) in the state of all forms of each
fertilizer (Illinois Agricultural Statistics, 1945-1998). Sales in-
clude all fertilizer used for agriculture as well as that sold
for lawns, golf courses, or gardens. To estimate the current
proportion of N fertilizer used for non-agricultural purposes,
we used the approximate number of golf courses in Illinois
(650) with the average area of greens and tees, fairways, and
rough per course (2, 10, and 10 ha, respectively) with their
corresponding fertilization rates (244, 195, and 147 kg N ha™!
yr~!, respectively) (B. Branham, 1999, personal communica-
tion). For lawn N fertilization, we used satellite land cover
analysis data (Luman et al., 1995) and assumed all urban
grassland and low density urban areas were lawns (356 000 ha)
and were fertilized with 97 kg N ha~! yr! (B. Branham, 1999,
personal communication). This amount of N fertilizer would
have been included in the fertilizer sales, so it was not addi-
tional N added to the state.

Yearly crop production for corn, soybean, wheat (7riticum
aestivum L.), and oat (Avena sativa L.) were from state statis-
tics. Production estimates were corrected for moisture content,
and N and P concentrations were used to determine grain N
and P contents of each crop for each year. Grain N concentra-
tions were calculated using an average protein concentration
in the grain (10, 40, and 12% for corn, soybean, and wheat,
respectively) (Sinclair and DeWit, 1975; Smith, 1984) and the
average mass ratio of N to grain protein (1:6.25). These values
yielded grain N concentrations of 1.6% for corn, 6.4% for
soybean, and 1.9% for wheat. For oat, the protein concentra-
tion of the groat + hull was estimated at 12.75% for an N
concentration of 2.0% (F. Kolb, 1999, personal communica-
tion). Average grain P concentrations used were 3.35, 6.75,
3.75, and 4.0% for corn, soybean, wheat, and oat, respectively
(Peterson et al., 1975; Smith, 1984; Raboy et al., 1984; Johnson
and Mattern, 1987; Mallarino, 1996). To estimate soybean N,
fixation, we assumed 50% of the aboveground N in the plants
was from N, fixation (Johnson et al., 1975; Harper, 1987).
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Uptake of N into the nongrain aboveground portions of the
soybean plant were estimated using an N harvest index of
80% (Crafts-Brandner et al., 1984). Belowground biomass of
both corn and soybean was not considered in our net inputs,
and was assumed to mineralize each year, having no major effect
on our budgets. This estimate follows our previous approach for
soybean and belowground transfers (David et al., 1997). Non-
soybean N, fixation was estimated at 218 kg N ha™! yr! for
alfalfa (Medicago sativa L.), 116 kg N ha™! yr~! for other N,-
fixing grasses, and 15 kg N ha™! yr™! for pasture (Jordan and
Weller, 1996). Land in alfalfa and other N-fixing grasses was
from the Illinois Agricultural Statistics (1945-1998) and pas-
ture land was calculated as the difference between total farm
area minus row crops, alfalfa, and other hay (this area has
steadily decreased from 49000 km?® in 1945 to 18 000 km?
in 1998).

Human consumption of food was estimated from yearly
U.S. Census Bureau population data for Illinois, combined
with per capita consumption of N and P in food. The per
capita estimates were made using nutritional data by human
age classes for protein and P (Interagency Board for Nutrition
Monitoring and Related Research, 1995) and assuming the
mass ratio of N to protein is 1:6.25. Census data by age class
in 1996 for Illinois were combined with the nutritional data,
which provided per capita values of 4.53 and 0.46 kg yr~! of
N and P consumed, respectively, for the population of Illinois.
These per capita values were then used with census population
data for 1945 through 1998.

Animal consumption and manure N and P fluxes were cal-
culated using annual average counts of dairy cows, cattle,
hogs, chickens, and turkeys on Illinois farms from the Illinois
Agricultural Statistics (1945-1998), along with N and P con-
sumption in animal feed and production of manure. The ma-
nure estimates do not enter into the overall N and P net inputs,
but are useful in comparison with other fluxes. Data on both
intake of N and P and excretion was from Van Horn et al.
(1996) for dairy cows and from Thomas and Gilliam (1977)
for chickens, turkeys, and cattle. For manure production by
hogs, Soil Conservation Service (1992) data were used and
combined with Thomas and Gilliam’s (1977) data on animal
product N and P to estimate intake. Dairy cows and cattle
also were assumed to obtain part of their diets from hay and
grazing and part from grain (food concentrates). We used
values for the percentage of the grain in their total diet of
25% for cattle and 40% for dairy cows (Jordan and Weller,
1996; D. Faulkner, 1999, personal communication). All hay
produced in Illinois was assumed to be used for animal produc-
tion, and the remaining N and P demand was assumed to be
from grazing (Jordan and Weller, 1996).

Overall net anthropogenic inputs of N and P were calculated
as inputs (fertilizer, deposition, N, fixation) minus outputs
(net grain export of N or P, animal product export). Net

Table 1. River systems, location and station number of discharge
and water quality data, drainage area, and fraction of drainage
area in Illinois used in estimating export of N and P by surface
waters from Illinois.

Station  Drainage Fraction in

River system Gage location numbert area Mlinois
km* %
Big Muddy Murphysboro 05599500 5618 100
Embarras Ste. Marie 03345500 3926 100
Hlinois Valley City 05586100 69 264 93
Kaskaskia Venedy Station 05594100 11 378 100
Little Wabash  Carmi 03381500 8034 100
Rock Joslin 05446500 24732 46

1 U.S. Geological Survey unique identification number.

grain export was calculated as total grain N and P, minus
the amounts consumed by humans or animals in the state,
following procedures of Howarth et al. (1996).

Surface Water Nitrogen and Phosphorus Loads

Export of total N and P for all surface waters in Illinois to
the Mississippi River was estimated for the 1979 through 1997
water years. Daily flow data from USGS gaging stations on
the six major river systems in the state (USGS, 1999; Table
1) were combined with Illinois Environmental Protection
Agency water quality data (NO; -N, total N, and total P) to
estimate daily and yearly loads. Water quality data were col-
lected every six weeks during this period, and daily values
were estimated by linear interpolation (expand procedure,
SAS Institute, 1993). The method used connects successive
water quality values with straight lines (a linear spline).- Be-
cause these rivers are generally large with slow day-to-day
changes in flow, this approach was used rather than relating
concentration to discharge, because we found generally poor
discharge/concentration relationships. This problem is proba-
bly due to large year-to-year variation in the concentrations
of N and P in many surface waters of Illinois, as we observed
in the upper Embarras River (David et al., 1997). Our values
for the Illinois River differed only 3% from estimates made
by Lurry and Dunn (1997), who used discharge/concentration
relationships. The six rivers accounted for 72% of the state’s
surface area (after drainage areas outside of Illinois were
removed for two of the rivers). Because the six river basins
were well distributed throughout the state, we assumed that
these rivers were representative of the missing area and
multiplied their total export by a factor of 1.4. Organic and
NH;-N were not available for the Embarras River, so the
average of the two other river systems with similar NO; -N
loads were used (Rock and Illinois Rivers) to estimate these
N forms and therefore total N (i.e., 73% of total N was as
NO;-N in the Embarras River).

We compared our yearly estimates of N and P export by
Illinois rivers with the load in the Mississippi River at the
southern tip of Illinois, at a point that would include the inputs
from the Ohio River. We used flow and N and P concentration
data for the Mississippi River at Thebes (calculated as de-
scribed above for the rivers in Illinois) and added to them the
yearly load in the Ohio River at Metropolis, IL, calculated by
Lurry and Dunn (1997) for 1979 through 1994 and by us for
1995 through 1997 using the same data sources and techniques
as described above.

Sewage effluent also was estimated for the state based on
annual population data (U.S. Census Bureau) and calculated
per capita N and P values from treatment plants. We used an
estimate that 87.7% of the state population was sewered (Van
der Leeden et al., 1990) and that the effluent was a direct
input into surface waters. Per capita sewage N and P values
were estimated from monthly 1998 data for the Urbana-
Champaign Sanitary District (T. Bachman, 1999, personal
communication) and from 1997 and 1998 data for the Metro-
politan Water Reclamation District of Greater Chicago (C.
Lue-Hing, 1999, personal communication). Two plants serve
126 000 people in Urbana—Champaign and include some in-
dustrial inputs. We obtained annual average flow weighted
values of 3.1 kg N yr~! and 0.52 kg P yr~! per capita leaving
the plants. One of the two plants removes P, which lowered
the per capita export to 0.14 kg P yr !, whereas the other does
not, so the per capita loss was 0.7 kg P yr~!. For Chicago, we
obtained monthly data from three plants that serve 4.5 million
people (38% of the population of the state) and include a
large industrial base. Annual per capita values were 4.37 and
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0.63 kg yr~! of N and P, respectively, which were higher than
the Urbana—-Champaign plants for N, and similar for P to the
plant that does not have removal technology. In our calcula-
tions we used per capita values from the Chicago plants for
both N and P for the 64 % of the population living in northeast-
ern Illinois. For the remaining 36% of the Illinois population
we used Urbana—-Champaign average values of N and the
higher P value (0.7 kg P yr™!).

Howarth et al. (1996) used an annual N per capita value
of 3.3 kg N yr™!, lower than the Chicago plants. Terrio (1995)
included an estimate that 23 600 and 4900 Mg of total N and
P, respectively, were discharged annually to streams as sewage
effluent in the upper Illinois River basin, based on 1988 Chi-
cago treatment plant fluxes. Using the 1988 population of the
six Illinois counties in this area (7.2 million people), per capita
values of 3.3 and 0.68 kg yr~! of N and P, respectively, were
obtained from the Terrio (1995) discharge values. All of these
estimates for P were similar and suggest that sewage effluent
P export per capita has: (i) not changed recently and (ii) can
be estimated accurately by using average per capita values
and the population estimates of an area. For N, per capita
values for Chicago treatment plants for 1997 and 1998 were
higher than other estimates. We used these higher values to
be conservative and not underestimate the contribution of
sewage effluent to Illinois surface waters in the northeastern
area of the state.

Potential Errors and Limitations of Data

This type of N and P budgeting and mass balance approach
is subject to many assumptions and limitations in the available
data. On the input side, fertilizer inputs from sales data are
well documented and are the largest and best known input.
For N. N, fixation is the second most important input and this
estimate is uncertain. Rates of N, fixation are highly variable
from year-to-year and there are many values in the literature
(NRC, 1993). Rather than use a range of values, as was done
by the NRC (1993), we used typical or average values from
the literature and adjusted them for actual yields. However,
in a given year these values could be substantially off and
therefore we regard N, fixation as the input with the largest
degree of uncertainty. Deposition is the other input for N
and wet deposition is measured at many sites in Illinois. Dry
deposition is much more variable, but due to the magnitude
of this input compared with fertilizer and N, fixation, any
errors would be of minor consequence.

Outputs in grain can be estimated well from literature val-
ues of N and P concentrations and state values of measured
grain harvest. Although year-to-year effects from growing sea-
son weather and differences in varieties can affect N and P
concentrations, we believe these estimates to be accurate on
the scale of a state-level analysis. Animal and human consump-
tion can be accurately estimated from numbers of animals
or people and typical food consumption. Sewage data were
calculated from several plants in the state that included a
large percentage of the population and therefore should be
representative of the entire state.

For riverine loads, values were calculated from daily river
flow and concentration data collected on a 6 wk basis. Unfortu-
nately, as for most studies of this type, more intensive data
were not available. Therefore, storm discharges may have
been underestimated, particularly for particulate forms of nu-
trients. We assume that our load calculations are conservative,
and that actual export may be somewhat higher, particularly
for P. However, as discussed previously, this is less of a prob-
lem for the larger river systems included in our analysis.

Finally, we used literature estimates for processes such as

denitrification. This important loss of N is not well measured,
and our estimated large flux rates through this process docu-
ment the need for improved measurements and methods for
estimating denitrification loss of N from soils and surface
waters.

Although many of the values we used were estimates from
the literature and are subject to large errors and uncertainty,
taken together we believe we have a good representation of
the N and P balances in the state, and how they relate to
riverine export. In addition, a long-term analysis such as we
have calculated here helps to reduce the variability that may
occur in one year. Finally, this type of analysis indicates where
we need further study and measurements to reduce errors in
important fluxes.

RESULTS AND DISCUSSION

State Nitrogen Net Anthropogenic
Inputs—Long Term Trends

Nitrogen fertilizer use in Illinois began following
World War II and increased greatly through the 1960s
and 1970s, where it has since leveled off at about
850000 Mg N yr! (Fig. 1). Fertilizer N use is now the
largest input of N to the state (~60% of total inputs),
with N, fixation second (~35%) and deposition (~5%)
a small component of total inputs. In the 1940s fertilizer
was <1% of N inputs, with most (89% ) from N; fixation.
As was typical of agriculture in the USA, there was a
change from manure applications and crop rotation of
legumes as sources of N to applications of inorganic N
fertilizer. The plant species responsible for N, fixation
also have changed, with soybean increasing during this
time from about 25% of the total N, fixation in 1945 to
80% in 1998. We estimated that N fertilizer used by
golf courses and for lawns was 2600 and 34 800 Mg N yr~!
for the state, or about 0.3 and 3.9% of total fertilizer
sales, respectively. This is no doubt an overestimate,
because it assumes that all urban grassland is fertilized
each year, but demonstrates that agricultural use of N
fertilizer is the dominant use. In addition, we would
expect that N losses from golf courses and lawns to be
less than agricultural land, due to the permanent nature
of the vegetation and use of multiple small applications
each year. Indeed, Gold et al. (1990) found that fertil-
ized lawn treatments caused small losses of N compared
with losses from septic systems and corn production,
supporting these conclusions. In addition, a recent re-
view by Cohen et al. (1999) also found little effect of
golf courses on surface water quality.

In the 1940s, much of grain N produced in Illinois
was eaten by animals or humans in-state (~80% of grain
N), which has deceased to about 11% in the 1990s (Fig.
1). States such as Illinois are able to now export large
amounts of grain, which removes a large amount of the
N added to the state each year. Animal and human
consumption therefore are currently a small part of the
Illinois N budget, due to the decreasing populations of
animals and low human population compared with the
amount of agricultural production in the state. The ma-
jor grain crops also have changed during the last 50 yr,
from a more diverse rotation that included oat and
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Fig. 1. Annual N (a) inputs from fertilizer N, atmospheric deposition of wet and dry oxidized N, N, fixation and (b) N removals as harvested
N in grain and human and animal consumption of grain N in Illinois from 1945 through 1998.

wheat to one that is dominated by corn and soybean
(Fig. 2).

These changes in inputs and outputs of N have led
to large, but variable, net inputs (or surpluses) of N
each year (Fig. 2). The net anthropogenic inputs were
greatest during the 1980s, and are currently about
400 000 Mg N each year. Large net N inputs were gener-
ated during poor crop years, such as the drought years
of 1983 and 1988. Part of the N that is retained in Illinois
from crop production is returned as animal manure or
sewage effluent (Fig. 2). Animal manure flux of N has
steadily decreased from the 1940s, whereas sewage efflu-
ent has increased with the population of the state (from
7.6 million in 1945 to 12 million in 1998), although sew-
age effluent N is small in comparison with other N
fluxes.

Other recent studies on N balances also have found
large net inputs to terrestrial ecosystems using similar
approaches (Jordan and Weller, 1996; Howarth et al.,
1996; Jordan et al., 1997). A study using 1987 crop data
for the entire USA found a large surplus of N, with
Illinois one of the states with the largest surplus (NRC,
1993). Illinois ranked from first to third nationally in

the size of the balance, depending on the N, fixation
rate used. The balance the NRC (1993) estimated for
Illinois ranged from 402000 to 597000 Mg of N for
1987, and our estimate of 430000 Mg N for 1987 is
within their values.

State Phosphorus Net Anthropogenic
Inputs—Long Term Trends

State P net anthropogenic inputs are not similar to
N, suggesting that each fertilizer must be examined inde-
pendently. Phosphorus fertilizer use did follow that of
N, however, with large increases through the 1960s and
1970s, reaching a peak of 233 000 Mg of P in 1977 (Fig.
3). Recent P applications (1987 to 1998) are approxi-
mately 160000 Mg P, about 75% of peak application
rates. Phosphorus harvested in grain also has increased
with increasing fertilization since 1945, with most of the
grain P currently in corn and soybean (Fig. 4).

Interestingly, net anthropogenic P inputs were ap-
proximately zero in the 1940s and 1950s, as it was again
recently (1990s) (Fig. 4). In the 1940s net P inputs were
zero because the limited fertilizer application was appar-



DAVID & GENTRY: ANTHROPOGENIC INPUTS OF NITROGEN AND PHOSPHORUS 499

800000
—e— Com
-0+ Soybean
600000 | —v— Wheat
—=--- Oat

400000

(@)
o

+~ 200000
g
>
Z s
- -AAAA
o)) 0
E 800000
N
c —o— Net inputs
(¢)] O Sewage
O 600000 | —— Manure
e —v--- Riverine Export
=
Z

(b)

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Year

Fig. 2. Annual (@) grain N in corn, soybean, wheat, and oat and (b) the net anthropogenic inputs (sum of fertilizer + deposition + N, fixation
minus net export of grain N), sewage effluent discharge of N, manure N, and total export by all Illinois rivers of total N in Illinois from 1945

through 1998.

ently taken up by crops, which were then eaten by ani-
mals. The manure closed the cycle in that P was reap-
plied to the land. The recent P cycle is balanced because
fertilization has decreased to the point where it matches
that of net grain export. However, during the last 50 yr
there was a 25 yr period where the net inputs would
indicate that large surpluses must have accumulated.
The cumulative net P inputs for 1945 to 1998 suggests
a surplus of 2.2 million Mg of P, or about 230 kg P ha™!
of row crop area in the state. Most of this P is still
likely found in Illinois soils, although it may not be
evenly distributed.

Riverine Flux of Nitrogen and Phosphorus

Export of N and P by all Illinois rivers was estimated
for the 1980 through 1997 water years (Fig. 2 and 4).
The average total N load for Illinois rivers was 244 000
Mg N yr~!, and for total P was 14200 Mg P yr ! (Table
2). Yearly loads of N were mostly affected by water flux
(driven by precipitation), which tends to obscure direct
linkages to the N balance (Lucey and Goolsby, 1993;

David et al., 1997). There were no apparent trends in
loads of N or P during this time period. The large flux
of N by rivers in 1993 was similar to the net N inputs
for 1992 and 1993. However, this large flux of N followed
some of the highest positive net inputs found in our
analysis and may represent delayed export of NO;—-N
by large amounts of precipitation in the 1993 water year.
Keeney and DeLuca (1993) and David et al. (1997)
found similar relationships for NO;-N export and N
balances for smaller watersheds.

Estimated average total N flux for each of the major
river systems in Illinois varied from as little as
5 kg N ha™! yr~! (Big Muddy River) to as much as
24 kg N ha™! yr! (Embarras River) (Fig. 5). For the
state as a whole, the average flux was 17 kg N ha™" yr~!
for the 18-yr period. The fraction of NO; -N of total N
in surface waters was 72% for all systems, and ranged
from 32% in the Big Muddy River to 77% in the Illinois
River. There was a major difference in both total N flux
and percentage of NO;-N of total N among the six
river systems. The Illinois and Rock had the largest N
fluxes with most of their N as NO;-N (69-77%),
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whereas the Little Wabash, Kaskaskia, and Big Muddy
had smaller fluxes of total N and only 32 to 51% of
total N as NO; -N. We believe that these differences
in NO;-N as a percent of the N load were due to
variation in in-stream denitrification, which is discussed
later. However, the amount of tile drainage in each
watershed also could affect the loss of N to rivers, with
more intensively tile drained watersheds having larger
fluxes of N.

Phosphorus fluxes were generally uniform for the six
river systems (Fig. 5), ranging from 0.7 to 1.1 kg
P ha~! yr !, with 38% of total P in dissolved forms and
62% in particulate forms. For all surface waters in the
state the flux was 1.0 kg ha™! yr!, with 46% of total P
in dissolved forms. However, because we used concen-
tration data collected every 6 wk, we may have underes-
timated losses of particulate P (Jordan et al., 1986). This
underestimate would likely be more of a concern in the
small watersheds of our study (Embarras, Big Muddy)
that had more variability in discharge, compared with
the larger systems. Therefore, we consider our riverine
export flux calculations to be minimum estimates.

We compared our estimated annual streamflow and
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-Fig. 3. Annual (a) fertilizer P and (b) harvested P in grain and human and animal consumption of grain P in lllinois from 1945 through 1998.

export of N and P from all Illinois rivers with the load
of the Mississippi River at several locations (Table 2).
To obtain an estimate of N and P loads in the Mississippi
at the southern tip of Illinois, we summed the loads of
the Ohio River at Metropolis and the Mississippi at
Thebes. No other sizable tributaries are found between
these stations and the Ohio and Mississippi Rivers con-
fluence. For the 1980 to 1997 water years we estimated
average loads of 1374000 and 117000 Mg N and P,
respectively, in the Mississippi River. The contribution
of Illinois rivers to the total Mississippi load was 18 and
12% for N and P, respectively. For streamflow, Illinois
was estimated to contribute 9.6% of the flow, demon-
strating a disproportionate contribution of N and P. The
first gaged site on the Mississippi River below where
the Ohio River enters was at Memphis, TN. Loads and
streamflow estimated by Lurry and Dunn (1997) com-
pared well with our combined Ohio and Mississippi
River estimates.

Dunn (1996) calculated the total load of N and P
exported to the Gulf of Mexico by the Mississippi River
by summing the Mississippi and Atchafalaya Rivers,
because the latter has about 1/3 of the Mississippi River
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discharge diverted into it (Turner and Rabalais, 1991).
Therefore, the sum of N and P fluxes from both rivers
can be used to estimate total fluxes to the Gulf of Mexico
by the Mississippi River drainage. For the entire Missis-
sippi drainage area, Illinois contributed 15 and 10% of
the annual total N and P loads, respectively, but only
6.7% of the streamflow.

Animportant direct input of N and P to surface waters
is sewage effluent. Howarth et al. (1996) estimated that
for all North America basins an average of 12% of the
total N load was as sewage, with about 9% for the
Mississippi River basin. Our estimate was that 16% of
the total N and 47% of the total P loads in Illinois rivers
were from sewage for 1980 through 1997. For N, this
amount is greater than the estimates from Howarth et
al. (1996), probably because of the effect of the Chicago
metropolitan area, where 64% of the population in the
state is found. We estimated that 21% of the Illinois
River N load was from sewage effluent, compared with
14% for other rivers in the state. For P, estimates of
the sewage effluent contribution to river export were
70% for the Illinois River and 33% for all other rivers
in the state. This suggests that for a river with a large

population that discharges sewage effluent into it (such
as the Illinois River), about one-fifth of the N and two-
thirds of the P was from effluent. However, in less-
populated areas dominated by agriculture, such as

Table 2. Mean annual total N and total P loads for the sum of
Hlinois River systems and selected comparison sites in the
Mississippi River system.

Water years Mean annual Total N Total P

Location of record streamflow load load
10°myr! —1°Mgyr!—

Illinois Rivers 1980-1997 47 244 14.2
Mississippi River

—Thebes, IL 1980-1997 217 830 70.2
Ohio River :

—Metropolis, IL  1980-1997 270 544 46.6
Sum of Mississippi

& Ohio Rivers 1980-1997 487 1374 117
Mississippi River

—Memphis, TNt  1974-1994 504 1379 113
Mississippi River: 1978-1993 488 1216 102
Atchafalaya Riveri 1978-1993 210 430 434
Sum 1978-1993 698 1646 145

+ From Lurry and Dunn (1997).
i From Dunn (1996).
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northwestern, central, and southern Illinois, we esti-
mated that about 86% of the N and 67% of the total P
were from agricultural surface runoff and subsurface
tile drainage flow. Recently Xue et al. (1998) found that
relatively large amounts of P can be transported through
tile drainage in central Illinois and that this may be an
important loss of P from soils in addition to surface
runoff.

Manure N and P is decreasing, but was still an impor-
tant transfer of N and P in the state (Fig. 2 and 4).
Amounts of N and P generated in raw manure are still
much greater than sewage effluent N and P fluxes. How-
ever, manure is applied to the land following handling
where about 50% of the N is probably lost as NH;
(Jordan and Weller, 1996), versus the direct input of
sewage effluent into rivers. Most of this N and P is
probably taken up either by row crops or by grasses in
pasture lands and therefore is not thought to be an
important input to Illinois surface waters.

Another way of comparing the relative importance
of an agricultural state such as Illinois with others in
the region or to other large regions is to compare net
anthropogenic inputs for a drainage basin with the riv-
erine flux. Howarth et al. (1996) used this approach for
all drainages that enter the North Atlantic Ocean and
we added our estimate for Illinois to this figure (Fig. 6).
Howarth et al. (1996) found a strong linear relationship
between net inputs and riverine flux, with about 20% of
net inputs found as riverine export each year. Treating
Illinois as a watershed led to a net anthropogenic input
(average of 32 kg N ha™! yr! for 1980 to 1997) similar
to most other regions, but a substantially higher export
flux of N (average of 17 kg N ha™! yr! for 1980 to
1997), or about 51% of net inputs. However, the range
in both the net anthropogenic inputs and riverine flux
demonstrates that any given year could have a very
different value. This analysis also suggests how all sub-
watersheds in a region do not contribute N evenly. The
Mississippi River drainage had an overall net anthropo-
genic input of 22 kg N ha™! yr ! and a riverine flux of

about 5 kg N ha ! yr™!, 22% of inputs (Howarth et al.,
1996). Our estimates for N flux from Illinois surface
waters are therefore much greater than the overall Mis-
sissippi basin, as our analysis has shown for N as well
as P (Fig. 5). The average 51% of net inputs exported
by surface waters is also much greater than other inten-
sively studied regions, such as the Chesapeake Bay ba-
sin, where Jordan et al. (1997) found that most sub-
watersheds discharged between 15 and 30% of net in-
puts. This makes sense however, in that Illinois has
a much greater percentage of land area in intensive
agriculture with extensive areas of tile drainage that can
lead to high NO;-N losses than the Mississippi basin
as a whole, or the Chesapeake Bay basin.

We also applied the Caraco and Cole (1999) model
to our summary data for 1980 through 1997. This model
adds sewage inputs to a fraction (watershed export coef-
ficient) of fertilizer and NOy inputs to determine river
export of NO; -N, with the fraction a function of runoff.
They found that with increasing runoff more of the
inputs were found as river exports. With our estimated
runoff of 0.32 m for the state, the fraction of fertilizer
and deposition NO; -N inputs that the Caraco and Cole
(1999) model would estimate in river export was 16%.
Combined with sewage inputs, we therefore obtained
an estimated river export of 912 kg NO;-N km~2 yr™!
for the state of Illinois using their model, compared with
the actual river export of 876 kg NO;-N km™? yr~.
This suggests that their model provided an excellent fit
to our NO; N river export data and that knowing only
sewage, fertilizer, and deposition inputs can provide a
good estimate of the average NO;—N load in a river,
when runoff is used to adjust the loss rates. Grain har-
vest, N, fixation, and manure production are not needed
in this approach.

Caraco and Cole (1999) suggest that two reasons their
hydrologically dominated model works across variable
watersheds is because some inputs affect organic N ex-
port more (e.g., N, fixation) and that many factors im-
portant on a plot or small watershed are not important
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on aregional scale. This model may work well for Illinois
because it does account for larger exports of water to
surface waters due to tile drainage, through the water-
shed export coefficient. In addition, when average data
are used from many years, the effects of outputs such
as harvest export and denitrification are reduced. These
outputs tend to vary greatly from year-to-year and can
influence the N balance and also lead to differences in
NO;-N export by rivers. The Howarth et al. (1996)
approach did not work well compared with the Caraco
and Cole (1999) model, even though we did use the
same summary period of average data for Illinois. The
major difference between the two models is the use of
net inputs by Howarth et al. (1996), versus gross inputs
with an adjustment for hydrology by Caraco and Cole
(1999).

Fate of Missing Nitrogen and Phosphorus

We cannot account for all of the net anthropogenic
inputs of N and P summed for 1979 through 1996 (Table
3). For N, the net input was estimated at greater than
8.6 million Mg N, compared with a corresponding riverine
export of 4.4 million Mg N. This leaves 4.2 million Mg N
of net inputs unaccounted for. Most net input calcula-
tions of N by other researchers have had similar pools
that could not be accounted for (e.g., Jordan and Weller,
1996; Howarth et al., 1996). Although there are many
possible ways to account for this missing N, we believe
the most likely fate is denitrification, both of NO;-N
in fields and from in-stream processing. If we use an
estimate of 10% of fertilizer and 35% of N in the riverine
flux (from Howarth et al., 1996) denitrified during an
average year, our N sources balance our sinks within
2%. This approach seems reasonable based on several
points. First, from field and laboratory studies denitrifi-
cation is known to be an important loss of N following

fertilization (e.g., Parkin et al., 1987; Seech and Beau-
champ, 1988; Mulvaney et al., 1997). It is extremely
variable in space due to hot spots (Parkin et al., 1987)
and time due to rainfall events (Sexstone et al., 1985).
Therefore, we know that field denitrification losses vary
greatly from field-to-field and year-to-year. Our esti-
mate of 10% for 18 yr of record no doubt underestimates
some years and overestimates others, but the long-term
nature of our approach hopefully reduces the impor-
tance of temporal variability and reflects the importance
of this N sink. Second, Howarth et al. (1996) used vari-
ous approaches to estimate river denitrification at 20%
of N flux and lake or reservoir losses at 50%. These
seem to make sense based on our six river systems in
Illinois. Two of the three river systems with the lowest
NO;7-N fluxes (Big Muddy and Kaskaskia Rivers) have
major reservoirs in their drainage basins, which could
greatly reduce NO3-N concentrations and flux rates.
Third, and finally, other potential sinks for this surplus
N seem unlikely, and below are discussed further.
Changes in soil N pools could affect our N balances,
if mineralization and immobilization rates are not equal
during various time periods (Aldrich, 1980). We did

Table 3. Summary N and P additions for Illinois from 1979 to
1996 and 1980 through 1997 water years for losses.

Source Total N Total P
Mg N Mg P

Additions of N

Net anthropogenic inputs 8 574 000 739 000
Losses of N

Riverine flux 4 395 000 255 000

Fertilizer denitrification 1 560 000

In-stream denitrification} 2 370 000

Sum of losses 8 321 000 255 000

(97% of net inputs) (35% of net inputs)

+ Estimated as 10% of fertilizer application.
} Estimated at 35% of river N load (from Howarth et al., 1996).
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not include estimates of these rates, because they are
extremely variable and not known on a yearly basis.
Instead we assumed that no major changes have oc-
curred in soil N pools, which would suggest that mineral-
ization rates equal immobilization. For the 18-yr period
of our riverine flux and N surplus comparison, we have
no evidence nor data to make alternate assumptions.
Recently, Drinkwater et al. (1998) found no significant
changes in soil N pools of a conventional corn and soy-
bean rotation during a 15-yr period. This is the type
of production system used in Illinois and supports our
approach. However, to demonstrate the magnitude of
N change needed in agricultural soils, we can divide the
surplus N by the ha of row crops in the state, which
gives a value of 451 kg N ha! for the 18 yr, or 25 kg
N ha™! yr~'. Given that N pools in agricultural soils
range from 2000 to 10000 kg ha™! down to 1.5 m, it is
possible that some of the added N accumulated as or-
ganic N forms in the soils, which would be difficult
to measure. More studies such as that conducted by
Drinkwater et al. (1998) are needed to help establish
bounds on this potential sink or source of N.

Another potential sink is volatilization of N from
plant tissues (Francis et al., 1993). However, more recent
work by Francis et al. (1997) suggests that NH, is lost
and gained from corn foliage during the reproductive
period, but is not thought to be a net sink to the atmo-
sphere. At various times the corn foliage may be actively
gaining and losing NH;, but the net result is no loss
from the plant/soil system. Therefore, we did not include
plant volatilization as a net loss of N from the state
of Illinois.

For P, a different fate of the missing P is hypothesized.
The long-term P balance shown previously for Illinois
suggests a P input and output balance in the 1940s
through 1960s, a large surplus added as fertilizer for
about 25 yr, and then an input/output balance again in
the 1990s. What is the fate of the P that accumulated
based on our balance? We know that some was lost by
sewage effluent discharges and surface and subsurface
soil losses from agricultural fields. For example, the net
balance for the 18-yr period used for the previous N
evaluation was 739 000 Mg P, with export by rivers of
255000 Mg P (Table 3). Riverine export accounts for
35% of the surplus P. The remainder of the surplus P
is probably still sorbed or immobilized in agricultural
soils. Phosphorus is retained well by soils and only small
amounts are removed by surface runoff or leaching
(Sims et al., 1998; Xue et al., 1998). In much of the
drained soils in Illinois we believe that soils enriched in
P are found in low-lying areas where soil deposition
occurs above the tiles and that some of this P is trans-
ported through the tile lines (Xue et al., 1998, 1999).
Because Illinois soils are generally rich in Ca with a pH
of 6 to 6.5, much of the P is thought to be retained as
Ca phosphates with some Fe and Al phosphates (Chang
and Jackson, 1958).

Bennett et al. (1999) determined a P balance for the
Lake Mendota watershed in Wisconsin. They also found
that soils in the watershed had accumulated large
amounts of P from fertilizer inputs, as indicated by in-

creased soil test values that compared well with their
estimated surplus P. Their calculated loss by hydrologic
export was only 6% of surplus P, much less than our
35% estimate. This difference may have been partly due
to sewage effluent inputs, which Bennett et al. (1999)
did not include in their analysis. If we removed sewage
effluent P from our river export, only 18% of surplus
P was removed by rivers. This is still three times the
percentage of surplus P removed found by Bennett et
al. (1999) and extensive tile drainage export in Illinois
soils may have been responsible.

Surface water bottom sediments may be another im-
portant source or sink for N or P (Mayer et al., 1999)
and are carried by rivers as part of the total N and P
load. Our riverine fluxes of N and P are based on all
forms and therefore include suspended particulate’ (or
sediment) N and P. However, we cannot evaluate the
role of surface water bottom sediments as sinks or
sources of N and P based on previous loading rates and
treat bottom sediments as being in steady state with
water column N and P with no major fluxes to our
budgets.

Finally, groundwater may be a sink for some of the
surplus N (but not P) in Illinois. However, compared
with many states, Illinois has fine-textured soils that are
poorly drained and require extensive artificial drainage
for crop production. Approximately 35% of Illinois is
tile drained (Fausey et al., 1995) and this artificial drain-
age helps route drainage waters directly into surface
waters (David et al., 1997; Gentry et al., 1998). There-
fore, in the highest density agricultural areas of Illinois,
we would expect most surplus N to be transported to
surface waters, rather than lost through deep seepage
to aquifers.

Mass balance diagrams using our calculated fluxes
and estimates based on the discussion above demon-
strate that for both N and P, fertilizer in and grain export
out dominate the balances (Fig. 7 and 8). For N, N,
fixation and denitrification (both in-field and in-stream)
are also major fluxes and the overall mass balance aver-
aged during the 18 yr is small (+13 Mg N yr!). Riverine
export of N is a dominant flux and represents the second
largest loss of N from the state. For P, riverine export
is small compared with fertilizer and net grain export
and a large increase in the P pool was estimated
(+27 Mg P yr™?), relative to overall inputs. These dia-
grams illustrate the major fluxes in N and P, as well as
indicating where further research is needed to reduce
uncertainty (large fluxes in italics).

Environmental Implications

Our results suggest that Illinois will continue to con-
tribute fluxes of N and P to the Mississippi River similar
to those we determined for the 1980 through 1997 pe-
riod. Nitrogen inputs are still much larger than exports
and are dominated by fertilizer inputs, and about half
of this N is transported from the state in surface waters.
Turner and Rabalais (1991) also concluded that changes
in Mississippi River water quality during this century
were from changes in fertilizer use. Our budgets from
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1945 through 1998 would strongly support this conclu-
sion for Illinois.

Denitrification would seem to be removing large
amounts of N from both soils and surface waters and
we need to know the fate of this N to fully determine
human impacts on N fluxes (Weller and Jordan, 1996).
Seitzinger and Kroeze (1998) recently estimated the
global production of N,O from aquatic ecosystems and
estimated that rivers and estuaries could account for
20% of the global anthropogenic N,O emissions. Based
on their review of the literature, they used an N,O emis-
sion factor of 0.3% (N,O:N,). If we use this emission
factor, our in-stream estimate of denitrification released
as N,O would equate to 390 Mg N per year. McMahon
and Dennehy (1999) determined that annual emissions
of N,O from the South Platte and Potomac Rivers
(about 250 Mg N yr™!) were similar in magnitude to

the emissions from all of the primary and secondary
municipal sewage treatment plants in the U.S. (about
800 Mg N yr~!, from Czepiel et al., 1995). With only
0.3% of all missing N emitted as N,O our estimates are
larger than McMahon and Dennehy’s (1999) values.
High N fertilization rates also can lead to increased N,O
emissions from soils (Eichner, 1990; Matson et al., 1998)
and add greatly to the emissions from river processes.
Clearly, more studies are needed on the fate of all miss-
ing N with respect to denitrification to determine how
agriculture in Illinois and throughout the Midwest may
be contributing to global N,O emissions.

Another implication of our results is that N losses
from agricultural fields may be much larger than the
riverine fluxes suggest, due to in-stream losses of N.
The amount of N we estimated to be lost by in-stream
denitrification would equal 9 kg N ha™! yr~! for all of
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Illinois and possibly as much as 14 kg N ha! yr~! if the
source was row crop agriculture in the state. We had
estimated that about 17 kg N ha™! yr~! was lost from
the entire state (Fig. 5) and adding an in-stream denitri-
fication component for agricultural land (and increasing
the state loss per ha assuming the source is only row crop
agriculture ) would boost thisloss to 41 kg Nha 'yr~. In
the 1995 through 1997 water years we measured tile N
exports in a 30 ha field in east-central Illinois of 38 to
64 kg N ha™! yr! (Gentry et al, 1998) and 25 to
44 kg N ha! yr~' in a small watershed where in-stream
processing would be limited (David et al., 1997), so these
estimates seem reasonable.

For P, we would predict that export by rivers will
continue at current flux rates, despite the recent decline
in fertilizer applications. Although inputs and outputs
are now balanced, the large pool of P likely built up in
the soil will probably continue to be lost at current rates.
Only a small amount of this large P pool is removed
annually in dissolved and particulate forms, so that it
will take either increased crop removals or slow removal
by surface runoff and subsurface drainage to deplete it.
Both of these removal mechanisms are likely to deplete
soil P pools slowly. In addition, sewage effluent will
continue to contribute an important fraction of the P in
surface waters, particularly for the Illinois River. Correll
(1999) recently reviewed the important role of P as a
rate limiting nutrient in surface waters and concluded
that total P was the best measurement and is what would
need to be regulated, rather than orthophosphate.

Finally, riverine flux of N and P may have important
effects on coastal water eutrophication. For the 18-yr
period of water flux, we obtained a molar N:P ratio of
38 (data from Table 3), exactly the same ratio as How-
arth et al. (1996) reported for the overall Mississippi
River basin. Therefore, it appears that the N and P
quality of Illinois river discharges are consistent with
the overall Mississippi River basin. Ratios above 16
are thought to promote P limitation of phytoplankton
growth, whereas ratios below 16 result in N limitations,
because the typical N:P ratio in phytoplankton biomass
is 16 (Redfield, 1958). However, because many biogeo-
chemical processes occur in coastal waters that alter the
forms and availability of these nutrients, these ratios
must be viewed as relative indicators and are useful on
a comparison basis (Howarth et al., 1996). In addition,
ratios of silicate to N also are important in coastal food
webs (Turner et al., 1998), but we did not have silicate
data available.

CONCLUSIONS

Long-term mass balances of N and P for the state of
Illinois show that for N large surpluses have been and
continue to occur on an annual basis (last 30 yr) and
that for P current inputs equal outputs, but that large
surpluses did occur for approximately 25 yr (1965 to
1990). Surface water N in Illinois appears to be domi-
nated by agricultural sources, with the most important
input being N fertilizer (application rates have been
relatively constant the last 20 yr). Phosphorus in surface

waters is mainly from agricultural sources (P fertilizer
is the input) in all rivers except the Illinois, but sewage
effluent also is an important contributor. Export of N
and P by Illinois surface waters seems unlikely to change
given current conditions. Illinois contributes a large frac-
tion of the N and P loads found in the Mississippi River
(which probably is typical of other Cornbelt states) and
needs to be considered as part of any strategy to de-
crease exports to the Gulf of Mexico. Such a strategy
would have to focus on agricultural nonpoint sources
of N and P. Inputs of N likely are lost both in agricultural
fields following fertilization and in rivers and reservoirs
by denitrification. Although reducing N loads in rivers,
denitrification could greatly contribute to global N,O
emissions.
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