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The Midwest has large riverine exports of nitro-
gen (N), with the largest flux per unit area to the
Mississippi River system coming from lowa and
lllinois. We used historic and current data to esti-
mate N inputs, outputs, and transformations for
lllinois where human activity (principally agricul-
ture and associated landscape drainage) have had
a dominant impact. Presently, ~800,000 Mg of N is
added each year as fertilizer and another 420,000
Mg is biologically fixed, primarily by soybean (Gly-
cine maxL. Merr.). These annual inputs are greater
than exports in grain, which results in surplus N
throughout the landscape. Rivers within the state
export approximately 50% of this surplus N,
mostly as nitrate, and the remainder appears to
be denitrified or temporarily incorporated into the
soil organic matter pool. The magnitude of N
losses for 1880, 1910, 1950, and 1990 are com-
pared. Initial cultivation of the prairies released
large quantities of N (~500,000 Mg N year'), and
resulted in riverine N transport during the late 19th
century that appears to have been on the same
order of magnitude as contemporary N losses.
Riverine flux was estimated to have been at a mini-
mum in about 1950, due to diminished net miner-
alization and low fertilizer inputs. Residual fertil-
izer N from corn (Zea mays L.), biological N fixed
by soybean, short-circuiting of soil water through
artificial drainage, and decreased cropping-
system diversity appear to be the primary sources
for current N export.
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INTRODUCTION

Nitrogen (N) is a significant pollutant of surface waters[1] that
has been appreciably affected by human activities[2], especially
agriculture, which can release or sequester N in soils. N mass
balances can be useful to characterize large-scale N dynamics
and to assess the relative importance of various N sources and
sinks. The fate of anthropogenic N has been studied in consider-
able detail for the entire U.S.[3], specifically for watersheds drain-
ing into the North Atlantic[4]. N inputs included fertilizer, fixation
by leguminous crops, atmospheric deposition of oxidized N forms,
and the N associated with the import and export of agricultural
products. Mass balances for Wisconsin for 1975[5] and Illinois
for 1945 through 1998[6], respectively, demonstrated the impor-
tance of N fixation and fertilizer as dominant N inputs within the
Midwest.

North Atlantic riverine fluxes were found to be about 25%
of net anthropogenic N inputs[4]. In the Chesapeake Bay basin,
most subwatersheds discharged between 15 and 30% of net an-
nual input[7]. Previous estimated fluxes for Illinois rivers were
about 50% of the net anthropogenic inputs, presumably because
of'the amount of artificial drainage tiles throughout a state with a
high percentage of the land in intensive agricultural production[6].

As part of the Committee on Environment and Natural Re-
sources (CENR) assessment of hypoxia in the Gulf of Mexico,
all N fluxes in the Mississippi River basin were estimated[8]. In
that assessment, inputs and outputs were combined with N fluxes
such as mineralization and immobilization of N within the soil
organic matter pool. This suggested to some[8] that a large net N
mineralization (depletion of soil N pools) was part of the mass
balance, whereas others[6] assumed that for current agricultural
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production (1980 to 1998 in their study), net N mineralization
was zero (mineralization equaled immobilization, with no change
in soil N pools). Mclsaac et al.[9] compared the CENR mass
balance[8] to the net anthropogenic input approach, which as-
sumes net N mineralization was zero, and found good agreement
of'the latter approach with annual Mississippi River N flux. This
suggests that in terms of N delivery to the Mississippi River,
fertilizer inputs have been more important than net mineraliza-
tion of soil organic N since 1955.

These N mass balances and relationships to riverine N flux
have been used to estimate the role of agricultural practices on N
loads in rivers, but most of these studies have focused simply on
the period associated with increased fertilizer use (1945 to
present). Our objectives were to examine N inputs and outputs
and construct N mass balances for Illinois, estimating net an-
thropogenic N inputs, net mineralization rates, and riverine N
fluxes since 1867.

EXPERIMENTAL METHODS/PROCEDURES

We followed previous approaches for estimating all flux
rates[3,6], using data from David and Gentry[6] for 1945 through
1998 and extending their results through 2000. Agricultural sta-
tistics were available beginning in 1867, so we used these for
Illinois[ 10] to estimate crop and animal numbers for 1867 to 1944.
Where agricultural statistics were not available from the Illinois
Department of Agriculture, we used U.S. census information from
1870 through 1920s[11]. We also used U.S. Census of Agricul-
ture information, which is available in 5-year intervals from
1925[12]. Additional information on animal numbers for 1867
though 1907 was taken from Clark[13].

These data sources provided us with (1) annual crop acres
and production of corn, soybean, wheat, oat, barley, and hay (both
alfalfa and other types); (2) annual numbers of cattle, dairy cows,
hogs, chickens, turkeys, horses, mules, and sheep; (3) human
population; and (4) N fertilizer sales for the state of Illinois. We
used those annual estimates with estimated (1) N crop contents;
(2) N fixation rates; and (3) animal intake, manure production,
and product N values from David and Gentry[6]. Values for farm
horses and mules were taken from various agricultural bulle-
tins[14,15,16]. Estimates of atmospheric N deposition followed
David and Gentry[6], with further scaling of inputs back to 1900
using U.S. Environmental Protection Agency estimates of na-
tional emissions[ 1 7]. Anthropogenic deposition of N prior to 1900
was assumed to be 50% of the 1900 value. We treated ammonia
emissions as being redeposited within the state, and therefore
did not estimate either flux[6].

Land-use data were taken from agricultural statistics or U.S.
Bureau of Census records. From these data we estimated (1) the
cumulative land area that had been tilled each year since 1850,
(2) amount of land remaining in forest or prairie, and (3) area of
land in pastures. These records were available for 10-year inter-
vals in the 19" century and, generally, for 5-year intervals during
the 20" century. We used linear interpolation to estimate annual
values between census years. For land in prairies, we used an N
fixation rate[ 18] of 8 kg N ha™! year™', whereas we followed David
and Gentry[6] in assigning N fixation rates of 218, 116, and 15
kg N ha™! year™ for alfalfa (Medicago sativa L.), other hay, and
pasture, respectively.
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Net mineralization of N from soil organic matter was esti-
mated by calculating the land area plowed for the first time on a
10-year interval, assigning it to either prairie (Mollisol) or forest
(Alfisol), and estimating the total N content in the upper 15 cm
and the annual release of N. This approach suggested that 8.5
million ha of prairie and 2.4 million ha of forest were plowed by
1915, with most of the area plowed by 1875. To estimate total N
in the soils, we used spatially weighted average soil organic mat-
ter values for Illinois circa 1980[19], converted soil organic mat-
ter to C by dividing by 1.724, and then calculated total N assuming
a C:Nratio of 12. These 1980 total N percentage estimates were
0.21 and 0.09 for Mollisols and Alfisols, respectively. We then
estimated the average N content prior to cultivation assuming
either a42[20] or 33% loss[21], and a bulk density increase from
1.1 to 1.3 Mg m® following cultivation. The 0- to 15-cm
presettlement soil N contents were thereby estimated as 6.1 to
7.1 Mg N ha™' for Mollisols, and 2.6 to 3.0 Mg N ha™! for Alfisols.
Following Jenny[20], we estimated that N (high estimate) was
mineralized at the rate of 25% of the original total N for the first
20 years following cultivation, 10% in the second 20 years, and
7% in the third 20 years. For a low estimate, we used a total of
33% loss based on Mann’s[21] meta-analysis and assumed this
loss occurred at the rate of 20, 8, and 5% of soil total N for the
three 20-year periods following cultivation. Finally, we assumed
that organic N in the 15- to 30-cm depth of soil was 70% of that
in the 0- to 15-cm depth, and that 10% was lost[21]. These esti-
mates were necessary because the first soil N measurements (or
C) in Illinois were from 1901 to 1905[22], for soils that probably
had been under cultivation from anywhere from a few years to as
much as 70 years.

Early studies reported N contents for virgin prairies in states
to the west and northwest of Illinois[23,24,25,26], with values in
the range of our estimates, but often with a large amount of varia-
tion. Clearly, N concentrations in presettlement prairie soil var-
ied widely due to differences in inherent productivity, texture,
and drainage. The available data do not allow a precise assess-
ment of average soil N concentrations or content of Illinois soils
during the presettlement period. Our analysis of the available
data and literature indicated that the average soil N content in the
surface 15 cm of Illinois Mollisols prior to cultivation was prob-
ably between 6 and 8 Mg N ha™'. Northern sites with poor drain-
age would have had N contents greater than these values, whereas
upland and southern Mollisols would have had lower N contents.

Finally, to estimate average N flux in rivers leaving the state
of Illinois we multiplied the available N (sum of net anthropo-
genic N inputs and net mineralization) values by a yield or trans-
fer percentage. We estimated that 20% of the available N before
1880 was exported in the rivers of the state, similar to the value
obtained by Howarth et al.[4] for a wide range of watersheds.
Tile drainage appears to increase the percentage of N that is trans-
ported to rivers, and after 1878 the use of tile drainage expanded
rapidly because Illinois changed its constitution and gave drain-
age districts greater authority to levy taxes and appropriate
land[27]. Unfortunately, there are no consistently collected sta-
tistics on the effectiveness or intensity of drain tile installation
over time. To estimate the changing effects of tile drainage on
available N transport to rivers, we used yield percentage values
of 25% for 1881 to 1890, 35% for 1891 to 1920, 40% for 1921
to 1945, 45% for 1946 to 1970, and 50% since 1970 (the value
determined by David and Gentry[6]).
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RESULTS AND DISCUSSION

The Illinois statewide N budget has gone through many changes
during the last 140 years, with inputs coming predominantly from
N, fixation by prairies, hay production, and pastures until the
1930s, and then changing to fertilizer and soybean N, fixation
(Fig. 1). Both the source of N inputs and magnitude have changed.
N inputs increased from about 200,000 Mg year™' before 1930 to
about 1,200,000 Mg year™ today. The other large change has
been N in harvested grain, which has also increased greatly since
the 1940s with the introduction of fertilizer, hybrid varieties, and
new crops (soybean). During the same period, animal numbers
and grain consumption have decreased, whereas human consump-
tion of N in food has slowly increased.

Combining inputs and outputs allows calculation of N that
could be transferred to surface waters. Until 1920 the amount
was approximately 120,000 Mg N year™ (Fig. 2). It then increased
to nearly 200,000 Mg year™ in the 1930s, decreased in the 1950s
as the prairie soils became depleted in N, and greatly increased
with widespread fertilizer use in the 1980s and 1990s to about
500,000 Mg year™'. For the 2000 crop year we estimated a net
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input of 198,000 Mg, which is the lowest amount observed since
1963. This was due to a large crop harvest, particularly of soy-
bean, which has a high N content. The recent leveling off and
perhaps decrease in net N inputs is likely different than world
trends due to stable fertilizer use and increasing crop production
in Illinois vs. rapidly increasing fertilizer applications in much
of the developing world[28].

In the previous Illinois N mass balance[6], soil N mineral-
ization was assumed to be balanced by immobilization since 1978,
with no net change in soil N pools. It is possible that recent adop-
tion of no-till production practices has increased N immobiliza-
tion (along with C), although this would apply primarily to the
portion of the acres under continuous no-till. Crop residue sur-
veys[29] in Illinois indicate that only 10 to 20% of the corn acres
are planted using no-till and a portion of these are likely to be
managed as short-term no-till. Additionally, although several stud-
ies have shown that soil organic matter in the surface layers had
increased after the adoption of conservation tillage, the few studies
that have examined changes below 20 cm have reported a sig-
nificant number of locations where the increased organic matter
in the surface horizon was offset by reduction in organic matter
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FIGURE 1. Annual N (a) inputs from fertilizer N, soybean N, fixation, and other N, fixation (alfalfa, other hay, pastures, and prairie) and (b) harvested grain N
(sum of corn, soybean, wheat, and oat), animal grain N consumption (sum of sheep, cattle, dairy cows, hogs, chickens, turkeys, and horses), and human grain

consumption in Illinois.
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FIGURE 2. Net anthropogenic N inputs (NANI), along with low and high estimates of net mineralization of soil organic N following initial plowing of prairies and

forested soils in Illinois.

deeper in the soil profile[30,31,32]. Therefore, the influence of
increased use of no-till on soil immobilization statewide is likely
to be small.

We have estimated the release of N from soil organic matter
for 60 years following the initial plowing of the landscape (both
low and high estimates) (Fig. 2). N mineralization appears to
have peaked around 1880 between 450,000 and 650,000 Mg year~
!. This input alone is on the same order of magnitude as net an-
thropogenic inputs during the 1980s and 1990s. The sum of net
anthropogenic N inputs and soil N mineralization reached a mini-
mum around 1950 (before widespread use of fertilizer N), but
then increased dramatically after 1960 as inorganic N fertilizers
became widely used. Between 1867 and 2000, there have been
two major sources of N in the Illinois landscape beyond that
needed for crop production: (1) release of mineralized N stored
by plant production and N, fixation in prairie and forest soils
during the 11,000 to 12,000 years following loess deposition[33];
and (2) N fertilizer. Both of these sources were similar in magni-
tude.

Comparing the sum of net inputs plus N mobilized from soil
(an index of availability of N in the soil for leaching) averaged
for 10-year periods provides an overview of changes in the Illi-
nois N balance (Fig. 3). The largest N availability was estimated
to be around 1880, primarily from net mineralization. N avail-
ability declined from 1880 to 1950 even though net inputs in-
creased slightly over this period, because N mineralization from
soils declined dramatically. By 1990, net mineralization had be-
come insignificant yet N availability increased because of in-
creases in net anthropogenic inputs. This increase was due
primarily to the use of fertilizer.

Based on our assumptions of transport of available N from
land to water, riverine export of N was estimated to have been
about 145,000 Mg year™ in the 1880 and 1910 periods. Although
N mineralized from soils declined dramatically between 1880
and 1910, net inputs and riverine transport remained relatively
constant. We believe this was a result of expansive tile drainage
that increased the rate of N movement from fields to streams and
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reduced both the extent and duration of saturated soils, thus re-
ducing soil denitrification. By 1950, riverine export was prob-
ably at a minimum (72,000 Mg year™) for the period of
examination, with low mineralization and net anthropogenic N
inputs. Riverine export then increased to 210,000 Mg year™ by
the 10-year period centered on 1990. Using river flow and mea-
sured N concentrations, an estimate of riverine export 0f 242,000
Mg year' was made for the 1986 to 1995 period[6]. Our riverine
export estimates are presented as average values due to the lack
of available data to examine a year-by-year loss. It must be noted
that exports in a given year could have been — and likely were
— quite different than the average, due to differences in precipi-
tation (drought years vs. greatly above-average precipitation).

We constructed mass balances of N for the state for 10-year
periods with mid-points of 1880, 1910, 1950, and 1990, using
the average of low and high mineralization estimates (and there-
fore the average low and high riverine export). All N was ac-
counted for by assuming that available N from net anthropogenic
N inputs and mineralization that was not exported in rivers was
denitrified either in fields, wetlands, or during riverine transport.
The 1880 mass balance was dominated by net mineralization of
soil N, with a corresponding large denitrification flux (Fig. 4).
The mass balance indicated that grain N exports were essentially
balanced by the food and feed imports to the state necessary to
meet the demands of the resident animals and humans. Animals
consumed large amounts of N, beyond that provided by Illinois
grain from N, fixed in pastures and in hay fields (flux not shown).
Humans could also consume significant quantities of fin and shell-
fish from Lake Michigan. Deposition was low, and sewage was
at most a small percentage of riverine export.

There was still no net export of grain N by 1910, but net
mineralization and denitrification were estimated to have been
about 45% less than in 1880. An estimate of the N flux in the
[llinois River, which drains about half of Illinois, was 33,000 Mg
year' between 1897 and 1902[34]. If we double that value, as a
statewide estimate, it is much less than our riverine flux of 146,000
Mg N year' calculated for the same time period. If we have over-
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FIGURE 3. Sum of net anthropogenic N inputs (NANI) and net soil N mineralization estimates (low and high values) for 10-year periods, along with riverine N
export estimates using low and high mineralization values and estimated transport coefficients for Illinois.
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FIGURE 5. N mass balances for Illinois, showing average fluxes for 10-year periods with midpoints of 1950 and 1990. Mean of low and high net mineralization and

riverine export flux values was used. Not all components included in the balance are

estimated riverine transport it is likely we have underestimated
the amount of N denitrified in the rivers of Illinois. At this
point in history streams and rivers received untreated domestic
sewage and livestock waste. This loading of organic matter
created large regions of anoxia[35] that would have facilitated
denitrification in both the water column and the river sediments.
The importance of riverine denitrification probably peaked
around the late 19" and early 20" centuries. Additionally, there
is considerable uncertainty in our estimates of N transport
efficiency and N mineralization rates, especially for the period
prior to 1950. Consequently, the magnitude and timing of
these estimates should be considered as approximate, albeit based
on the best available data and current understanding of N
dynamics.
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shown. Lines are drawn proportional to flux rate. Units are 1000 Mg year™'.

By 1950, Illinois was a net exporter of N in the form of food
and feed grain and no single component dominated the balance
as it had in the 1880 and 1910 periods, or would by 1990 (Fig.
5). Riverine export and denitrification were presumably at mini-
mums for this period of the study. By 1950, most larger streams
and rivers in [llinois had been dredged and channelized, thereby
reducing the residence time of the water and disconnecting the
rivers from their floodplains — an impact that affects nutrient
processing[36]. Also, sewage treatment had become widespread
by 1950 and this increased the oxygen concentration of streams
and rivers. Oxygenation, combined with channelization and
dredging, appears to have acted to reduce the role of riverine
denitrification. In the 1990 mass balance, fertilizer and soybean
N, fixation dominated, along with net grain export of N. River-
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ine export was the highest estimated since intensive agricultural
production began. The large amount of riverine transport of N
under present conditions in Illinois results from a combination
of factors that have arisen from the agricultural development of
the state. Tile drainage effectively moves fertilizer N from crop-
land to receiving streams, particularly following precipitation
events[37]. Tile drainage, dredging, and channelization have al-
tered hydrological patterns of movement and retention of sur-
face water within Illinois and created conditions generally
unfavorable for denitrification, although isolated “hot spots” prob-
ably exist (e.g., reservoirs, remaining/restored wetlands). We
suggest that the widespread application of N fertilizer, the effi-
ciency of tile drainage, and the altered hydrology of streams and
rivers collectively explain the current export of riverine N from
[llinois and probably the agricultural Midwest in general.

CONCLUSIONS

The mass balance of N in Illinois has been affected by two large
sources during the period of European settlement and intensive
agricultural production: (1) release of stored soil organic N prior
to 1950 and (2) use of fertilizers after 1960. The early release of
N was due to plowing of the prairies, with the more recent re-
lease due to fertilizer inputs that exceed N in harvested crops.
Both greatly increased the riverine export of N to the Mississippi
River and the Gulf of Mexico. These patterns of N inputs and
outputs were probably similar for all areas of the agricultural
Midwest. However, the timing of initial cultivation and drainage
varied among states, and generally moved in a westerly direc-
tion, which probably moderated impacts at the scale of the Mis-
sissippi River Basin. Nonetheless, the flux of N to the Gulf (and
possible hypoxia episodes) was probably large in the late 1800s,
decreasing to the 1950s, and then increasing again in the 1980s.
The variation in riverine transport of N from Illinois has resulted
primarily from factors such as tile drainage, which altered the
hydrology of the rivers, streams, and wetlands of the state and
also from factors such as loading of untreated sewage, which
influenced the importance of denitrification.
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