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Abstract Catchment nitrogen (N) budgets are a

valuable tool to assess relative magnitude of N inputs

and predict losses via riverine export. However, a

range of computational approaches may be chosen,

potentially affecting the modeled relationship between

inputs and exports. To determine the influence of

various assumptions and computational details on the

effectiveness of N input estimates in predicting

riverine N export, we compared eight separate net

anthropogenic N input budgets and one soils compart-

ment budget for each of 18 Lake Michigan catchments.

N input estimation methods that took into account

seasonal fluctuations in livestock numbers and esti-

mated crop N-fixation by legume yield rather than area

harvested best predicted river N export. The average

annual river export of N from the 18 catchments ranged

from less than 300 kg N km-2 year-1 in forested

areas to more than 800 kg-N km-2 year-1 in agricul-

tural catchments and 1,580 kg-N km-2 year-1 in

small urban catchments. Using the most effective

model (R2 = 0.95, median prediction error = 1.8%)

riverine N exports were found to account for 21% of N

inputs. Other methods predicted riverine N exports less

well (R2 = 0.61–0.73), bias was greater, and the

fractional export of N inputs by rivers decreased to

*13%. The soil N budget also was a less effective

predictor of river export. This comparison demon-

strates that N budgeting that incorporates more detailed

description of agricultural N sources can substantially

improve prediction of riverine N exports from catch-

ments with a wide range of landscape characteristics.

Keywords Nitrogen � NANI � N Export � River �
Catchment � Nutrient budget � Nutrient loading �
Lake Michigan

Introduction

Inputs of anthropogenic nitrogen (N) in excess of the

processing and storage capacity of terrestrial ecosys-

tems result in N export to aquatic ecosystems,

causing a long cascade of detrimental impacts

(Galloway et al. 2002; Galloway et al. 1996). Serious

consequences include groundwater contamination,

surface-water acidification, biodiversity loss, eutro-

phication, and hypoxia (Carpenter et al. 1998;

Galloway et al. 2003; Rabalais et al. 2002; Vitousek

et al. 1997). Export of N into coastal areas due to high

riverine nitrogen discharges has resulted in eutrophi-

cation and hypoxia in coastal waters including the

Chesapeake Bay (Boynton et al. 1995) and the Gulf

of Mexico (Rabalais et al. 2002; Scavia et al. 2004).
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To better understand how human activities affect

nitrogen inputs to catchments and export by rivers, N

budgets have been constructed at various spatial

scales using a NANI (Net Anthropogenic Nitrogen

Input) approach (e.g., North Atlantic Ocean, Howarth

et al. 1996; coterminous United States, Jordan and

Weller 1996; multiple river basins of the Northeast-

ern U.S., Boyer et al. 2002; the state of Illinois, David

and Gentry 2000). NANI is estimated using a mass

balance approach by summing inputs of fertilizer,

atmospheric deposition, plant N-fixation, and N

imported as food and feed, less estimated outputs

from N volatilization and N exported as food and

feed. In addition to the NANI approach at the

catchment scale, some N mass balance estimates

have restricted the system boundary to the soils

compartment (Burkart and James 1999). Most such

studies find a high correlation between net N inputs to

catchments and riverine N exports across a wide

range of spatial settings, and a substantial excess of

anthropogenic N inputs relative to riverine export

(Van Breemen et al. 2002). However, such studies

also agree that estimates of net N input terms contain

considerable uncertainty and potential bias, because

estimates of N sources, losses, and the net N input

balance can vary widely depending on the definition

of the system boundary, the assumptions and approx-

imations used to estimate N flows, and on the

quantity and quality of available data over space

and time (Boyer et al. 2002; David and Gentry 2000;

Howarth et al. 1996; Meisinger and Randall 1991).

These uncertainties in estimating net N inputs may

affect the magnitude of the correlation between N

inputs and riverine N export (Jordan and Weller 1996;

McIsaac et al. 2002). For example, using Monte Carlo

simulation, Jordan and Weller (1996) determined that

the strength of the correlation between N inputs and

riverine export of total N (TN) was most sensitive to

estimates of the terms for crop consumption by humans

and animals, fertilizer application, and N production

from corn and soybean. Comparison of alternative N

budgeting approaches also can provide insight into

which methods best explain variation in N exports

from catchments and the contribution of individual N

sources to river export loads. By systematically adding

internal N flux terms to NANI budgets for the Lower

Mississippi Basin and by subtracting them from

comprehensive N budgets, McIsaac et al. (2002) found

that the widely used NANI approach had the highest

power to predict riverine nitrate N fluxes, accounting

for 95% of variation in export, in comparison with 14

other net N input formulations.

Our primary goal was to compare various methods

for the estimation of anthropogenic N inputs to

catchments to determine whether refinements of

computational approach can result in improved

estimation of catchment loadings, based on the

relationship between N inputs and river export of

N. For 18 catchments of the Lake Michigan Basin

(LMB), we first quantified net anthropogenic N inputs

using eight models based on the NANI approach and

one based on the soil compartment only. Because a

principal application of N input estimation is to

develop predictive models of river TN export, and the

strength of such models implies successful prediction

of catchment loadings, we then compared the

performance of regression models in predicting

riverine TN exports based on alternative estimates

of N inputs. We find that N budgeting that incorpo-

rates more detailed description of agricultural N

sources can substantially improve prediction of

riverine N exports from catchments across a variety

of settings of land uses, agricultural practices, and

human activities in the Lake Michigan basin.

Methods

Study area

We selected 18 of the 25 catchments of the LMB

based on their wide range of land use and the

availability of riverine TN export data. Catchment

boundaries were delineated upstream of the lower-

most USGS gauging station on each river with

adequate water quality data, using 30-m National

Elevation Dataset (Fig. 1). Land cover data were

derived from the Geographic Information Retrieval

and Analysis System (GIRAS) land use and land

cover (LULC) and the National Land Cover Data

(NLCD) (MRLC 1995; U.S. EPA 1998). Climate data

including precipitation and temperature were

obtained from the PRISM historical climate GIS data

set (4 km 9 4 km) (Daly and Gibson 2002a, b), and

grid values within each catchment were averaged

over 5-year intervals using ArcGIS 9.0.

The drainage area, land use, population density,

annual average water discharge, and precipitation for
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each catchment are summarized in Table 1. Individ-

ual catchments varied greatly in size, from 153 km2

for Trail Creek to 15,825 km2 for the Fox River.

Combined land use across the 18 focal catchments

was 43% agricultural, 37% forest, 12% wetland, and

6% urban. Catchments in the northern LMB, includ-

ing the Manistee, Manistique, and Menominee, are

dominated by undisturbed land (forest and wetland)

(all above 70%). The Sheboygan, St. Joseph, Grand

River, and Kalamazoo in southern LMB are examples

of highly agricultural (75–82%) catchments. Catch-

ments of the southern LMB, including the Root, Trail

Creek, and Burns Ditch, are highly urbanized (19,

19.6, and 20% urban, respectively).

Nitrogen budgets

Nitrogen inputs to catchments were estimated using

eight alternative sets of assumptions and calculations

for the NANI approach (Howarth et al. 1996, Boyer

et al. 2002), and one estimate restricted to the soils

compartment (Burkart and James 1999), for a total of

nine models. Annual N budgets were separately

constructed for each of five agricultural census years

(1974, 1978, 1982, 1987, and 1992) for which river

TN export was also available; thus a total of 810

nitrogen budgets were constructed (nine computa-

tional approaches * 18 catchments * 5 years).

Because the focus of the present study is to compare

Fig. 1 The 18 Lake

Michigan catchments used

for N budgeting.

Boundaries were delineated

upstream of USGS stations

(denoted with triangles)

where streamflow and water

quality were measured

during 1972–1992
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the performance of nine alternative N budgeting

models based on their ability to predict spatial

variation in riverine TN export across the 18 catch-

ments, for this analysis we averaged both N inputs

and river exports over time. An analysis of temporal

variation will be reported in a subsequent paper.

NANI is estimated at the catchment scale based on

the difference between anthropogenic N inputs (atmo-

spheric N deposition, crop N fixation, fertilizer use,

and food and feed imports) and outputs (volatilization

of ammonia from three sources: applied fertilizer,

animal manure and crop senescence; and export of

food and feed). The NANI approach only considers N

that is either newly fixed within the system or is

transported into a system from outside sources. To

avoid double counting of N inputs, no recycling terms

such as animal N manure, human waste, and re-

deposition of locally derived ammonia are included in

NANI estimates. In contrast, soil N budgets include

animal N manure as an input of N into the system. In

addition, soil N budgets exclude estimates of N

imported in food, because it would be consumed by

humans and presumably treated by municipal waste-

water plants, and thus bypass the soil compartment

and directly enter the aquatic system. Similarly, N

from imported feed was excluded from soil N budgets

because it enters the agricultural food chain and

eventually reaches the soil, mainly as applied animal

manure. Thus, the specific inputs to soil N budgets

included N fertilizer, crop N fixation, atmospheric N

deposition, and animal N manure, while outputs

included NH3 volatilization and crop N harvest.

Computational differences among the eight NANI

models included alternative methods of estimating

crop N-fixation (yield vs. area), animal population

size (dynamic vs. steady-state), and data aggregation

(area- vs. land use-weighting) (Fig. 2a). The estimate

of annual average animal population size influences

the magnitude of net import or export of N in food

and feed, animal manure production (used only in the

soil budget), and volatilization of N from animal

manure. Previous studies have identified this

Fig. 2 Two flowcharts illustrating how a The eight NANI and

b One soil N input estimates were obtained for the 18 Lake

Michigan catchments. Fertilizer and atmospheric N inputs are

the same for each estimate. Alternative methods are the result

of whether (1) the animal population is dynamic or steady

state, (2) crop N-fixation is estimated based on area or yield,

and (3) county-level data is aggregated to the catchment by

area- or land use-weighting. Shaded boxes represent the five

main components of NANI and soil N budgets
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component of NANI as most subject to uncertainty

and errors, along with crop N fixation (Boyer et al.

2002; David and Gentry 2000; Goolsby et al. 1999).

County-level estimates of N fluxes were aggregated

to the catchment scale using two different weighting

methods: (1) the fraction of land that is included

within the catchment boundary (hereafter referred to

as area-weighting), and (2) the fraction of the relevant

land use type, such as crop or urban land, lying within

each catchment (hereafter referred to as land use-

weighting).

To limit the number of alternative models, for the

soil N budget (model 9) we estimated crop N fixation

based on yield, net volatilization of ammonia and

animal N manure based on the dynamic livestock

model, and used only the area-weighted method to

scale from counties to catchments (Fig. 2b).

N fertilizer inputs

County-level estimates of N fertilizer use (1974–1982)

and sales (1987) were obtained from USGS Branch

of Systems Analysis (Alexander and Smith 1990)

and USGS Water Resources Division (WRD)

(Battaglin 1994), respectively. For 1992, statewide N

fertilizer sales data from the Fertilizer Institute

(TFI 1992–2002) were converted to the county level

using the ratio of county to state expenditures for

commercial fertilizer taken from the 1992 Census

of Agriculture (U.S. Bureau of the Census 1995),

following the method of Battaglin (1994).

County-level fertilizer estimates were aggregated

to the catchment level using two allocation methods.

Area-weighted sums were computed based on the

proportion of each county included in each catch-

ment. The land use-weighted estimate was computed

from the ratio of the fertilized area of each county

within a catchment to the total area of each county

treated with fertilizer. We estimated fertilized area

based on a classification of cultivated lands (1992

NLCD) and a classification of agricultural land types

(LULC) to determine areas expected to receive

fertilizer.

Total atmospheric N deposition

Annual precipitation-weighted mean wet deposition

of NH4
? and NO3

- and dry deposition of particulate

ammonium (NH4
?), gaseous nitric acid (HNO3), and

particulate nitrate (NO3
-) were obtained for all sites

in five states (IL, IN, OH, MI, and WI) for the years

1980–2004 from NADP/NTN and for the years 1989–

2004 from CASTNET, respectively (CASTNET

2006; NADP 2006). Dry deposition for 1980–1988

was estimated from total wet deposition using ratios

of dry to wet deposition (NH4
?, 0.14; HNO3, 0.51;

NO3
-, 0.51) developed using data from 11 sampling

sites that simultaneously measured dry and wet

deposition from 1989 through 2004. For the years

prior to 1980, total atmospheric deposition of NO3

and NH4 was extrapolated using historical trends in

national nitrous oxide (NOX) emission (U.S. EPA

2000; 2003) and NH3 emission (Van Aardenne et al.

2001) based on the relationship between emission and

atmospheric deposition of NO3 and NH4 for 1981–

2004 (David and Gentry 2000).

Atmospheric organic nitrogen (AON) can be a

substantial input of N (Neff et al. 2002). For this

study, new inputs of dust AON and organic nitrates

were estimated to be one-half of the median value of

20 kg-N km-2 year-1 from AON dust deposition

monitoring and one-half of 110 kg-N km-2 year-1

from the TM3 model (Neff et al. 2002). Similar to the

historical inorganic N extrapolations, historical

changes in organic nitrate deposition for the period

1974–1992 were extrapolated based on estimates of

national emission of NOX because studies have

shown that NOX is an important source, producing

organic nitrates from chemical reaction with reactive

hydrocarbons (Muthuramu et al. 1994; Neff et al.

2002; Roberts 1990).

The values of total inorganic N plus net organic N

in dry and wet deposition, averaged over 5 year

increments at NADP/NTN sample stations, were used

to generate an N-deposition surface covering the 18

Lake Michigan catchments. This surface was created

by inverse distance weighted interpolation (Tidwell

et al. 2004) and the grid values within each catchment

were averaged using ArcGIS 9.0.

Net trade of N in food and feed

N supply from animal and crop production in excess

of estimated demand by humans and livestock is

assumed to be exported. Thus, net trade of N in food

and feed was calculated by subtracting human and

animal N consumption from crop and animal N

production. Positive and negative net balances

182 Biogeochemistry (2008) 91:177–199
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represent import and export of N in food and feed,

respectively.

Human N consumption was estimated by multi-

plying annual human population estimates by per

capita N consumption rates. Per capita N consump-

tion was obtained from estimates of annual per capita

protein consumption at the national level from the

USDA Economic Research Service (U.S. Department

of Agriculture 2006), multiplied by 0.16 (protein

fraction of N).

Estimation of animal feed requirements and ani-

mal products in trade can be complicated when the

farm residence time for livestock is variable. For beef

and milk cattle, sheep and lambs, horses and breeding

fowl, seasonal fluctuations in numbers are assumed to

be minimal, and continuous replacement offsets

mortality and sale of animals that are no longer

productive. For these livestock groups, year-end

inventory data are assumed to be representative of

the population throughout the year. However, some

livestock groups reside on a farm during only part of

the year, including hogs, pigs and most poultry, and

then are exported to market. For these groups, year-

end inventory data may over-estimate the N trade

associated with livestock.

We compared two estimates of average annual

livestock population size to determine the amounts of

animal N products and animal N consumption. The

static animal population method assumes that popu-

lation numbers for all livestock types do not vary

over the year, so that year-end inventory numbers

from the USDA Census of Agriculture are represen-

tative of average numbers for all livestock types

(Boyer et al. 2002). The dynamic animal population

estimate takes into account the life cycle of farm

animals during the year (Kellogg et al. 2000), and

results in a lower population estimate in most cases.

Equation 1 estimates the annual average number

of livestock during a year based on a weighted sum of

end-of-year inventory and annual sales data, taking

into account differences in residence times among

categories of livestock.

AL ¼ Inventory� 1

Cycles

� ��

þ Sales

Cycles
� Cycles� 1

Cycles

� �� ð1Þ

where AL is the annual average number of livestock,

inventory is the number from the end-of-year inven-

tory data, sales is the number of animals from sales

data, and cycles is the duration of the life cycle

(365 days divided by the number of days from birth

to market) per year. Data on sales and inventory of

livestock were obtained from the Census of Agricul-

ture from 1974 to 1992, and the eighteen classes of

animals used for this estimation are listed in Table 2.

To estimate livestock N consumption, animal-specific

N consumption rates from the National Research

Council (NRC 1984, 1985, 1998) and from Van Horn

et al. (1996) were combined with estimates of

average livestock numbers derived using the dynamic

and static methods, respectively (Table 2).

To estimate food and feed production within

individual catchments, crop product N content from

Lander et al. (1998) and Jordan and Weller (1996) was

combined with county-level crop yield data from the

Census of Agriculture for various crop types (Table 3).

Assumptions about crop product lost to spoilage or

other causes as well as allocation of crop products to

animals and humans were applied as described in

Boyer et al. (2002). Animal production was estimated

on the basis of slaughtered livestock sales data,

combined with N content of their edible portion and

the varying weight of slaughtered livestock by year.

The N content of the edible portion was obtained from

the USDA National Nutrient Database for Standard

Reference (U.S. Department of Agriculture 2005), and

annual average live weights of cattle, calf, swine,

sheep, and lambs for each state (IN, IL, MI, and WI) for

the period from 1974 to 1992 were obtained from

USDA NASS state-level annual and monthly livestock

slaughter summary reports (USDA/NASS 2006).

Animal N production also was estimated as the

difference between animal N feed consumption and

animal N excretion under the static model (Table 2).

For additional computational details, see Han (2007).

Animal N manure and NH3 volatilization

Agricultural sources of volatilized NH3 considered in

this study include applied manure, fertilizer, and the

senescing leaves of crops. To estimate NH3 emissions

from animal manure, manure N was calculated by

multiplying the estimates of average annual livestock

populations by N excretion rate, and the resultant

Biogeochemistry (2008) 91:177–199 183
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values were then multiplied by emission factors for

eighteen individual livestock categories (Table 2).

The parameters used for manure production and

emission for each livestock class were derived from

Kellogg et al. (2000); Lander et al. (1998), and the

EPA emission inventory report (U.S. EPA 2005).

Volatilization was estimated under the static live-

stock method by multiplying NH3 emission factors

(Battye et al. 1994) by estimates of the average

livestock population.

Volatilization losses from fertilizer were calcu-

lated as a percentage of fertilizer application in each

catchment: 15% for urea, 2% for ammonium nitrate,

8% for nitrogen solution, 1.0% for anhydrous

ammonia, and 4.4% for other combined fertilizers

(Battye et al. 1994; Goebes et al. 2003). To account

for N volatilized as ammonia from plants during crop

senescence, especially at the end of the growing

season, we used crop acreage data from the USDA

Census of Agriculture, assuming volatilization rates

to be 6,000 kg-N km-2 year-1 for corn, 4,500 kg-

N km-2 year-1 for soybean, and 3,500 kg-N km-2

year-1 for wheat (Goolsby et al. 1999). Hay was

assumed to be harvested before the end of growing

period and thus N volatilized from hay was not

estimated.

Due to the short life span of NH3 in the atmosphere,

some fraction of volatilized N is likely to be redepos-

ited within the area where it was emitted rather than

transported out of the system. Following Boyer et al.

(2002), we assumed that 75% of NH3 emissions are re-

deposited locally and the remaining 25% are exported.

Net atmospheric N deposition was estimated by

reducing total atmospheric N deposition by 25% to

account for assumed losses to volatilization. We

acknowledge that using a fixed volatilization rate of

25% is a source of uncertainty in our estimates of net N

deposition. This should not have much effect in

catchments where net atmospheric nitrogen deposition

is a relatively small fraction of total N inputs, but could

be of greater concern for forested catchments.

Crop N fixation

Legumes considered for this study included soybean,

alfalfa, other non-alfalfa hay, and pasture. Crop N

fixation associated with non-alfalfa hay and pasture

was estimated by multiplying the harvested land area

in each case by the average of published N fixation

rates for non-alfalfa hay (11,600 kg-N km-2 year-1)

and crop pasture (1,500 kg-N km-2 year-1) (Boyer

et al. 2002; Burkart and James 1999).

Table 3 N content of harvested crops and the partitioning ratios used to classify crops as livestock feed or human food, by

commodity

Crop type Yield

unit

(YU)

Nitrogen

content

(kg-N/YU)

Fraction of

crops fed to

humans (%)

Fraction of

crops fed to

animals (%)

Proportion

remaining after

handling loss (%)

Field corn for grain Bushel 0.80 4 96 90

Field corn for silage Ton 3.22 0 100 100

Wheat Bushel 0.50 61 39 90

Oats Bushel 0.27 6 94 90

Barley Bushel 0.41 3 97 90

Sorghum for grain Bushel 0.44 0 100 90

Sorghum for silage Bushel 6.70 0 100 100

Irish potatoes Cwt. 0.16 100 0 90

Rye for grain Bushel 0.49 17 83 90

Alfalfa hay Ton 22.87 0 100 100

Other hay Ton 9.86 0 100 100

Soybean Bushel 1.61 2 98 90

Crop pasture Acre 2,000.00 0 100 90

Non-crop pasture Acre 1,000.00 0 100 90

Modified from Lander et al. (1998) and Jordan and Weller (1996)
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The amounts of N fixed by soybean and alfalfa, the

principal legumes within the LMB, were estimated by

two approaches, area and yield. Following Boyer

et al. (2002) we estimated N fixation from the product

of area cultivated and the average rate of N fixation in

U.S. agricultural production system measured by 15N

isotope dilution (soybean, 9,600 kg-N km-2 year-1;

alfalfa, 21,800 kg-N km-2 year-1). Because the

amount of N fixed by legumes per unit area may

vary as function of yield (Barry et al. 1993) and soil

N availability (Coale et al. 1985; David et al. 1997;

Meisinger and Randall 1991), some studies have

adopted an approach based on estimates of legume N

yield and the percentage of this N that can be

attributed to fixation (Barry et al. 1993; David et al.

1997; McIsaac and Hu 2004; Meisinger and Randall

1991). These authors argue that crop yield is the

factor that best aggregates variables associated with

crop, soil, and climatic conditions including available

soil moisture, vigor of stand, density, and other

management factors. Following the yield-based

approach of Meisinger and Randall (1991), we

calculated crop N fixation as the product of estimates

of soybean and alfalfa N yield and the percentage of

this N that can be attributed to fixation.

Because total N fixation by legumes includes the

amount fixed and the amount taken up from the soil

(NRC 1993), and the proportion of total legume N

derived from fixation varies as a function of soil N

availability (Meisinger and Randall 1991), we esti-

mated the amount of N mineralized from soil

organic matter (OM) using information from State

Soil Geographic maps (STATSGO) (U.S. Depart-

ment of Agriculture 1994) following the method put

forth by Goolsby et al. (1999) and modified by Han

(2007) to estimate soil organic N of the upper soil

horizon.

Since the upper 30 cm of soil generally is consid-

ered the surface soil and is most readily influenced by

agricultural activities, we estimated the soil organic N

of this upper soil horizon. The mass of OM in the

upper 30 cm of soil for each of *205 STATGO map

units in the LMB was calculated as the product of the

average soil bulk density, average percent OM

content (each determined form the high and low

reported values), and volume. Soil N content was

estimated to be 3% of soil OM (Stevenson 1994), and

to be mineralized at a rate of 2% per year in

cultivated soil (Gentry et al. 1998). Finally, soil N

mineralization for each map unit was aggregated to

the corresponding watershed using area-weighting.

Data aggregation and final budgets

Except for catchment-level estimates of total atmo-

spheric N deposition, all estimates of N inputs and

outputs for NANI computations were based on

county-level statistics and reapportioned to catch-

ments using both area-weighting and land use-

weighting. For the latter, the relevant land use types

included cropland to apportion crop N production,

urban area to apportion estimates of county-level

human N consumption, and both cropland and urban

lawns and golf courses to apportion estimates of

county-level fertilizer for each catchment.

For soil N budgets, the sum of the estimates of

agricultural N inputs and outputs were applied only to

cropland, whereas N inputs from atmospheric N

deposition were applied to the entire land area. Thus,

the area-weighted estimate of soil N balance for each

catchment was calculated by summing the area-

weighted estimates of total atmospheric deposition

(normalized by the total area of each catchment) plus

the area-weighted estimates of total agricultural net N

inputs (calculated as fertilizer N ? crop N fixa-

tion ? animal N manure—net volatilization of N).

The area-weighted estimates were quantified by

aggregating the county-level estimates of total agri-

cultural net N inputs weighted by the fraction of

cropland lying within each catchment, and finally

normalized by the total area of each catchment unit.

Riverine TN concentrations and fluxes

Available data for river TN concentrations in Lake

Michigan tributaries for 1970–1995 were retrieved

from the USGS National Water Information System

(NWIS), and the U.S. EPA Storage and Retrieval

System (STORET). Due to limited data on TN

concentrations over the target period as well as

discontinuities in data records, we sometimes used

TN concentrations from multiple monitoring stations

if they were located close (within *1 km) to the

corresponding USGS gauging station. Daily river

discharge data were obtained from the USGS

National Water Data Storage and Retrieval System

(WATSTORE) (Table 1). Figure 3 illustrates time

series of TN concentration and discharge data for four
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different rivers, representing forested (Manistee),

urbanized (Root), agricultural (Sheboygan), and wet-

land (Manistique) catchments.

We estimated annual loads of TN exported from

each tributary from TN concentrations and daily

discharge using the USGS Estimator Regression

Model (Cohn et al. 1989). The model was calibrated

using multiple regressions between daily loads (esti-

mated by multiplying daily average discharge by

instantaneous concentration) and daily average dis-

charges and the time of the year. With the exception

of several catchments (Root in 1974, Menominee in

1982 and 1992, Ford in 1992, Escanaba in1974) that

had few data points, approximately monthly concen-

tration estimates were available for most catchments.

To compensate for the limited quantity of TN

concentration data we estimated TN export for each

calendar year after first calibrating this model with

5 years of continuous data. For example, 1982 TN

export was estimated by calibrating the model using

1980–1984 TN concentrations and daily discharge

data.

Statistical analysis

Regression analysis was used to compare prediction

of riverine N export across the 18 Lake Michigan

catchments using individual N inputs, catchment

characteristics (e.g. human population density, per-

cent land cover in catchments), and total N inputs.

The primary purpose of these regressions was simply

to determine which method of estimating N inputs

best predicted river TN exports for the 18 catchments.

We applied the same exponential and linear regres-

sion approach to the nine alternative estimates of net

N inputs for all catchments because some prior

studies have found an exponential model to result in a

better fit. To evaluate regression models we examined

goodness-of-fit, as measured by the R2 value and root

mean square error (RMSE) using SPSS 15.0 (SPSS

Inc. 2007). We also carried out an analysis of

prediction errors following Alexander et al. (2002),

which assesses the accuracy of prediction in terms of

variability and bias. This analysis uses the difference

between predicted and measured values of stream N

Fig. 3 TN concentration (mg/L, denoted with black triangles)

in daily flows (m3/s, denoted with gray lines) used for

estimation of annual TN load illustrated for four tributaries

[a Root (urbanized), b Sheboygan (agricultural), c Manistique

(wetland), d Manistee (forested)] from January 1972 through

December 1994
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export, expressed as a percentage of the measured

export, and evaluates model accuracy through com-

parisons of the median and range of errors.

Results

Crop N fixation

Yield-based estimates of rates of fixation per unit

area by soybean and alfalfa ranged from 3,773 to

13,159 kg-N km-2 year-1 and from 10,894 to

21,641 kg-N km-2 year-1, respectively, and varied

from catchment to catchment depending on estimates

of soil N mineralization and legume yield (Table 4).

All are within the ranges summarized by the NRC

(1993) for rates of N fixation in soybean (1,500 to

*31,000 kg-N km-2 year-1) and alfalfa (7,000 to

*60,000 kg-N km-2 year-1) from various literature

sources. Rates of crop N fixation from the area-based

approach do not vary by catchment and tend to be

mid-range (9,600 kg-N km-2 year-1) for soybean

and higher for alfalfa (21,800 kg-N km-2 year-1),

in comparison with yield-based estimates.

N input to each catchment from crop fixation

ranged from 73 kg-N km-2 year-1 in the Manistique

to 3,259 kg-N km-2 year-1 in the Sheboygan based

on yield, and from 105 kg-N km-2 year-1 to

3,597 kg-N km-2 year-1 based on area (values are

averages of area-(Table 5) and land use-(Table 6)

weighting estimates). Our estimates fall within the

reported range of other studies for forested catchments

of the northeastern U.S. (70–370 kg-N km-2 year-1,

Howarth et al. 2006), and major agricultural catch-

ments in the upper and middle Mississippi River

Basins (1,930 to *3,470 kg-N km-2 year-1, Goo-

lsby et al. 1999) using the same method. Similarly, our

estimates of legume fixation based on yield are

consistent with those in Illinois estimated by McIsaac

and Hu (2004) using the same method.

Crop N fixation estimates were slightly higher

using the area-based approach except where soybean-

Table 4 Estimates of average soil N mineralization rate and the corresponding proportion of plant N from N fixation by soybean and

alfalfa hay for the 18 Lake Michigan watersheds, based on the yield-based method of Meisinger and Randall (1991)

ID Catchment Soil N

mineralization

(kg-N km-2 year-1)

Proportion of plant N from fixation Crop N fixation ratea

Soybean

(%)

Alfalfa

(%)

Soybean

(kg-N km-2 year-1)

Alfalfa

(kg-N km-2 year-1)

1 Root 6,861 0.73 0.83 10,947 20,860

2 Milwaukee 6,726 0.74 0.84 10,800 20,685

3 Sheboygan 7,343 0.71 0.81 10,511 19,574

4 Fox 6,771 0.74 0.84 10,882 18,799

5 Oconto 5,471 0.75 0.80 10,775 16,844

6 Peshtigo 7,007 0.72 0.82 10,595 15,265

7 Menominee 7,926 0.68 0.78 8,232 12,847

8 Ford 13,688 0.53 0.73 4,031 11,507

9 Escanaba 9,608 0.59 0.69 4,427 10,894

10 Manistique 12,422 0.57 0.77 3,773 12,168

11 Manistee 3,935 0.81 0.84 9,292 11,793

12 Pere Marquette 4,092 0.80 0.84 8,819 15,075

13 Muskegon 4,955 0.77 0.82 9,999 13,569

14 Grand 6,547 0.75 0.85 11,027 19,516

15 Kalamazoo 4,843 0.78 0.82 10,835 18,530

16 St. Joseph 4,922 0.77 0.82 11,563 18,635

17 Trail Creek 3,677 0.82 0.85 10,781 18,191

18 Burns Ditch 8,430 0.65 0.75 13,159 21,641

a For comparison, the area-based estimates using the method of Boyer et al. (2002) are 9,600 kg-N km-2 year-1 for soybean and

21,800 kg-N km-2 year-1 for alfalfa
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corn rotation was the primary form of agriculture (the

Root catchment and southern regions of the LMB

including St. Joseph, Trail Creek, and Burns Ditch).

Overall, highest N fixation was found along the

western side and the south shore of Lake Michigan.

There was a strong correlation between cropland

cover (percent area in total cropland) and N input

from crop N fixation (R2 = 0.74). The correlation

increased slightly when only the area in soybean and

alfalfa was considered (R2 = 0.85).

Fertilizer

Most estimates of N fertilizer inputs derived using

land-use weighting to apportion county-level values

to catchments were slightly larger than those using

area-weighting across the 18 catchments (Tables 5,

6). However, differences between the two methods

were negligible in most cases, with the exception of

Trail Creek and Ford River, where estimates were

substantially lower based on land use-weighting in

comparison with area-weighting. Application of N

fertilizer, normalized by total catchment area, varied

greatly among the 18 catchments, ranging from

35 kg-N km-2 year-1 in the Escanaba catchment to

6,090 kg-N km-2 year-1 in the Burns Ditch catch-

ment, based on area-weighting allocation (Table 5).

Spatial variation in N fertilizer use was better

explained by variation in harvested corn acreage

(R2 = 0.84) as a percent of each catchment than by

percent total cropland (R2 = 0.57), presumably

because corn receives more N fertilizer than other

common crops.

Net atmospheric N deposition

Total depositional N inputs from the atmosphere

exceeded total net losses of N to the atmosphere via

volatilization from agricultural sources (animal

manure, crop senescence, and fertilizer), resulting in

net atmospheric N input for all catchments of the

LMB. Spatial variation in net atmospheric N depo-

sition is modest in comparison with agricultural

sources such as N fertilizer use and crop N fixation,

ranging from 159 to 802 kg-N km-2 year-1 based on

the dynamic livestock model (Table 5).

The net atmospheric N deposition input showed a

relatively high positive correlation with the fraction

of undisturbed land, quantified as forest plus wetland

area (R2 = 0.61), and a negative correlation with the

fraction of land area in agriculture (R2 = 0.56). This

is because atmospheric N deposition varies little

across all catchments whereas N losses due to

volatilization vary more and are highest from the

more agricultural catchments.

Net import of N in food and feed

Differences in net import of N in food for humans due

to alternative allocation methods were negligible for

most catchments, with the exception of catchments of

small size and varied land use (Root, Trail Creek, and

Burns Ditch). However, estimates of animal N

consumption and animal N products differed substan-

tially between dynamic and static estimates for some

catchments, resulting in large discrepancies between

methods in estimates of the net import of N in food

and feed (Tables 5, 6). This difference can be

attributed to lower livestock population estimates

computed by the dynamic versus static animal inven-

tories. The magnitude of the difference varied by

catchment and by which state a catchment was located

in, rather than by the percentage of a catchment used

for agriculture, suggesting regional differences in

livestock management practices.

Comparison of N input estimates

The average of the eight NANI estimates for LMB

catchments ranged from 775 to 1,082 kg-N km-2

year-1 in forested regions (catchments 7–10 in

Table 7), from 3,728 to 6,770 kg-N km-2 year-1 in

agricultural regions (catchments 3, 14–16 in Table 7)

and from 4,077 to 5,588 kg-N km-2 year-1 in small

urban and agricultural mixed catchments (catchments

1, 2, 17, and 18 in Table 7). N inputs were highest

when estimated using the steady-state livestock

model, and lowest using the soil budget. Differences

among estimates across the eight NANI models were

consistently greater (ranging from -48 to ?60% of

the average value) in the agricultural western region

of the LMB and were smallest in the forested

northern catchments (-20 to ?24% of the average

value). However, the difference among the eight

estimates of NANI does not appear to be strongly

related to the percentage of a catchment used for

cropland. For example, estimates of net N inputs

across the nine models were significantly different
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from each other for the agricultural western region of

the LMB (one-way ANOVA, p = 0.037), but not for

the agricultural southeast of the LMB. Overall, NANI

was correlated with the extent of land in agriculture

(R2 = 0.88).

NANI estimates were most sensitive to whether

animal populations were treated as steady state or

dynamic (Fig. 4a). This influenced our estimates of

animal N manure production, animal N consumption,

volatilization of N from animal manure, and animal N

food production. Estimates of NANI based on the

dynamic livestock model were marginally lower than

those based on the steady-state model (p = 0.094,

one-way ANOVA) for the agricultural southwestern

region of the LMB. Differences in estimates of NANI

between computational choices related to crop N

fixation (Fig. 4b; p = 0.809) as well as spatial

allocation methods (Fig. 4c; p = 0.65) did not differ

significantly.

Net N inputs to the soil compartment of each

catchment ranged from 674 to 4,997 kg-N km-2

year-1 (Table 7) and in general were significantly

lower than N inputs estimated by NANI methods

(Fig. 4d; p = 0.029, one-way ANOVA). The largest

discrepancy between NANI estimates and soil N

budgets was seen in the highly urbanized catchments

with relatively large human populations (p = 0.003).

In contrast, differences between NANI and soil

budgets were marginally significantly for agricultural

catchments (p = 0.068) and not significant for forested

catchments (p = 0.231). Most NANI estimates and the

Table 7 Total net N inputs for the 18 catchments estimated by the eight NANI models and the soil N budget model, averaged for the

census years from 1974 to 1992, and river export of TN, averaged over the same time period

ID Catchment Modela River TN export

1 2 3 4 5 6 7 8 9

1 Root 5,782 4,621 5,701 4,523 6,105 5,254 6,024 5,156 2,090 1,588

2 Milwaukee 4,071 3,933 4,226 4,083 6,791 6,537 6,946 6,687 3,590 657

3 Sheboygan 4,979 4,768 5,317 5,106 8,417 8,238 8,755 8,576 4,997 811

4 Fox 2,757 2,704 3,007 2,945 4,779 4,641 5,029 4,882 2,794 381

5 Oconto 1,698 1,597 1,956 1,828 2,874 2,644 3,132 2,875 1,812 369

6 Peshtigo 1,191 1,311 1,354 1,540 1,687 1,972 1,850 2,201 1,209 224

7 Menominee 837 805 942 898 1,012 937 1,117 1,030 818 206

8 Ford 1,057 843 1,224 946 1,224 935 1,391 1,038 1,007 211

9 Escanaba 757 731 791 775 772 763 806 807 674 216

10 Manistique 763 754 797 785 790 778 824 809 745 290

11 Manistee 1,251 1,159 1,457 1,337 1,411 1,285 1,617 1,463 1,185 228

12 Pere-Marquette 1,598 1,385 1,754 1,491 1,873 1,560 2,029 1,666 1,545 298

13 Muskegon 1,711 1,726 2,094 2,104 2,250 2,258 2,633 2,636 1,647 293

14 Grand 3,768 3,774 3,815 3,827 4,534 4,561 4,581 4,614 3,153 777

15 Kalamazoo 3,404 3,492 3,483 3,574 3,885 3,968 3,964 4,050 2,704 579

16 St. Joseph 4,325 4,300 4,242 4,196 4,692 4,497 4,609 4,393 3,405 850

17 Trail Creek 4,295 4,110 3,633 3,707 4,752 4,217 4,090 3,814 3,715 832

18 Burns Ditch 5,861 5,630 5,691 5,483 5,734 5,445 5,564 5,298 4,359 1,225

a Models 1 through 8 use the NANI budgeting approach (Fig. 2a), and Model 9 is based on the soil budget (Fig. 2b)

Fig. 4 Comparison of N input estimates illustrating the

influence of various computational choices. a Dynamic (solid
bars) versus steady-state (open bars) livestock accounting,

based on the average of models 1–4 versus the average of

model 5–8. b Crop N-fixation based on yield (solid bars)

versus area (open bars), based on the average of models 1,2,5,6

versus model 3,4,7,8. c Aggregation by land use (solid bars)

versus area-weighting (open bars) spatial allocation based on

the average of models 2,4,6,8 versus model 1,3,5,7. d N inputs

for the soil compartment (solid bars) versus the catchment

NANI method (open bars), based on model 9 versus model 1–

8. e Relative differences between models based on comparing

each against Model 7 which is similar to the traditional NANI

budgeting method for three regions of the LMB [Region1:

agricultural western (catchments 1–5), Region2: forested

northern (catchments 6–12), Region3: agricultural eastern

(catchments 13–18)]

c
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soil N estimate were lower than obtained using model

7, which most closely approximates the traditional

NANI method. Models 1–4 differed most, and the

deviation was greatest for highly agricultural water-

sheds emphasizing livestock production (see Region 1

in Fig. 4e).

Relationship between N inputs and riverine TN

export

The average annual export of TN from the 18

catchments ranged from less than 300 kg-

N km-2 year-1 in forested areas to more than

800 kg-N km-2 year-1 in agricultural catchments,

and was highest in small, urbanized catchments

(Table 7). The latter exported as much as 1,588 kg-

N km-2 year-1, about five times higher than the

amount of N exported from forested catchments.

Riverine TN export appeared to be directly related

to land use, and was positively related to disturbed land

(urbanized and intensively cultivated; R2 = 0.71) and

negatively related to extent of forested land

(R2 = 0.64). Spatial variation in river export of TN is

better described by NANI (R2 = 0.81) than by any

individual input variables, although fertilizer applica-

tion was the best individual input term (R2 = 0.56).

To determine which computational approach best

predicted riverine TN exports, we compared all nine

estimates of total net anthropogenic N inputs to the

18 Lake Michigan catchments, after averaging across

years (Fig. 5). For the resulting 18 regressions (9 net

N input models * 2 regressions, linear and exponen-

tial), an exponential regression using NANI from

Model 1 gave the strongest statistical relationship

between inputs and exports (R2 = 0.94) (Fig. 5a).

Exponential regression models using NANI models

Fig. 5 Comparison of exponential and linear regressions estimating riverine TN exports from N inputs across the 18 catchments. a–h
Correspond to NANI estimates from models 1 to 8, and i represents the estimate based on the soil compartment
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1–4 based on the dynamic livestock population model

always reported higher values of R2 (Fig. 5) and

lower values of RMSE compared with models 5–8

based on steady-state livestock populations. Simi-

larly, the fit of exponential regressions using NANI

models where crop N fixation was estimated based on

yield was always better than those based on area.

However, statistical fits and RMSE did not differ

between area-weighted and land use-weighted allo-

cation methods. In addition, regression models using

net soil N input consistently had poor fits (linear

R2 = 0.42, exponential R2 = 0.39) in comparison

with regressions using catchment NANIs.

Comparison of model accuracy using the median

and interquartile range (IQR) of the distribution of

errors provides further evidence of model perfor-

mance (Fig. 6). The exponential model based on

NANI derived from Model 1 (dynamic animal

population, crop N fixation based on yield, and

area-weighting) has appreciably the highest precision

(IQR = 22.4%) and the lowest bias (median

error = -1.9%) in the prediction of nitrogen export.

In addition, both linear and exponential regressions

using NANI based on the dynamic livestock popu-

lation model (models 1 through 4, Fig. 5a–d) resulted

in smaller bias of prediction errors as well as higher

precision, in comparison with regressions based on

the steady-state livestock model (model 5 through 8,

Fig. 5e–h). Moreover, a strong asymmetry in

prediction errors as well as large negative median

errors (-12.1 to -19.6%) for the linear regressions

using NANI from models 5–8 indicates that those

models tend to under-predict riverine TN exports for

more catchments than they over-predict.

The fraction of NANI exported as riverine TN also

varied depending on NANI estimation method. For

Model 1, the fractional delivery of NANI as riverine

N exports averaged 0.21 and varied among catch-

ments from 0.14 to 0.38 with a standard error of

0.013. Model 7, similar to the approach used by

Howarth et al. (1996) and Boyer et al. (2002), showed

a lower fractional delivery with an average value of

0.13, and varied among catchments from 0.08 to 0.35

with a standard error of 0.016.

Discussion

Nitrogen inputs to the catchments of the LMB varied

widely in relation to land use, were much higher in

agricultural than forested catchments, and were

highest in small mixed urban and agricultural catch-

ments. Our estimates fall within the reported range

from forested catchments of Maine (Howarth et al.

2006) to agricultural catchments in the Mississippi

River Basin (Burkart and James 1999). Estimates of

riverine TN exports for the 18 Lake Michigan

catchments fall within the reported range of recent

Fig. 6 Box plots showing errors in the prediction of riverine

TN exports from the application of the nine linear (filled boxes)

and exponential (empty boxes) regression models to the 18

Lake Michigan watersheds, each using an alternative estimate

of N inputs based on different computation and assumptions.

The lower and upper edges of the box represent the 25th and

75th percentiles, respectively. The lower and upper whiskers
are drawn to the minimum and maximum values
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estimates for forested catchments of the northeastern

U.S. (314–404 kg-N km-2 year-1), (Boyer et al.

2002), major agricultural catchments in Illinois

(500–2,400 kg-N km-2 year-1) (David and Gentry

2000), and mixed urban and agricultural catchments

(1,755 kg-N km-2 year-1, Boyer et al. 2002).

Comparison of methods of N input estimation

The choice of method for estimation of N inputs to

catchments influenced the magnitude of N inputs, and

the extent of this effect varied by catchment.

Computational adjustments to the NANI approach

that took into account seasonal fluctuations in live-

stock numbers resulted in lower estimates than when

end-of-year inventories were used. The discrepancies

between the different livestock models were modest

among urbanized catchments but pronounced among

agricultural and forested catchments, especially in the

southwestern LMB. Estimates of NANI that used

area-based crop N fixation usually were higher than

yield-based values, although the difference was not

statistically significant. However, discrepancies

between land-use and area-weighted allocation meth-

ods were negligible, suggesting that N inputs are, in

effect, uniformly distributed within catchments. Soil

compartment estimates of N inputs were consistently

lower than NANI estimates, and this was especially

true for urban catchments. This is not surprising,

because the soil N budget only accounts for agricul-

tural N inputs and outputs directly transferred to or

from the soil, and does not consider N inputs or

outputs from urban sources such as municipal and

industrial discharge.

The extent of difference among NANI estimates

from agricultural catchments also varied widely with

agricultural practices. For example, the largest dif-

ference among the eight NANI estimates was

observed in the catchments of the western region of

the LMB, which have high numbers of those

livestock categories that fluctuate most during a year

(young cattle, poultry, and pigs raised for meat

products), in comparison with crop-producing agri-

cultural catchments located in Indiana and Michigan.

The relatively poor fit between N inputs and river

export for NANI models 5–8 (Fig. 5e–h) is largely

due to the significantly higher estimates of N inputs

under the steady-state livestock model in comparison

with the dynamic model. This is most evident for

catchments 2, 3, and 4, where livestock are primarily

those categories that have shorter life cycle residency.

Prediction of river export from alternative N

budgets

Our finding that riverine TN exports are better

explained by NANI than any single input term is

consistent with previous results (Boyer et al. 2002;

Howarth et al. 1996; Jordan and Weller 1996;

McIsaac et al. 2002). Prior studies have found strong

correlations between net anthropogenic loading of N

to catchments and river export of TN (Boyer et al.

2002; Caraco and Cole 1999; David and Gentry

2000). Furthermore, we also found that computa-

tional adjustments that took into account seasonal

fluctuations in livestock numbers, and estimated crop

N fixation by yield rather than by area of harvested

legume, improved the statistical fit of NANI-TN

export regressions. Average estimates of NANI based

on Model 1, which included these adjustments and an

exponential fit, accounted for 95% of spatial variation

in average riverine TN exports with the smallest bias

and variability in prediction errors.

The relationship between NANI estimated using

the steady-state livestock model and riverine N

export begins to diverge from linear at NANI higher

than *3,700 kg-N km-2 year-1 (Fig. 5e–h), and this

divergence is more pronounced in catchments in the

southern and southeastern regions of the LMB

compared with those in the western region, resulting

in more scatter. This supports the conclusion that

NANI estimated by Model 1 is an excellent descriptor

of long-term spatial variation in riverine TN export

across the 18 Lake Michigan catchments.

Factors influencing the relationship between

catchment N input and river export

Characteristics of the study catchments likely influ-

ence the importance of these adjustments to NANI

computations. In the 16 catchments of the Northeast-

ern U.S. reported by Howarth et al. (2006) and Boyer

et al. (2002), most of the study area was forested

(70%) and only three catchments exceeded 30%

agriculture (maximum 35%), whereas ten of the 18

LMB catchments had [30% agricultural land (max-

imum 80%). In addition, while agricultural practices

in the northeastern U.S. catchments relies mainly on
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livestock husbandry and thus high import of N for

animal feed, those of the LMB varied widely, from

grain to livestock, resulting in diverse patterns of net

trade of N. When we apply Model 7, which most

closely resembles the Howarth–Boyer model, to

catchments of the LMB, N inputs accounted for only

53% of spatial variation in riverine TN exports across

the 18 catchments and the fraction of nitrogen inputs

exported by rivers fell to *13% of N inputs. This

suggests that the traditional NANI approach lacks

sufficient detail to estimate N inputs and outputs

accurately for highly agricultural catchments occur-

ring within an agricultural production system that

varies across space at a relatively fine scale.

Environmental variables may also affect the

fractional export of river N. Howarth et al. (2006)

reported that catchments having lower precipitation

and discharge export a lower fraction of their N

inputs to rivers. Combining data from the 16 north-

eastern catchments studied by Howarth et al. with 12

catchments of the southeastern U.S., Schaefer and

Alber (2007) found that the percent of N exported

decreased as an exponential function of mean tem-

perature, with a breakpoint between 11 and 12�C,

below which fractional delivery of NANI varied little

and above which it increased with rising temperature.

They argued that the lower fractional export of N for

the southeastern compared to the northeastern U.S.

catchments may be explained by differences in

denitrification rates due to different temperatures.

However, mean temperature did not account for

variation in riverine N export as a percentage of

NANI for either the 16 northern or 12 southern

catchments separately. For the 18 catchments of the

LMB, using our model 1, we found no relationship

between the fractional delivery of NANI by rivers

and any of the variables of mean precipitation

(R2 = 0.058, p = 0.335), discharge (R2 = 0.007,

p = 0.75), or temperature (R2 = 0.001, p = 0.75).

However, using model 7, which is most similar to

Howarth et al. (2006)’s method, we found a positive

relationship between the fractional delivery of NANI

by rivers and mean annual water discharge

(R2 = 0.307, p = 0.017), but not with either mean

precipitation (R2 = 0.100, p = 0.201) or temperature

(R2 = 0.001, p = 0.902). This may indicate that the

influence of environmental factors on the fractional

delivery of anthropogenic N inputs should be more

cautiously interpreted, especially for highly

diversified landscapes of small catchments, because

the errors or uncertainty in estimates of anthropo-

genic N input or riverine N exports may lead to

misinterpretation of the fate of the missing N as well

as which factors are influential.

In the present study, based on R2 comparisons and

an error analysis, river TN export across the 18 LMB

catchments was slightly better predicted using an

exponential rather than a linear model (see Figs. 5, 6),

and only when NANI was estimated using the dynamic

livestock model. The stronger predictive capacity of

exponential relative to linear regression models may

suggest that high N inputs from human activities

exceed the capacity of the terrestrial and aquatic

systems to process and store nitrogen inputs. Jordan

and Weller (1996) also observed a non-linear relation-

ship between net anthropogenic N inputs and riverine

nitrate fluxes for U.S. rivers in the 1980s, finding that

higher NANI estimates were associated with higher

riverine discharges of nitrate for regions receiving

more than 2,000 kg-N km-2 year-1. Similarly, Aber

et al. (2003) found that nitrogen losses from forested

catchments in the northeastern U.S. increased dramat-

ically and non-linearly as atmospheric deposition

exceeded *700 kg-N km-2 year-1. Both studies

can be interpreted as evidence of nitrogen saturation.

Several explanations may account for the finding that

relationships are linear in some studies and exponential

in others. Both N inputs and river exports are subject to

estimation error (David and Gentry 2000; McIsaac

et al. 2002; Meisinger and Randall 1991) and authors

have used either nitrate or TN as the export term, both

of which may affect the statistical relationship.

In conclusion, our comparison of anthropogenic

nitrogen inputs to catchments using eight variants of

the NANI approach as well as a soils compartment

model demonstrates clearly that differences among N

budgeting models can markedly influence the esti-

mation of N inputs. Computational methods that

incorporate more detailed description of agricultural

N sources, including the dynamic structure of live-

stock populations and variation in crop N fixation, led

to improved prediction of riverine TN exports. This

was especially noticeable when applied to catchments

with a wide variety of landscape characteristics such

as land use, geology, and climate.
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