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Abstract We estimated net anthropogenic phospho-
rus inputs (NAPI) to 18 Lake Michigan (LM) and 6
Lake Erie (LE) watersheds for 1974, 1978, 1982,
1987, and 1992. NAPI quantifies all anthropogenic
inputs of P (fertilizer use, atmospheric deposition, and
detergents) as well as trade of P in food and feed,
which can be a net input or output. Fertilizer was the
dominant input overall, varying by three orders of
magnitude among the 24 watersheds, but detergent
was the largest input in the most urbanized watershed.
NAPI increased in relation to area of disturbed land
(R? = 0.90) and decreased with forested and wetland
area (R = 0.90). Export of P by rivers varied with
NAPI, especially for the 18 watersheds of LM
(R2 = 0.93), whereas the relationship was more
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variable among the six LE watersheds (R* = 0.59).
On average, rivers of the LE watersheds exported
about 10% of NAPI, whereas LM watersheds
exported 5% of estimated NAPI. A comparison of
our results with others as well as nitrogen (N) budgets
suggests that fractional export of P may vary region-
ally, as has been reported for N, and the proportion of
P inputs exported by rivers appears lower than
comparable findings with N.

Keywords Phosphorus - NAPI - P export -
River - Watershed - Nutrient budget -
Nutrient loading - Lake Michigan -

Lake Erie

Abbreviations
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NANI  Net anthropogenic nitrogen input
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Introduction

Eutrophication of the Great Lakes, the world’s largest
surface freshwater system, attracted great public
attention in the 1970s as Lake Erie experienced
hypolimnetic anoxia and other water quality prob-
lems associated with phosphorus (P) enrichment
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(Rosa and Burns 1987). The 1972 Clean Water Act
brought about reductions in point source loadings of
P that dramatically lowered annual P loads and
reversed many of the effects of cultural eutrophica-
tion. Despite apparent early success at reversing
eutrophication since the 1960s, periodic hypoxia
(dissolved oxygen <2 mg1™") in the hypolimnion
of the central basin of Lake Erie has reemerged as a
potential hazard to ecosystem health (Burns et al.
2005). In addition, toxic algal blooms have become
more common and persistent in Lake Erie and other
lower Great Lakes (Dyble et al. 2008; Ouellette et al.
2006). As a consequence, attention has re-focused on
P loading and cycling within the Great Lakes basin.

Nutrient budgets that account for all inputs and
outputs to a watershed or other land unit provide an
estimate of net nutrient additions, which in turn are
an indicator of potential pollution (Russell et al.
2008). Net inputs of new or anthropogenic N or P
have been found to correlate strongly with land use,
agricultural inputs, and human population density in a
number of different regions (Boyer et al. 2002;
Goolsby et al. 1999; Howarth et al. 1996; Russell
et al. 2008). Further, the amount of N exported by
rivers appears to be an approximately linear function
of net anthropogenic N inputs (NANI), estimated to
be 25% of inputs in studies conducted in watersheds
of the northeastern U.S. (Boyer et al. 2002), 21% for
all watersheds draining into Lake Michigan (Han and
Allan 2008), but only 9% for 12 watersheds of the
southeastern U.S. (Schaefer and Alber 2007), sug-
gesting that fractional export (the proportion of NANI
exported by rivers) may vary by region.

Analysis of net nutrient inputs and their relation-
ship to river export has proven useful for identifica-
tion of primary nutrient sources (Boyer et al. 2002),
to predict present or future river export (Han et al.
2009; Howarth et al. 2006; Mclsaac et al. 2001),
and as an overall measure of anthropogenic nutrient
loading (Howarth et al. 1996; Russell et al. 2008). N
budgets have received greater attention, but P budgets
also have been constructed for a variety of systems
(Baker and Richards 2002; Borbor-Cordova et al.
2006; Bosch and Allan 2008; David and Gentry 2000;
Goolsby et al. 1999; Russell et al. 2008). These
previous efforts have several limitations, including
little consistency in terms of included fluxes and how
system boundaries are defined (Bosch and Allan
2008) and recognized inaccuracies due to omitted
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fluxes (Baker and Richards 2002; Bosch and Allan
2008). There have been few attempts to predict river
P export based on budgeted inputs; however, the
recent estimation of net anthropogenic phosphorus
inputs (NAPI) to counties and watersheds of the
Chesapeake Bay (Russell et al. 2008) marks the first
comprehensive effort to determine P inputs and their
relation to human-influenced sources and riverine TP
export. As the phosphorus version of the widely used
N budgeting method, NAPI includes all important
anthropogenic P inputs and has the potential to bring
consistency to future budgeting efforts.

In the present study we utilize the NAPI approach
to construct P budgets for 24 watersheds in the Lake
Michigan (LM) and Lake Erie (LE) basins (Fig. 1)
over 5 agricultural census years from 1974 to 1992 to
quantify the extent of spatial and temporal variation
in NAPI and its primary sources. We evaluate the
relationship between NAPI and riverine TP export to
determine whether NAPI can be used to predict
riverine P export, and how the relationship might
vary with regional conditions. Land use, climate, and
surficial geology were considered as potential drivers
for observed NAPI patterns and river P exports. We
conclude with a synthesis of NANI and NAPI work to
date, focusing on differences in dominant individual
NAPI and NANI fluxes and the changing relationship
between nutrient inputs and river export for N and P.

Methods
Study area

We selected 18 LM and 6 LE watersheds on the basis
of availability of river water quality data, and a range
of watershed land use, geological and climatic
characteristics, and agricultural management prac-
tices (Table 1). The 18 LM watersheds comprise 74%
of the entire LM basin, and the 6 LE watersheds
cover 37% of the entire LE basin. We delineated the
boundaries of the 24 watersheds upstream of the
lower-most USGS gauging station (Table 1) using
30-m National Elevation Dataset (Fig. 1). Based on
the 1992 National Land Cover Database (NLCD)
(MRLC 1995), agricultural land dominates (>70%)
LE watersheds, whereas land use in LM watersheds
varies widely, exhibiting a general south to north
trend from highly agricultural (50-80%) to primarily
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Fig. 1 Locations and areas
of the 18 Lake Michigan
watersheds and 6 Lake Erie
watersheds as defined by
furthest downstream USGS
gauging station in each
case. A legend for ID
numbers can be found in
Table 1

forested (>70%), with more urbanized watersheds
(>18% urban) located in the south and southwestern
regions of the basin (Table 1).

The 18 LM watersheds are characterized by
unconsolidated surficial deposits of mostly loamy till
and sand and gravel (Fullerton et al. 2004) (Table 1).
In contrast, most of the LE watershed soils are
dominated by clayey till. Thus the LM watersheds
and the Huron watershed draining to LE have
relatively permeable soils in comparison to the five
remaining LE watersheds, consistent with differences
in stream flow flashiness throughout the region
(Baker and Richards 2002).

Monthly and annual precipitation data were
obtained from the PRISM historical climate GIS data
set (4 km x 4 km) for 5 years (1974, 1978, 1982,
1987, and 1992) (Daly and Gibson 2002), and grid
values within each watershed were averaged using
ArcGIS 9.0. Mean annual precipitation over the study
period ranged from 780 mm/yr in a northern LM
watershed to 970 mm/yr in the southern part of the
LM basin, to 1040 mm/yr in the Grand River, Ohio,
showing a strong spatial pattern toward greater

- Lake Michig_a'ﬁ Basin
[ Lake Erie Basin

7

ON

IN OH

precipitation along the north-to-south axis (Supple-
mentary Material, Table S1). Mean annual water
yield was calculated from USGS gage station data
and varied by a factor of 2 during the study from the
driest northern watersheds of the LM basin to the
wetter southern watersheds of the LE basin.

We aggregated county-level agricultural statistics
obtained from the USDA Census of Agriculture
(USBC 1977, 1980, 1983, 1989, 1995) and conser-
vation tillage data from the Conservation Technology
Information Center (CTIC 2009) to the watershed
scale based on agricultural land uses from the NLCD.
Major crops of LM watersheds are corn (~37% of
total cropland), alfalfa (~27%) and soybean
(~14%); LE watersheds differ to a degree, consisting
of corn (~37%), soybean (~28%), and wheat
(~11%). In 1992, about 34 and 38% of all crop
fields in the 18 LM and 6 LE watersheds, respec-
tively, were planted using conservation tillage, a
reduced-cultivation method that maintains residues
from the past year’s crop on 30% or more of the soil
surface. However, the heavily cultivated southeastern
LM watersheds implemented conservation tillage to a
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Table 1 General characteristics of the 18 Lake Michigan and 6 Lake Erie watersheds

Basin ID Watershed State USGS gauging Area  Major surficial Pop. density Land use (%)
station (km?  deposits (%) (km™?) s ——
Agr For Urb
Lake Michigan 1 Root WI 04087240 510 C(100) 565 76.7 3.1 19.0
2 Milwaukee WI 04087000 1,818 L(68) 117 739 79 122
3 Sheboygan WI 04086000 1,106 L(54), C(38) 69 82.0 72 25
4 Fox WI 04084500 15,825 L(37), C(32), SG(27) 32 51.1 272 24
5  Oconto WI 04071000 2,543 L(46), SG(36) 10 275 521 07
6  Peshtigo WI 04069500 2,797 L(48), SG(51) 9 20.7 547 09
7  Menominee WI, MI 04066003 10,541 L(68), SG(31) 7 7.1 73.1 0.7
8 Ford MI 04059500 1,165 L(90) 3 7.1 535 02
9  Escanaba MI 04059000 2,253  L(67), SG(20) 7 54 66.7 1.1
10 Manistique MI 04056500 883 SG(62), P(19) 3 50 495 03
11 Manistee MI 04126000 4,343 SG(65), L(35) 8 183 731 1.0
12 Pere-Marquette MI 04122500 1,764  SG(55), L(42) 9 17.6 712 0.7
13 Muskegon MI 04122000 6,941  SG(51), L(36) 18 33.6 477 28
14 Grand MI 04119000 14,292 L(64), SG(26) 85 754 139 55
15 Kalamazoo MI 04108500 5,164  L(50), SG(48) 84 75.1 12.6 6.1
16 St. Joseph ML, IN 04101500 12,095 L(59), SG(29) 67 804 93 55
17 Trail Creek IN 04095300 153 SG(48), C(40) 237 50.0 27.7 18.0
18 Burns Ditch IN 04093500 857 C(88) 284 63.7 133 21.7
Lake Michigan basin: area-weighted average L(46), SG(39), C(12) 50 48.7 345 3.6
Lake Erie 19 Huron MI 04174500 2,343 SG(49), L(41) 222 49.1 278 8.9
20 Raisin MLOH 04176500 2,740  C(58), SG(28) 59 794 14.1 1.8
21 Maumee IN, OH 04193500 16,376 C(84) 50 87.8 75 26
22 Sandusky OH 04198000 3,217  C(89) 37 883 93 13
23 Cuyahoga OH 04208000 1,823  C(35), SG(27), L(23) 360 31.0 41.6 173
24 Grand OH 04212100 1,825 C(%94) 62 38.8 442 20
Lake Erie Basin: area-weighted average C(74), SG(11), L(11) 96 770 146 3.8

Surficial deposit abbreviations are as follows: clay (C), loam (L), sand & gravel (SG), peat (P), and sand (S). Land use classes include

row-crop, hayland, and pasture agriculture (Agr), forested (For), and industrial and residential urban (Urb)

greater extent (>50% of combined land area) than the
mostly agricultural LE watersheds (e.g. Maumee:
40%; Sandusky: 37%).

Phosphorus budgets

P budgets were developed for each of the 24
watersheds using the Net Anthropogenic Phosphorus
Inputs (NAPI) approach (Russell et al. 2008). NAPI
is estimated at the watershed scale, considering only
newly transported P from outside sources, and
excluding internally recycled components such as
animal and human P excretion. NAPI estimates the
difference between anthropogenic inputs (fertilizer
use, atmospheric deposition, imports of P in food and
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feed, and detergents) and outputs (export of P in food
and feed). Our methods (Fig. 2) are similar to those
of Russell et al. (2008), although some specific
calculations differ including those for net import of P
in food and feed, in which we use life cycle-adjusted
animal population estimates as developed by Han and
Allan (2008) for N budgets, and in the estimation of P
detergents.

County-level P fertilizer application for years
1974-1982, 1987, and 1992 were obtained from the
USGS Branch of Systems Analysis (Alexander and
Smith 1990), USGS Water Resources Division (Bat-
taglin 1994), and USGS National Water-Quality
Assessment Program (Ruddy et al. 2006), respectively.
County-level fertilizer estimates were aggregated to
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the watershed level using area-weighted sums based
on the proportion of each county lying within each
watershed. Annual atmospheric deposition of TP was
obtained for 1974 and 1978 from PLUARG (PLAURG
1977, 1978) and for the years 1982-1992 from the
International Joint Commission.

Net trade of human food and animal feed is a
flexible flux that can be a source (if net balance is
positive) or a loss (if net balance is negative). Net
trade of P in food and feed assumes that human and
animal food and feed requirements are met by local
agricultural production and by imports, and can be
estimated by subtracting human and animal con-
sumption from crop and animal production. Any
surplus production is assumed to be exported. Crop P
production was estimated using a combination of
estimates of the P content of major crops (Supple-
mentary Material, Table S2) and county-level crop
production data from the Census of Agriculture from
1974 to 1992 (USBC 1977, 1980, 1983, 1989, 1995).
Animal P production was estimated by sales data
combined with weight of slaughtered livestock
(USDA/NASS 2006a, b) and the P content of their
edible portion (USDA 2005) (Supplementary Mate-
rial, Table S3). Human consumption of P was
estimated using the yearly population estimates
(USBC 1982, 1990) multiplied by human consump-
tion (0.6 kg-P capita™' yr~') (USDA 2006) plus
waste disposal (0.04 kg-P capita~' yr™') (USEPA
1980) rates. Livestock P consumption was calculated
from estimates of average annual populations of
livestock (Han and Allan 2008; Kellogg et al. 2000),
and P requirements per animal for each livestock
group for the corresponding live weight in each year,
as recommended by the National Research Council
(NRC 1984, 1985, 1998, 2001).

v

River export

Detergent P for laundry, dish-washing, and indus-
trial use was assumed to be a new input imported from
outside each watershed because the principal deposits
of phosphate (PO,) rock, the source material of
commercial P products, occur outside the Great Lakes
region (USGS 2000). We estimated P import for PO,-
based laundry detergent use from county-level human
population multiplied by annual per capita detergent
use (6.67 kg capita™' yr ") and the historical P
content of laundry detergent, including changes
resulting from a ban on P in detergents that went into
effect after 1972 in Michigan and Indiana, 1979 in
Wisconsin and 1988 in Ohio (Chapra 1980; Litke
1999). Taking into account an increase in the propor-
tion of households equipped with automatic dish-
washers (25% in 1974, 50% in 1987, 90% in 1992)
and a decrease in the frequency of dishwasher use
over time (7 times/week in 1974 to 5.6 times/week in
1992) (Brenner 1987; Ligman et al. 1974), per capita
P dishwashing detergent use was assumed to be 0.33,
0.31,0.5,0.74, and 0.5 kg-P capita™' yr™"' for the five
census years from 1974 to 1992. We obtained
estimates of total P loads from industrial or commer-
cial facilities for each watershed from the Great Lakes
Water Quality Board (GLWQB 1980, 1981, 1983,
1985, 1987, 1989, 1992). Since atmospheric deposi-
tion of P is sufficiently small relative to other inputs of
P to watersheds (less than 1% of total P input) (Baker
and Richards 2002), many studies ignored this term in
their P input calculations (David and Gentry 2000;
Goolsby et al. 1999; Russell et al. 2008).

Animal P manure is considered to be an internal
cycling term rather than a new P input in NAPI
budgets, but this flux is also estimated in this paper for
comparison purposes. The methods and assumptions
described by Kellogg et al. (2000) were used to
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estimate the P content of manure produced by various
types of livestock (Supplementary Material, Table S4).

Riverine TP concentration and fluxes

For the 18 LM and 6 LE watersheds we estimated
annual river TP export loads for the five census years
from 1974 to 1992 based on approximately monthly
TP concentrations (USEPA 2007) and daily discharges
(USGS 2008) using the USGS Estimator Regression
Model (Cohn et al. 1989; Richards 1998). In addition,
daily TP concentrations were summed to estimate
annual TP loads for 5 LE tributaries for various time
periods including the Raisin for 1992, Maumee for
1978-1992, Sandusky for 1978-1992, Cuyahoga for
1982-1992, and Grand for 1992 (NCWQR 2008).

Results
Phosphorus budgets

For all census years from 1974 to 1992, fertilizer was
the largest individual source of P for most of the 24
watersheds of Lake Michigan and Lake Erie
(Table 2). However, net import of P in detergents
was the largest source in the urban Cuyahoga
watershed. The amount of P fertilizer applied varied
greatly across the 24 watersheds, ranging from 10 kg-P
km~2 yr~' in the Escanaba watershed to 1,858 kg-P
km~? yr~! in the Sandusky watershed. This variation
was strongly correlated with acreage of harvested
corn plus wheat (R* = 0.95) as a percent of each
watershed, and less strongly with percent total

Table 2 Complete NAPI budgets for each watershed averaged across 5 agricultural census years (1974, 1978, 1982, 1987, 1992)

Key Watershed name Atmos. Fert. Net import Net import Detergents NAPI Manure Crop
Dep. in food in feed export
1 Root 6 648 254 —137 415 1186 194 459
2 Milwaukee 6 793 =78 120 92 934 558 605
3 Sheboygan 6 1130 —189 146 62 1156 678 708
4 Fox 6 574 —-119 62 25 548 391 449
5 Oconto 6 277 —72 62 8 280 236 225
6 Peshtigo 6 136 —25 33 6 155 97 88
7 Menominee 6 42 -7 14 6 61 39 36
8 Ford 6 88 —4 20 8 117 42 36
9 Escanaba 6 10 6 6 9 36 9 7
10 Manistique 6 14 6 2 28 8 7
11 Manistee 6 85 —4 23 9 119 44 41
12 Pere-Marquette 6 329 —14 49 10 380 88 96
13 Muskegon 6 184 -29 56 9 226 125 122
14 Grand (MI) 6 786 —41 42 55 848 234 425
15 Kalamazoo 6 704 —36 93 45 812 200 391
16 St. Joseph 6 1068 —68 15 35 1056 243 662
17 Trail Creek 6 1323 -30 —465 35 869 165 802
18 Burns Ditch 6 1626 89 —426 142 1438 87 637
Avg. area-weighted (LM) 6 501 —50 38 31 558 204 314
19 Huron 14 548 128 —46 182 826 121 269
20 Raisin 14 1203 —42 —262 45 959 160 623
21 Maumee 14 1460 -90 —315 43 1112 154 875
22 Sandusky 14 1858 -89 —533 42 1291 116 908
23 Cuyahoga 15 244 194 25 648 1125 94 124
24 Grand (OH) 15 336 13 85 117 566 176 154
Avg. area-weighted (LE) 6 1310 —42 —265 99 1112 145 710

Manure and crop export fluxes are included here for reference but are not included in budgets. All units in kg-P km™2 yr~
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cropland (R* = 0.71). Fertilizer P inputs declined
after 1982, although this trend was not statistically
significant (R* = 0.57, p = 0.14).

Average import of detergent P ranged from
<10 kg-P km ™2 yr ! in forested LM watersheds to
648 kg-P km 2 yr~' in the urbanized Cuyahoga
watershed in the LE basin (Table 2). Detergent P
inputs showed a positive relationship with urban area
(R2 = 0.61, p <0.0001). For all watersheds, no
statistically significant temporal trends were apparent
in P imported in detergents from 1974 to 1992.
However, all Lake Erie watersheds in Ohio experi-
enced a sharp drop in P detergent use after 1988
following enactment of the ban on P-based deter-
gents. Atmospheric P inputs to watersheds were
negligible compared with other sources (Table 2).

Net imports of P in food and feed varied widely
across watersheds (Table 2). The amount of P
consumed by local livestock (i.e., animal P consump-
tion) was greatest in the agricultural Sheboygan
(831 kg-P km ™2 yr "), followed by the Milwaukee
(705 kg-P km 2 yr ') and St. Joseph (638 kg-
P km ™2 yrfl) watersheds, and these three watersheds
had much higher animal P consumption than the ten
other primarily agricultural watersheds of LM and LE,
which ranged from 141 to 484 kg-P km™2 yr™".
Watersheds where more than ~40% of the land area
was cultivated in major crops such as corn, soybean,
and wheat exported surplus crop P in excess of animal
P demand. Import of P in human food was largest in
urbanized watersheds including the Root, Huron, and
Cuyahoga. Across the five census years, forested
watersheds imported relatively small amounts of P as
food and feed (<50 kg-P km ™2 yr™ ).

Summing all net inputs of P (atmospheric depo-
sition, fertilizer, net import of food and feed, and
detergents), NAPI for the 18 LM watersheds aver-
aged over 1974-1992 ranged from 28 kg-
Pkm Zyr ' (Manistique) in a northern forested
region to 1,438 kg-P km 2 yr~' (Burns Ditch) in a
southern LM agricultural and urbanized watershed
(Table 2). Average annual NAPI to six watersheds of
LE basin ranged from 566 kg-P km 2 yr™' in the
least disturbed watershed (Grand, Ohio) to 1,291 kg-
Pkm 2 yr' in a highly agricultural watershed
(Sandusky). Net P inputs to each watershed corre-
lated with land use, showing strong relationships with
area in agriculture (Fig. 3a, R> = 0.81) and with
urbanized and agricultural lands (Fig. 3b, R* =

0.90), and a negative relationship with forested land
and wetland (Fig. 3c, R? = 0.90). There was a
weaker but statistically significant positive correla-
tion with urban land alone (R2 = 0.40, p = 0.001).
NAPI declined over the study period (linear
regression between NAPI and year, p = 0.005),
showing strong downward trends for a majority of
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Fig. 3 Phosphorus inputs to the 24 LM and LE watersheds are
strongly related to land use, showing a positive relationship
with land in agriculture (a), a positive relationship with land in
agriculture and urban use combined (b), and a negative
relationship with forested land (c)

@ Springer



52

Biogeochemistry (2011) 102:45-58

the disturbed watersheds of LM basin and five LE
watersheds, with R” values generally in the range of
0.8. This can be attributed to declines in P fertilizer
application in agricultural watersheds as well as in P
detergent use within urbanized watersheds. However,
NAPI was unchanged over time for all forested LM
watersheds and the most forested LE watershed
(Grand in Ohio); in addition, three of the more
disturbed LM watersheds (Milwaukee, Sheboygan,
St. Joseph) showed no temporal change.

Riverine TP exports

Annual riverine export of phosphorus varied widely
across watersheds and years (Fig. 4). For the 18 LM
watersheds annual TP export ranged from less than
6 kg-P km 2 yr~! in the forested Ford to 80 kg-
P km 2 yr~' in the urbanized and intensively culti-
vated Burns Ditch (Fig. 4a). TP exports were much
higher for the six LE watersheds, ranging from
30 kg-P km™? yr~" in the Huron to 159 kg-P km™>
yr~ ! in the urbanized Cuyahoga (Fig. 4b).
Phosphorus export was nonlinearly and positively
related to disturbed area (agriculture plus urban),
explaining 67% of variation in log-transformed river
TP exports when all watersheds and years are pooled.
Annual water discharge explained temporal variation
in river TP exports between years for only the

Milwaukee, Sandusky, Escanaba, and Maumee
watersheds (p < 0.05), and there was no significant
relationship between water discharge and spatial
variation in river TP exports among the 24 water-
sheds (p > 0.15 for all years). Similarly, mean annual
precipitation was not significantly related to temporal
variation in river TP exports for all watersheds and
spatial variation in river exports across 24 watersheds
for most of years except for 1992 (R* = 0.51,
p < 0.0001).

In contrast to the downward temporal trend in
NAPI, river TP exports showed no temporal trend in
the six LE tributaries or in the majority of LM rivers
across the five census years from 1974 to 1992.
However, downward trends in river TP exports were
evident for six LM tributaries (Sheboygan, Ford,
Escanaba, Kalamazoo, St. Joseph, Burns Ditch) over
1974-1992 (based on a linear regression between
river TP export and year for individual rivers,
p < 0.05).

Relating NAPI to river export

Spatial relationship between NAPI and river export
across watersheds

For the 18 rivers draining into LM, NAPI consistently
accounted for a high fraction of spatial variation in

(20 1974 1978 1982 1987 1992
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Fig. 4 Relationship between NAPI and river total phosphorus (TP) export for Lake Michigan (a) and Lake Erie (b) watersheds

across the 5 agricultural census years
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riverine TP exports for each of the 5 agricultural
census years (Fig. 4). Average annual data from the
18 LM watersheds resulted in a strong linear
relationship between NAPI and river TP exports
(R? = 0.93). In addition, the linear regression of P
export with NAPI had higher precision as measured
by root mean squared error (RMSE = 11 kg-
P km ™2 yr~ ') compared to individual P input terms
(RMSE range = 15 (fertilizer) — 25 (net import of P
for food and feed) kg-P km ™2 yr~'). Among individ-
ual P input terms, fertilizer (R2 = 0.62-0.82,
p < 0.01) and net import of detergents (R* = 0.25—
0.45, p < 0.05) were significantly related to river P
export; however, net import of P in food and feed was
not (R* = 0.03-0.2, p > 0.05).

In contrast to LM watersheds, spatial relationships
between river TP exports and NAPI for the six LE
watersheds were less consistent across years
(R*> = 0.06 to 0.95, Fig. 4). Only the driest year
(1987) showed a strong positive correlation
(R2 = 0.95, p < 0.01). In addition, no individual P
inputs were correlated with river TP exports from the
six LE watersheds.

Slopes of the regression between NAPI and
riverine TP exports including all 18 LM watersheds
varied significantly by census year, ranging from
0.036 in 1992 (p <0.0001) to 0.054 in 1974
(p < 0.0001) (Fig. 4), indicating that on average,
3.6-5.4% of P inputs to watersheds are exported by
rivers. LE watersheds, in contrast, exported a greater
fraction of their P inputs over time, ranging from
5.6% in 1978 (p =0.133) to 25.3% in 1982
(»p = 0.053). However, the LE slope coefficients
were not statistically significant except for 1987,
when 15% of P was exported (p < 0.001).

After averaging across years, a strong predictive
relationship was evident between P inputs to water-
sheds and river TP export for the 18 watersheds of the
LM basin (R* = 0.93, River TP export = 0.048 x
NAPI + 3.69, p < 0.01). The relationship for the six
LE watersheds was more variable (R2 = 0.59, River
TP export = 0.164 x NAPI — 65.32, p = 0.49) and
had a negative intercept. However, neither intercept
was statistically different from zero (p = 0.133 for
LM, p = 0.49 for LE). We then suppressed inter-
cepts, as was also done by Russell et al. (2008) in a
similar study of the Chesapeake Bay region, in order
to compare fractional P export (i.e. proportion of
NAPI exported by rivers) across regions and studies.

m Lake Erie o Lake Michigan A Chesapeake Bay
10 % 5% 2%
200

150 —

100 e

50 — '-/'/'

River TP export (kg-P km2 yr)

0= A T T
0 300 600 900 1200 1500
NAPI (kg-P km? yr')

Fig. 5 Regression relationship between river total phosphorus
export and NAPI for individual watersheds of the Lake Erie,
Lake Michigan, and Chesapeake Bay basins. Lake Erie and
Lake Michigan data points are from the present study and
represent averages for each watershed across the 5 agricultural
census years (1974, 1978, 1982, 1987, 1992). Chesapeake Bay
data points come from Russell et al. (2008) and represent 9
primarily forested watersheds. A linear regression was used to
fit the data for the three basins without intercepts to allow
comparison of fractional delivery among regions

This analysis indicates that approximately 5% of P
inputs on average are exported from watersheds of
Lake Michigan, compared with ~ 10% for Lake Erie
and 2% for Chesapeake Bay watersheds (Fig. 5).

Temporal relationship between NAPI and river
export within a watershed

Neither NAPI nor any individual P input terms
explained a significant fraction of the temporal
variation in river TP exports across the five census
years for most LM and LE watersheds (Supplemen-
tary Material, Fig. S1). However, the Burns Ditch
(R2 = 0.84, p < 0.05) was an exception, showing a
high positive correlation across years between NAPI
and P export. For most of LM watersheds, this
fractional export did not widely vary by year;
however fractional export varied substantially across
years in LE watersheds, especially the Maumee and
Sandusky. In addition, for these two rivers temporal
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variation in fractional delivery of NAPI was
explained well by annual precipitation in the Maumee
(R* = 0.995, p < 0.001) and Sandusky (R* = 0.995,
p < 0.001).

Discussion

Estimation of net anthropogenic phosphorus inputs to
watersheds of the Lake Michigan and Lake Erie
basins during 1974-1992 demonstrates much varia-
tion in NAPI fluxes, river P loads, and the relation-
ship between NAPI and river P export. Fertilizer
application was the dominant P input overall, varying
by three orders of magnitude across the 24 water-
sheds in the study. NAPI increased in relation to area
of disturbed land area (R?> = 0.90) and decreased
with forested and wetland area (R2 = 0.90), as
expected since anthropogenic land use leads to more
P inputs and more natural land area indicates less
anthropogenic land use. River TP loads varied less
than NAPI estimates over the study period, but river
TP loads were also positively related to disturbed
land (R? = 0.67), though non-linearly.

NAPI declined over time in the majority of
disturbed study watersheds, due primarily to a
reduction in P fertilizer use, especially in agricultural
watersheds, as well as a decline in detergent P use in
urbanized watersheds. However, declines in river
export of P over 1974-1992 were observed in only
six LM watersheds, and there was not a consistent
temporal relationship between P export and NAPI
across all watersheds. In addition, no consistent
relationships were observed between river TP loads
and water discharge or precipitation across all
watersheds and years. The 5-year spacing of agricul-
tural census data as well as availability of river export
data limits our ability to explore temporal trends.
Regional and national studies of river P concentra-
tions have reported more downward than upward
trends from 1975 to 1994 (Alexander and Smith
2006) and no significant trend over 1993-2003
(Sprague and Lorenz 2009), with regional and local
exceptions in both directions. Thus the relatively
weak temporal relationships found in this study may
be due to the limited availability of temporal data as
well as weak overall trends in the concentrations and
fluxes of riverine nutrients for the time period
evaluated. It is also possible that legacy sediments
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and associated P from historical land or stream
channel alterations may still be impacting riverine P
loads to some extent and irrespective of current
conditions.

Different land use practices and human activities
strongly influence NAPI estimates and individual
fluxes, underlying differences observed between LM
and LE watersheds. The average fertilizer application
rate in LE watersheds was nearly three times greater
than LM watersheds (Table 2), which is attributable
to more intensive row-crop agriculture in the LE
basin (Table 1). In contrast, manure application rates
were higher on average in LM basin (Table 2), which
had more livestock relative to LE watersheds. The
strong positive correlation between NAPI estimates
and disturbed land cover can be explained by greater
fertilizer inputs in agricultural areas and greater
detergent inputs in urban areas. The strong negative
correlation between NAPI and natural area is due to
both the absence of P inputs in these areas and
possibly the presence of P storage processes as well.

Other studies support our individual input and
NAPI results. Previous P budgeting work has found
fertilizer application rates to range from 101 to
1550 kg-P km 2 yr~ ' in the Midwestern U.S. (Baker
and Richards 2002; Bosch and Allan 2008; David and
Gentry 2000; Goolsby et al. 1999), thus the range of
10-1858 kg-P km 2 yr~' from the present study
seems reasonable given the wide variation in land
use practices in LM and LE watersheds. Prior studies
also confirm the dominant contribution of fertilizer
inputs in watershed P budgets. Using values from
previous P budgeting studies in the Midwest and
recalculating net inputs similar to the NAPI approach,
we find that the present study’s range for NAPI from
28 to 1438 kg-P km > yr~' is consistent with a
literature range of 14-956 kg-P km ™2 yr~' (Baker
and Richards 2002; Bosch and Allan 2008; David and
Gentry 2000; Goolsby et al. 1999). NAPI estimates
for the Chesapeake Bay region of the U.S. reported
values from 2 to 7846 kg-P km ™2 yr~' among 266
counties in the study region, with an average value of
452 kg-P km 2 yr~' (Russell et al. 2008). Their
higher values of NAPI relative to ours likely are
due to the use of much smaller study units (counties),
which may capture greater small-scale variation, as
well as the inclusion of highly urbanized counties
with high population densities such as Philadelphia.
In the present study and all previous work, NAPI has
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been found to be smallest in forested areas, much
higher in agriculturally dominated areas, and highest
in concentrated urban areas. In addition, such differ-
ences in NAPI estimates between the two studies may
be derived from difference in the methods and
parameters to estimate livestock P consumption.
Results from Russell et al. (2008) are higher espe-
cially in high milk cow production areas due to their
higher rates of livestock P consumption for milk cows
compared to ours (Table S4).

NAPI as a predictor of river P loads

For the 18 LM watersheds, NAPI explained 93% of
spatial variation in river TP exports among the 18 LM
watersheds, and 5% of anthropogenic P was exported
from rivers. In contrast, net P inputs explained only
59% of variation in river TP export for the 6 LE
watersheds, and the river export rate was higher at
~10% (Fig. 5). It should be emphasized that these
estimates are derived from averages over multiple
census years; estimates for individual census years can
vary considerably. For example, river P export as a
fraction of NAPI varied across years from only 3.6 to
5.4% for LM watersheds, but from 5.6 to 25.3% for LE
watersheds. Variation in river P exports and fractional
P exports among years was strongly dependant on
annual precipitation for two of the LE watersheds, the
highly agricultural Maumee and Sandusky.
Differences in fractional export of P within and
among regions may be attributable to a number of
factors, including different land cover, soils and
climate as well as agricultural practices. In addition
to the likely influence of land cover differences
between the LM and LE basins on NAPI fluxes, these
two basins also differ markedly in their surficial
geology, which may affect how well NAPI can serve
as a predictor of P in river export. The LM
watersheds have mostly loam, sand and gravel soils,
whereas LE watersheds are dominated by clay soils
(Table 1). The poorly drained soils of the LE basin
are a possible explanation for our finding of a weaker
relationship between NAPI and river TP export, as
well as a higher fractional export. High clay content
and poor drainage result in flashier river discharge
(Baker and Richards 2002), which may enhance P
export in particulate form. This geology also neces-
sitates tile drainage, which in turn may favor greater
export of dissolved P. In Illinois watersheds, Royer

et al. (2006) found that dissolved reactive phosphorus
loads were greater in streams with tile drainage, and
also that high river discharges (>90th percentile)
accounted for over 80% of annual P loads. Thus, it is
reasonable to surmise that high river discharge events
impact annual P loads more in these LE watersheds
compared to the LM watersheds. These hydrologic
impacts in the LE watersheds then likely mask
relationships between NAPI and riverine P export.

For nine watersheds that make up 93% of the non-
tidal drainage of the Chesapeake Bay, Russell et al.
(2008) estimated that net anthropogenic P inputs
accounted for 34% of the spatial variation in riverine
TP fluxes, and about 2% of NAPI was discharged
from these watersheds. Russell et al. suggest that their
low estimate of fractional exports may be due to the
small scale of their watersheds, and thus less
variation in land use patterns, agricultural production
systems and human activities; overall the Chesapeake
Bay watersheds were more forested and less agricul-
tural than either LM or LE watersheds. In fact, the
highest percentage of land in row crops was 29% in
the Chesapeake watersheds, whereas ten of the 24
LM watersheds had >30% agricultural land (maxi-
mum of 82% in the Sheboygan), and LE watersheds
ranged from 31 to 88% agriculture. The presence of
more forest and less agricultural land may explain
why Chesapeake Bay watersheds would retain a
larger proportion of watershed P inputs compared to
LM or LE watersheds.

Fractional P export was highly sensitive to inter-
annual variation in precipitation for the two high-
yielding and highly agricultural LE watersheds. Their
fractional export varied from 5 to 29% (Maumee) and
from 7 to 26% (Sandusky), in accord with variation in
annual precipitation. Such higher fractional exports
from the Maumee and Sandusky compared to other
watersheds and high sensitivity of fractional exports
to climate is likely to be driven by several factors.
The integrated effects of the relatively high clay
content of soils (Table 1), which slows infiltration of
rainfall into the ground; the substantial buildup of P
in clay soil due to long term net P accumulations
from high fertilizer applications; and manure applied
for intensive cultivation (Baker and Richards 2002;
Calhoun et al. 2002) may all contribute to the flushing
of high quantities of P attached to clay into rivers
during high flow events (Baker 1993; Royer et al.
2006).
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Comparison of NAPI with NANI

Similarities in the NANI and NAPI approaches and
literature provide an interesting opportunity to com-
pare patterns observed using both approaches. In
previous NANI work, different sources have been
shown to be important to overall fluxes (Boyer et al.
2002; Han and Allan 2008) depending on land cover
characteristics of different watersheds. In forest-
dominated watersheds, atmospheric deposition of N
is the largest input in all cases (Boyer et al. 2002; Han
and Allan 2008) whereas N imported as human food
is the largest term in urbanized watersheds (Boyer
et al. 2002). In agricultural-dominated watersheds, N
fixation in cropland and fertilizer application are the
most important N inputs (Boyer et al. 2002; Han and
Allan 2008). This study and prior work (Russell et al.
2008) have found fertilizer consistently to be the
largest P input to nearly all watersheds. Nitrogen
budgets include an added layer of complexity with
gaseous forms of N and much higher atmospheric
deposition and re-volatilization rates relative to P. In
addition, most of the N is exported in dissolved form,
while most of the P is exported in particulate form.
Thus, nutrient management strategies in targeted
watersheds may be very different for N and P load
reduction goals.

Despite these differences in budget terms, both
NANI and NAPI have shown promise for predicting
riverine nutrient export. Linear regression analyses
have estimated TN river export to be about 20-25%
of NANI in Northeastern U.S. and Lake Michigan
(Boyer et al. 2002; Han and Allan 2008). However,
an export estimate from the southeastern U.S. gave a
lower value of 9% (Schaefer and Alber 2007),
indicating that fractional N delivery may vary
regionally. The present study and Russell et al.
(2008) provide the first similar estimates for frac-
tional P export at the regional scale, and place river
TP export between 2 and 15% of NAPI (Fig. 5) with
a range of correlation strengths (R* = 0.34-0.93). It
appears then that rivers export a smaller proportion of
watershed P inputs compared to N inputs. This
pattern has been observed in previous research as
well (Bosch and Allan 2008; David and Gentry
2000), and may reflect the capacity of P to adsorb
readily onto soil particles.

The ability to predict riverine P or N export from
anthropogenic loading estimates aids in the assessment
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of sources and strengthens the case for employing land
use as a ready indicator of nutrient export to receiving
waters. However, regional variation in input-export
relationships is in need of further study to determine
the range of fractional export estimates and the
conditions that may result in this variation. In addition,
to enhance confidence in our ability to forecast or
hindcast nutrient export from loadings, when feasible
it will be important to expand the timeframe over
which temporal correlations are examined.

Acknowledgements We thank Dave Dolan for data and
discussions regarding river P concentrations, Ashley Burtner
for assistance with data management and Peter Richards and
Donald Scavia for reviews of an earlier draft of the manuscript.
This is contribution 09-007 of the Lake Erie Ecofore study
funded by NOAA award NAO7OAR432000.

References

Alexander RB, Smith RA (1990) County-level estimates of
nitrogen and phosphorus fertilizer use in the United
States, 1945 to 1985. USGS, Reston, VA

Alexander RB, Smith RA (2006) Trends in the nutrient
enrichment of US rivers during the late 20th century and
their relation to changes in probable stream trophic con-
ditions. Limnol Oceanogr 51:639—654

Baker DB (1993) The Lake Erie Agroecosystem Program—
water-quality assessments. Agric Ecosyst Environ 46:
197-215

Baker DB, Richards RP (2002) Phosphorus budgets and riv-
erine phosphorus export in northwestern Ohio watersheds.
J Environ Qual 31:96-108

Battaglin WA (1994) Fertilizer sales data 1986 to 1991. U.S.
EPA, Office of Policy Planning and Evaluation, Lake-
wood, CO

Borbor-Cordova MJ, Boyer EW, McDowell WH, Hall CA
(2006) Nitrogen and phosphorus budgets for a tropical
watershed impacted by agricultural land use: Guayas,
Ecuador. Biogeochemistry 79:135-161

Bosch NS, Allan JD (2008) The influence of impoundments on
nutrient budgets in two catchments of Southeastern
Michigan. Biogeochemistry 87:325-338

Boyer EW, Goodale CL, Jaworsk NA, Howarth RW (2002)
Anthropogenic nitrogen sources and relationships to riv-
erine nitrogen export in the northeastern USA. Biogeo-
chemistry 57:137-169

Brenner TE (1987) Soaps and detergents—North-American
trends. J Am Oil Chem Soc 64:251-256

Burns NM, Rockwell DC, Bertram PE, Dolan DM, Ciborowski
JJH (2005) Trends in temperature, Secchi depth, and
dissolved oxygen depletion rates in the central basin of
Lake Erie, 1983-2002. J Great Lakes Res 31:35-49

Calhoun FG, Bigham JM, Slater BK (2002) Relationships
among plant available phosphorus, fertilizer sales, and



Biogeochemistry (2011) 102:45-58

57

water quality in northwestern Ohio. J Environ Qual 31(1):
38-46

Chapra SC (1980) Simulation of recent and projected total
phosphorus trends in Lake Ontario Canada USA. J Great
Lakes Res 6:101-112

Cohn TA, Delong LL, Gilroy EJ, Hirsch RM, Wells DK (1989)
Estimating constituent loads. Water Resour Res 25:
937-942

CTIC (Conservation Tillage Information Center) (2009) Crop
residue management statistics. http://www.conservation
information.org/index.asp

Daly C, Gibson W (2002) 103-Year high-resolution precipi-
tation climate data set for the conterminous United States.
Spatial Climate Analysis Service, Corvallis, OR

David MB, Gentry LE (2000) Anthropogenic inputs of nitrogen
and phosphorus and riverine export for Illinois, USA.
J Environ Qual 29:494-508

Dyble J, Fahnenstiel GL, Litaker RW, Millie DF, Tester PA
(2008) Microcystin concentrations and genetic diversity
of microcystis in the lower Great Lakes. Environ Toxicol
23(4):507-516

Fullerton DS, Bush CA, Pennell JN (2004) Surficial deposits
and materials in the eastern and central United States.
USGS. http://pubs.usgs.gov/imap/i-2789

GLWQB (Great Lakes Water Quality Board) (1980) Report on
Great Lakes Water Quality. International Joint Commis-
sion (IJC), Windsor, Ontario

GLWQB (Great Lakes Water Quality Board) (1981) Report on
Great Lakes Water Quality. International Joint Commis-
sion (IJC), Windsor, Ontario

GLWQB (Great Lakes Water Quality Board) (1983) Report on
Great Lakes Water Quality. International Joint Commis-
sion (IJC), Windsor, Ontario

GLWQB (Great Lakes Water Quality Board) (1985) Report on
Great Lakes Water Quality. International Joint Commis-
sion (IJC), Windsor, Ontario

GLWQB (Great Lakes Water Quality Board) (1987) Report on
Great Lakes Water Quality. International Joint Commis-
sion (IJC), Windsor, Ontario

GLWQB (Great Lakes Water Quality Board) (1989) Report on
Great Lakes Water Quality. International Joint Commis-
sion (IJC), Windsor, Ontario

GLWQB (Great Lakes Water Quality Board) (1992) Report on
Great Lakes Water Quality. International Joint Commis-
sion (IJC), Windsor, Ontario

Goolsby DA, Battaglin WA, Lawrence GB, Artz RS, Aulen-
bach BT, Hooper RP, Keeney DR, Stensland GJ (1999)
Flux and sources of nutrients in the Mississippi-Atchafa-
laya River Basin: topic 3 report for the integrated
assessment on hypoxia in the Gulf of Mexico. NOAA
Coastal Ocean Office, Silver Spring, MD

Han HJ, Allan JD (2008) Estimation of nitrogen inputs to
catchments: comparison of methods and consequences for
riverine export prediction. Biogeochemistry 91:177-199

Han HIJ, Allan JD, Scavia D (2009) Influence of climate and
human activities on the relationship between watershed
nitrogen input and river export. Environ Sci Technol
43:1916-1922

Howarth RW, Billen G, Swaney D, Townsend A, Jaworski N,
Lajtha K, Downing JA, Elmgren R, Caraco N, Jordan T,
Berendse F, Freney J, Kudeyarov V, Murdoch P, Zhao-

Liang Zhu (1996) Regional nitrogen budgets and riverine
N & P fluxes for the drainages to the North Atlantic
Ocean: natural and human influences. Biogeochemistry
35:75-139

Howarth RW, Swaney DP, Boyer EW, Marino R, Jaworski N,
Goodale C (2006) The influence of climate on average
nitrogen export from large watersheds in the Northeastern
United States. Biogeochemistry 79:163-186

Kellogg RL, Lander CH, Moffitt D, Noel G (2000) Manure
nutrients relative to the capacity of cropland and pas-
tureland to assimilate nutrients: spatial and temporal
trends for the United States. U.S. Department of Agri-
culture, Natural Resources Conservation Service, Kansas

Ligman K, Hutzler N, Boyle WC (1974) Household waste-
water characterization. J Environ Eng Div (ASCE)
100:201-213

Litke DW (1999) Review of phosphorus control measures in
the United States and their effects on water quality.
USGS, Denver, CO

Mclsaac GF, David MB, Gertner GZ, Goolsby DA (2001)
Eutrophication—nitrate flux in the Mississippi river.
Nature 414:166-167

MRLC (Multi-Resolution Land Characteristics) (1995) Con-
sortium documentation notebook; national land cover
database. http://www.epa.gov/mrlc/nlcd.html

NCWQR (The National Center for Water Quality Research)
(2008) Heidelberg College, Tiffin, Ohio. http://www.
heidelberg.edu/wql

NRC (National NRC Research Council) (1984) Nutrient
requirements of beef cattle. National Academy Press,
Washington, DC

NRC (National NRC Research Council) (1985) Nutrient
requirements of sheep. National Academy of Press,
Washington, DC

NRC (National NRC Research Council) (1998) Nutrient
requirements of swine. National Academy Press, Wash-
ington, DC

NRC (National NRC Research Council) (2001) Nutrient
requirements of dairy cattle. National Academy Press,
Washington, DC

Ouellette AJA, Handy SM, Wilhelm SW (2006) Toxic mi-
crocystis is widespread in Lake Erie: PCR detection of
toxin genes and molecular characterization of associated
cyanobacterial communities. Microb Ecol 51(2):154-165

PLAURG (1977) Atmospheric loading of the lower Great
Lakes and the Great Lakes Drainage Basin. International
Joint Commission (IJC), Windsor, Ontario

PLAURG (1978) Environmental management strategy for the
Great Lakes system: final report of PLUARG to IJC.
International Joint Commission (IJC), Windsor, Ontario

Richards RP (1998) Estimation of pollutant loads in rivers and
streams: a guidance document for NPS Programs. Hei-
delberg College, Water Quality Laboratory, Tiffin, OH

Rosa F, Burns NM (1987) Lake Erie central basin oxygen
depletion changes from 1920-1980. J Great Lakes Res
13:684-696

Royer TV, David MB, Gentry LE (2006) Timing of riverine
export of nitrate and phosphorus from agricultural
watersheds in Illinois: implications for reducing nutrient
loading to the Mississippi River. Environ Sci Technol
40:4126-4131

@ Springer


http://www.conservationinformation.org/index.asp
http://www.conservationinformation.org/index.asp
http://pubs.usgs.gov/imap/i-2789
http://www.epa.gov/mrlc/nlcd.html
http://www.heidelberg.edu/wql
http://www.heidelberg.edu/wql

58

Biogeochemistry (2011) 102:45-58

Ruddy BC, Lorenz DL, Mueller DK (2006) County-level
estimates of nutrient inputs to the land surface of the
conterminous United States, 1982-2001. U.S. Geological
Survey Scientific Investigations Report 2006-5012, Den-
ver, CO

Russell MJ, Weller DE, Jordan TE, Sigwart KJ, Sullivan KJ
(2008) Net anthropogenic phosphorus inputs: spatial and
temporal variability in the Chesapeake Bay region. Bio-
geochemistry 88:285-304

Schaefer SC, Alber M (2007) Temporal and spatial trends in
nitrogen and phosphorus inputs to the watershed of the
Altamaha River, Georgia, USA. Biogeochemistry 86:
231-249

Sprague LA, Lorenz DL (2009) Regional nutrient trends in
streams and rivers of the United States, 1993-2003.
Environ Sci Technol 43:3430-3435

USBC (U.S. Bureau of the Census) (1977) United States
Census of Agriculture: 1974. U.S. Dept. of Commerce
Bureau of the Census: for sale by the Supt. of Docs. U.S.
Govt. Print. Office, Washington, DC

USBC (U.S. Bureau of the Census) (1980) United States
Census of Agriculture: 1978. U.S. Dept. of Commerce
Bureau of the Census: for sale by the Supt. of Docs. U.S.
Govt. Print. Office, Suitland, MD

USBC (U.S. Bureau of the Census) (1982) Estimates of the
intercensal population of counties 1970-1979, Washing-
ton, DC

USBC (U.S. Bureau of the Census) (1983) 1982 census of
agriculture. U.S. Dept. of Commerce Bureau of the Cen-
sus, Suitland, MD

USBC (U.S. Bureau of the Census) (1989) United States
Census of Agriculture: 1987. U.S. Dept. of Commerce
Bureau of the Census, Suitland, MD

USBC (U.S. Bureau of the Census) (1990) County population
estimates and demographic components of population
change: annual time series, July 1, 1990 to July 1, 1999.
Washington, DC

@ Springer

USBC (U.S. Bureau of the Census) (1995) 1992 census of
agriculture. Geographic area series 1B. U.S. summary and
county level data. (p 1 computer laser optical disc). U.S.
Dept. of Commerce Bureau of the Census Data User
Services Division, Washington, DC

USDA (U.S. Department of Agriculture) (2005) National
nutrient database for standard reference, release 18.
Washington, DC. http://www.nal.usda.gov/fnic/foodcomp/
Data/SR18/sr18.html

USDA (U.S. Department of Agriculture) (2006) U.S. food
supply: nutrients and other food components, 1909 to
2004. USDA, Economic Research Service, Washington,
DC

USDA/NASS (USDA National Agricultural Statistics Service)
(2006a) Historical data—Quick Stats, U.S. & All States
Data—Slaughter USDA National Agricultural Statistics
Service.  http://www.nass.usda.gov/QuickStats/Create_
Federal _Alljsp

USDA/NASS (USDA National Agricultural Statistics Service)
(2006b) Historical data—Quick Stats, U.S. & All States
Data—Poultry Slaughter USDA National Agricultural
Statistics Service. http://www.nass.usda.gov/QuickStats/
Create_Federal_Alljsp

USEPA (U.S. Environmental Protection Agency) (1980)
Design manual: onsite wastewater treatment and disposal
systems. EPA document 625/1-80-012. http://www.epa.
gov/owm/septic/pubs/septic_1980_osdm_all.pdf

USEPA (U.S. Environmental Protection Agency) (2007)
STORET. Office of Water. http://www.epa.gov/storet/

USGS (U.S. Geological Survey) (2000) Phosphate rock statis-
tical compendium. USGS, Minerals Information, Reston,
VA. http://minerals.er.usgs.gov/minerals/pubs/commodity/
phosphate/stat

USGS (U.S. Geological Survey) (2008) National Water
Information System: Web Interface. USGS. http://water.
usgs.gov


http://www.nal.usda.gov/fnic/foodcomp/Data/SR18/sr18.html
http://www.nal.usda.gov/fnic/foodcomp/Data/SR18/sr18.html
http://www.nass.usda.gov/QuickStats/Create_Federal_All.jsp
http://www.nass.usda.gov/QuickStats/Create_Federal_All.jsp
http://www.nass.usda.gov/QuickStats/Create_Federal_All.jsp
http://www.nass.usda.gov/QuickStats/Create_Federal_All.jsp
http://www.epa.gov/owm/septic/pubs/septic_1980_osdm_all.pdf
http://www.epa.gov/owm/septic/pubs/septic_1980_osdm_all.pdf
http://www.epa.gov/storet/
http://minerals.er.usgs.gov/minerals/pubs/commodity/phosphate/stat
http://minerals.er.usgs.gov/minerals/pubs/commodity/phosphate/stat
http://water.usgs.gov
http://water.usgs.gov

	Spatial and temporal variation in phosphorus budgets for 24 watersheds in the Lake Erie and Lake Michigan basins
	Abstract
	Introduction
	Methods
	Study area
	Phosphorus budgets
	Riverine TP concentration and fluxes

	Results
	Phosphorus budgets
	Riverine TP exports
	Relating NAPI to river export
	Spatial relationship between NAPI and river export across watersheds
	Temporal relationship between NAPI and river export within a watershed


	Discussion
	NAPI as a predictor of river P loads
	Comparison of NAPI with NANI

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


