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Foreword

The U.S. Geological Survey (USGS) is committed to providing the Nation with accurate and timely scientific informa-
tion that helps enhance and protect the overall quality of life and that facilitates effective management of water,
biological, energy, and mineral resources (http://www.usgs.gov/). Information on the quality of the Nation's water
resources is critical to assuring the long-term availability of water that is safe for drinking and recreation and suit-
able for industry, irrigation, and habitat for fish and wildlife. Population growth and increasing demands for multiple
water uses make water availability, now measured in terms of quantity and quality, even more essential to the long-
term sustainability of our communities and ecosystems.

The USGS implemented the National Water-Quality Assessment (NAWQA) Program in 1991 to support national,
regional, and local information needs and decisions related to water-quality management and policy (http://water.
usgs.gov/nawaa). Shaped by and coordinated with ongoing efforts of other Federal, State, and local agencies, the
NAWAQA Program is designed to answer: What is the condition of our Nation’s streams and ground water? How are
the conditions changing over time? How do natural features and human activities affect the quality of streams and
ground water, and where are those effects most pronounced? By combining information on water chemistry, physi-
cal characteristics, stream habitat, and aquatic life, the NAWQA Program aims to provide science-based insights for
current and emerging water issues and priorities.

From 1991 to 2001, the NAWQA Program completed interdisciplinary assessments in 51 of the Nation's major river
basins and aquifer systems, referred to as Study Units (http://water.usgs.gov/nawqa/studyu.html). Baseline condi-
tions were established for comparison to future assessments, and long-term monitoring was initiated in many of the
basins. During the next decade, 42 of the 51 Study Units will be reassessed so that 10 years of comparable monitor-
ing data will be available to determine trends at many of the Nation's streams and aquifers. The next 10 years of
study also will fill in critical gaps in characterizing water-quality conditions, enhance understanding of factors that
affect water quality, and establish links between sources of contaminants, the transport of those contaminants
through the hydrologic system, and the potential effects of contaminants on humans and aquatic ecosystems.

The USGS aims to disseminate credible, timely, and relevant science information to inform practical and effective
water-resource management and strategies that protect and restore water quality. We hope this NAWQA publica-
tion will provide you with insights and information to meet your needs and will foster increased citizen awareness
and involvement in the protection and restoration of our Nation's waters.

The USGS recognizes that a national assessment by a single program cannot address all water-resource issues

of interest. External coordination at all levels is critical for a fully integrated understanding of watersheds and for
cost-effective management, regulation, and conservation of our Nation's water resources. The NAWQA Program,
therefore, depends on advice and information from other agencies—Federal, State, interstate, Tribal, and local—as
well as nongovernmental organizations, industry, academia, and other stakeholder groups. Your assistance and sug-
gestions are greatly appreciated.

Robert M. Hirsch

Associate Director for Water
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Conversion Factors

Multiply By To obtain

kilometer (km) 0.6214 mile (mi)

centimeter (cm) 0.3937 inch (in)

square kilometer (km?) 247.1 acre

square kilometer (km?) 0.3861 square mile (mi?)

cubic meter per second (m*/s) 35.31 cubic foot per second
(ft’/s)

kilogram (kg) 2.205 pound, avoirdupois (Ib)

kilogram per square kilometer (kg/km?) 0.008921 pound per acre (Ib/acre)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F = (1.8x°C) + 32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Latitude and longitude are referenced to the North American Datum of 1983 (NADS3).
Altitude, as used in this report, refers to distance above the North American Vertical Datum of

1988 (NAVDSS).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).



Nutrients in Streams and Rivers Across the Nation —

1992-2001

By David K. Mueller and Norman E. Spahr

Abstract

Nutrient compounds of nitrogen and phosphorus were
investigated in streams and rivers sampled as part of the
U.S. Geological Survey National Water-Quality Assess-
ment (NAWQA) Program. Nutrient data were collected in 20
NAWOQA study units during 1992-95, 16 study units during
1996-98, and 15 study units during 1999-2001. To facilitate
comparisons among sampling sites with variable sampling
frequency, daily loads were determined by using regression
models that relate constituent transport to streamflow and
time. Model results were used to compute mean annual loads,
yields, and concentrations of ammonia, nitrate, total nitrogen,
orthophosphate, and total phosphorus, which were compared
among stream and river sampling sites. Variations in the
occurrence and distribution of nutrients in streams and rivers
on a broad national scale reflect differences in the sources of
nutrient inputs to the upstream watersheds and in watershed
characteristics that affect movement of those nutrients.

Sites were classified by watershed size and by land use
in the upstream watershed: agriculture, urban, and undevel-
oped (forest or rangeland). Selection of NAWQA urban sites
was intended to avoid effects of major wastewater-treatment
plants and other point sources, but in some locations this was
not feasible. Nutrient concentrations and yields generally
increased with anthropogenic development in the watershed.
Median concentrations and yields for all constituents at sites
downstream from undeveloped areas were less than at sites
downstream from agricultural or urban areas. Concentrations
of ammonia, orthophosphate, and total phosphorus at agricul-
tural and urban sites were not significantly different; however,
concentrations of nitrate and total nitrogen were higher at
agricultural than at urban sites. Total nitrogen concentrations
at agricultural sites were higher in areas of high nitrogen input
or enhanced transport, such as irrigation or artificial drainage
that can rapidly move water from cropland to streams (Mid-
west, Northern Plains, and western areas of the United States).
Concentrations were lower in the Southeast, where more
denitrification occurs during transport of nitrogen compounds
in shallow ground water. At urban sites, high concentrations
of ammonia and orthophosphate were more prevalent down-
stream from wastewater-treatment plants. At sites with large

watersheds and high mean-annual streamflow (“large-water-
shed” sites), concentrations of most nutrients were signifi-
cantly less than at sites downstream from agricultural or urban
areas. Total nitrogen concentrations at large-watershed sites
were higher in Midwest agricultural areas and lower in the
Western United States, where agricultural and urban develop-
ment is less extensive. Total phosphorus concentrations at
large-watershed sites were higher in areas of greater potential
erosion and low overall runoff such as the arid areas in the
West.

Although not as distinct as seasonal patterns of stream-
flow, geographic patterns of seasonally high and low concen-
trations of total nitrogen and total phosphorus were identi-
fied in the data. Seasonal patterns in concentrations of total
nitrogen generally mirror seasonal patterns in streamflow in
the humid Eastern United States but are inverse to seasonal
patterns in streamflow in the semiarid interior West. Total
phosphorus concentrations typically have the opposite regional
relation with streamflow; high concentrations coincide with
high streamflows in the interior West.

In the NAWQA Program, sites downstream from rela-
tively undeveloped areas were selected to provide a baseline
for comparison to sites with potential effects of urban develop-
ment and agriculture. Concentrations of nitrate, total nitrogen,
and total phosphorus at NAWQA undeveloped sites were
found to be greater than values reported by other studies for
conditions of essentially no development (background condi-
tions). Concentrations at NAWQA undeveloped sites represent
conditions of relatively little development and provide insight
in comparison to developed areas but should not, in general,
be considered to represent background status.

The U.S. Environmental Protection Agency has devel-
oped nutrient criteria to assist States in setting regional water-
quality standards. Regional criteria were exceeded by total
nitrogen concentrations at 72 percent of NAWQA undeveloped
sites and by total phosphorus concentrations at 89 percent
of these sites. Exceedances were even more extensive at
sites with greater anthropogenic development upstream. The
nitrogen criteria were exceeded at 96 percent of NAWQA sites
classified as agricultural, urban, or mixed land use, and the
phosphorus criteria were exceeded at 97 percent of these sites.

Nationally, outflow loads of all nutrient constituents were
strongly correlated to nonpoint-source inputs in the upstream
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watershed. The variation in input mass explained at least

69 percent of the variation in loads. Correlations between
nonpoint-source input rates and outflow yields were not quite
as good; variation in input rates explained only about 22-45
percent of the variations in nutrient yields. Estimation of nutri-
ent outflow, on the basis of these correlations, likely could

be improved if nationally consistent data were available for
additional watershed characteristics.

Introduction

According to the most recent U.S. Environmental Pro-
tection Agency (USEPA) report on the state of the Nation’s
waters, nutrients were the fifth leading pollutant in rivers and
streams, affecting 20 percent of impaired and 12 percent of
assessed river miles (U.S. Environmental Protection Agency,
2002a). The USEPA report also lists nutrients as the leading
pollutant in lakes and reservoirs and the third leading cause of
degradation in wetlands and estuaries.

Nutrients are chemical compounds that contain nitrogen
(N) or phosphorus (P). These compounds are essential to plant
and animal nutrition, but in high concentrations they can be
contaminants in water. Nutrient compounds are affected by
chemical and biological processes that can change their form
and can transfer them to or from water, soil, biological organ-
isms, and the atmosphere.

Ammonia, a compound of nitrogen and hydrogen, is one
of the forms of dissolved nitrogen in natural water. Depending
on the number of hydrogen atoms in the compound, ammonia
in water may be ionic (having an electrical charge) or un-
ionized (having no charge). The un-ionized form is more toxic
to fish. Ammonia is soluble in water but is not stable in most
aquatic environments. It commonly is transformed to nitrate in
water that contains oxygen and can be transformed to nitrogen
gas in water that is low in oxygen.

Nitrate, a compound of nitrogen and oxygen, is another
form of dissolved nitrogen in natural water. Nitrate is highly
soluble in water and is stable over a wide range of environ-
mental conditions, but can be reduced to nitrogen gas in the
absence of oxygen. It is readily transported in ground water
and streams.

Phosphates, including orthophosphate, are compounds of
phosphorus, oxygen, and hydrogen and are the only significant
form of dissolved phosphorus in natural water. Phosphates are
only moderately soluble and tend to adhere to soil particles.
Relative to nitrate, phosphates are not very mobile in soil and
ground water; however, erosion can transport considerable
amounts of phosphate-laden particulates to streams and lakes.

An important negative effect of excessive nutrient
concentrations is accelerated eutrophication of streams and
receiving waters. Although the growth rate in many fresh-
water ecosystems is limited by phosphorus, nitrogen usually
is more important in saltwater. In recent years, the Mississippi
River has discharged as much as one million megagrams of

dissolved nitrate-nitrogen annually into the Gulf of Mexico
(Goolsby and Battaglin, 1995). Nitrate and other nutrients are
suspected of causing a large zone of hypoxia (seasonally low
dissolved-oxygen concentrations) along the Louisiana-Texas
coast (Justic and others, 1993). Agriculture, specifically the
use of nitrogen and phosphorus fertilizer, is a suspected cause
of the Gulf of Mexico zone of hypoxia (Rabalais and others,
1996).

The National Water-Quality Assessment
Program

Knowledge of the quality of the Nation’s streams and
aquifers is important because of the implications to human and
aquatic health and because of the substantial costs associ-
ated with decisions involving land and water management,
conservation, and regulation. Understanding regional patterns
and environmental factors affecting nutrient concentrations
in streams and shallow ground water is essential for effec-
tively developing programs to manage and protect these water
resources.

In 1991, the U.S. Congress appropriated funds for the
U.S. Geological Survey (USGS) to begin the National Water-
Quality Assessment (NAWQA) Program to help meet the
continuing need for sound scientific information to address
water-quality issues. Objectives of the NAWQA Program
include understanding how water quality is changing with
time and what effect human actions and natural factors have
on water-quality conditions (Gilliom and others, 1995). These
objectives are being achieved through investigations in 51
large river basins and aquifer systems, which are referred to
as “study units.” Implementation of study-unit investigations
is phased so that high-intensity sampling occurs in about
one-third of the study units concurrently. Investigations in
the first 20 study units began in 1991, and stream sampling
began in 1992; however, most samples were collected during
water years 1993-95. (Water year is the period from October
through September, and is identified by the year in which it
ends.) A second group of 16 study units began in 1994, with
most of the sampling completed during water years 1996-98.
A third group consisting of 15 study units began in 1997 with
most of the data collected during water years 1999-2001. The
location of these 51 study units is shown in figure 1.

Study Design

Each NAWQA study-unit investigation team screened
and reviewed available data on nutrients, pesticides, and asso-
ciated environmental data for streams and ground water. These
analyses were used to develop an environmental framework
for selecting sampling locations to answer questions about
agricultural and urban land-use effects on water quality. A
study-unit stream-monitoring network typically included 10 to
12 locations, referred to as “fixed sites,” which were routinely
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Introduction

EXPLANATION

Study unit began in 1991
Study unit began in 1994

Study unit began in 1997

Acadian-Pontchartrain Drainages
Apalachicola-Chattahoochee-Flint River Basins
Albemarle-Pamlico Drainages
Allegheny-Monongahela River Basins
Central Arizona Basins

Central Columbia Plateau

Central Nebraska Basins

Connecticut, Housatonic, and Thames River Basins
Cook Inlet Basin

Delaware River Basin

Delmarva Peninsula

Eastern lowa Basins

Georgia-Florida Coastal Plain Drainages
Great Salt Lake Basins

Hudson River Basin

Kanawha-New River Basin

Lake Erie-Lake St. Clair Drainages

Long Island-New Jersey Coastal Drainages
Lower lllinois River Basin

Lower Susquehanna River Basin

Lower Tennessee River Basin

Great and Little Miami River Basins
Mississippi Embayment

Mobile River Basin

New England Coastal Basins

Northern Rockies Intermontane Basins

NVBR
0AHU
0ZRK
POTO
PUGT
REDN
RIOG
SACR
SANA
SANJ
SANT
SCTX
SOFL
SPLT
TRIN
ucoL
UIRB
umis
USNK
UTEN
WHIT
WILL
wmic
YAKI
YELL

Nevada Basin and Range

Oahu

Ozark Plateaus

Potomac River Basin

Puget Sound Drainages

Red River of the North Basin

Rio Grande Valley

Sacramento River Basin

Santa Ana Basin

San Joaquin-Tulare River Basins
Santee River Basin and Coastal Drainages
South Central Texas

Southern Florida Drainages
South Platte River Basin

Trinity River Basin

Upper Colorado River Basin
Upper lllinois River Basin

Upper Mississippi River Basin
Upper Snake River Basin

Upper Tennessee River Basin
White River Basin

Willamette Basin

Western Lake Michigan Drainages
Yakima River Basin

Yellowstone River Basin

Figure 1. Location of National Water-Quality Assessment study units investigated during 1992-2001.
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sampled during the high-intensity phase. The upstream water-
sheds at about one-half of these sites were small, typically
50-1,000 km?, and had relatively homogeneous land use. The
remaining sites were located at the outlets of larger watersheds
that commonly contained multiple land uses and included

a substantial percentage of the study-unit area. Gilliom and
others (1995) provide additional information about study-unit
sampling design.

Sample Collection and Laboratory Analysis

The basic sampling frequency at stream and river sites
was monthly. In high-intensity sampling years, several addi-
tional high-flow samples were collected to characterize that
part of the hydrograph where concentrations might be more
variable. At subsets of sites, samples were collected more
frequently during time periods when concentrations of certain
constituents, primarily pesticides, were expected to be high.
These sampling frequencies varied from biweekly to as often
as every other day. Routine sampling included field blanks and
replicates to assess measurement bias and variability (Mueller
and others, 1997).

Typically, samples were collected using a depth-integrat-
ing sampler at multiple vertical locations in the stream cross
section (Shelton, 1994; U.S. Geological Survey, variously
dated). Samples for analysis of dissolved constituents were
filtered in the field, within 2 hours of collection, through either
a nitrocellulose filter or a polyether-sulfone medium with a
pore size of 0.45 micrometer. Nutrient samples were chilled
and maintained at 4 degrees Celsius until analyzed at the
laboratory.

All samples were analyzed at the USGS National Water-
Quality Laboratory (NWQL) in Colorado. Analyses were
made for a suite of nitrogen (N) and phosphorus (P) constitu-
ents:

¢ Dissolved ammonium plus un-ionized ammonia, here-
inafter referred to as “ammonia”

¢ Dissolved nitrite

 Dissolved nitrite plus nitrate as nitrogen, hereinafter
referred to as “nitrate”

* Dissolved Kjeldahl nitrogen, consisting of ammonia
plus organic N

* Total Kjeldahl nitrogen

* Dissolved orthophosphate
 Dissolved phosphorus

¢ Total phosphorus

Ammonia, nitrite, nitrate, and orthophosphate were analyzed
according to methods described by Fishman (1993). Kjel-

dahl nitrogen was analyzed as described by Patton and Truitt
(1992). During 1992-98, total and dissolved phosphorus were

analyzed using a modified Kjeldahl procedure (Patton and
Truitt, 2000). In 1999 these analyses were changed to U.S.
Environmental Protection Agency method 365.1, low-level
persulfate digestion (U.S. Environmental Protection Agency,
1993).

Purpose and Scope

This paper describes methods used to characterize nutri-
ents in terms of concentration, yield, and load at stream and
river sites sampled for the NAWQA Program. The distribution
of nutrients at these sites is compared to nonpoint sources and
watershed characteristics. This analysis uses data collected by
consistent methods during water years 1993-2001 within the
51 NAWQA study units shown in figure 1.

Acknowledgments
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Robertson, of the USGS Wisconsin Water Science Center,
provided valuable comments on the report. The authors also
thank Mary Kidd for editorial review and Sharon Powers for
manuscript preparation, layout, and illustration assistance.

Methods Used to Characterize
Nutrients in Streams and Rivers

Two difficulties arise from the variability of sampling
frequency at NAWQA stream and river sampling sites:

e Summary statistics, such as mean concentration, used
to characterize a site might be biased because of
variations in sampling frequency during the period of
record, and

* Comparisons among sites might be biased because of
different sampling frequencies and numbers of samples
at different sites.

These difficulties can be avoided by using flow-weighted
mean concentrations, but only if sampling was distributed
over the hydrograph. Intensive sampling during high flow or
low flow, such as was common at some NAWQA sites, might
overemphasize one part of the hydrograph and yield a biased
result.

Another method for decreasing bias in site characteriza-
tion and comparison is to estimate a concentration value for
each day of a common period of record, such as a particular
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water year, and compute a mean of these estimates. There is

a long history of statistical models that have been proposed

to make such estimates. The model selected for the pres-

ent analysis is based on the rating-curve method (Cohn and
others, 1989; Cohn, Caulder, and others, 1992; Cohn, Gilroy,
and Baier, 1992; Crawford, 1991). This method uses mul-
tiple regression to relate constituent transport (load or mass
discharge) to streamflow and time, measured in decimal years.
Estimated daily loads can be summed for selected periods,
generally months or years, and converted to flow-weighted

concentrations using streamflow volumes for the same periods.

Compilation of Environmental Sample Data

More than 28,000 nutrient samples were collected during
the NAWQA Cycle I time period (water years 1992-2001)
at 500 NAWQA stream and river sites. Analytic results from
these samples were compiled into a data set that is included
in a digital report by Mueller and Spahr (2005). The data sets
available in this report are listed in table 1.

Analytic results in the environmental data set were
retrieved from the USGS National Water Information System
(NWIS) database (http://waterdata.usgs.gov/nwis) during
March—July 2002. Data for NAWQA sites were included even
if they were collected separately from the NAWQA Program.
In addition to nutrients, data are provided for streamflow
(instantaneous at the time of sampling and mean daily for
the sampling date), physical measurements (in-situ tempera-
ture and dissolved oxygen plus specific conductance and pH
of the sample), and concentrations of suspended sediment
and organic carbon (dissolved and particulate). Mean daily
streamflow data were retrieved along with water-quality data
or added to the data set by selecting values for sampling dates
from the NWIS daily values database. For sites that were not
located at USGS streamflow-gaging stations, NAWQA study-

Table 1.
report.

unit staff provided daily streamflow values from a non-USGS
gage or by computation using more than one USGS gage.

Estimation of Nutrient Loads

The loads of selected nutrients at NAWQA sites were
estimated using multiple-regression analysis. The specific
method used for model calibration and load estimation is
described by Runkel and others (2004). Separate regression
models were calibrated for each constituent at each site. The
dependent variable in each case was the natural logarithm of
the constituent load, computed as the product of a measured
concentration and the mean daily streamflow for the date of
sample collection. The explanatory (independent) variables
for each model were selected from a set of potential predictor
variables:

* natural logarithm of streamflow, log (flow)

* log (flow) squared

e time, in decimal years

* sine of time

e cosine of time

* time squared
The variables log (flow) and time were centered by subtracting
the mean from each value. Thus, the squared values of these
variables are fit to a parabolic curve with an inflection point
near the mean.

For each constituent at each site, models were fit using all

possible combinations of these variables, and the best model
was selected on the basis of the Akaike Information Criteria

Data sets that provide information supplemental to the analyses in this

[Data available in digital format from Mueller and Spahr (2005); NAWQA, National Water-Quality

Assessment Program]

Data set

Brief description

Environmental samples

Nutrient samples, including selected other data, collected

during water years 1992-2001 at NAWQA stream and
river sampling sites.

Load-model coefficients

Regression coefficients and selected diagnostics for models

of nutrient loads at NAWQA sampling sites.

Daily streamflow

Daily values of streamflow used to estimate nutrient loads

for selected water years at NAWQA sampling sites.

Summary

Mean annual loads, yields, and concentrations of five nutri-

ent constituents, plus selected ancillary data, at NAWQA
sampling sites.
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(Akaike, 1981). The sine and cosine terms, which account
for seasonality, were always included together if either was
selected.

Because nutrient concentrations included censored
values, regression coefficients were determined by an adjusted
maximum-likelihood estimation (AMLE) method (Cohn,
Gilroy, and Baier, 1992). The AMLE method corrects for bias
in the standard maximum-likelihood (MLE) regression coef-
ficients and also incorporates a factor that minimizes the bias
that can occur when estimated logarithms of constituent load
are retransformed to original units. For some constituents at
some sites, a model could not be fit using the AMLE method;
however, an MLE model was successful. In these cases,
retransformation bias was corrected using the method of Bradu
and Mundlak (1970).

Load models were developed for five nutrient constitu-
ents: ammonia, nitrate, total nitrogen, orthophosphate, and
total phosphorus. Concentrations of total nitrogen (TN) were
computed using the analytic results for dissolved nitrite plus
nitrate (NO,+NO,) and for total Kjeldahl nitrogen (TKN),
which includes organic nitrogen and ammonia. If neither
NO,+NO, nor TKN was censored, TN was simply their sum.
If one or the other was less than a method detection limit
(MDL), the following rules were applied:

e If TKN is not censored and NO,+NO, is censored, then
TN = TKN + 0.5 X (MDL for NO,+NO,).

e Jf TKN is censored and N02+NO3 is greater than 0.20,
then TN = (NO,+NO,) + 0. 5 X (MDL for TKN).

* If TKN is censored and NO,+NO, is less than 0.20,
then TN = < 0.20.

The most common detection limits during water years 1992—
2001 were 0.2 mg/L for TKN and 0.05 mg/L for NO_+NO,.

Regression models were calibrated using nutrient con-
centrations from samples collected at NAWQA sites during
high-intensity sampling and mean-daily streamflow for the
date of sampling. Standard errors of the mean seasonal and
annual loads were calculated using a jackknife method (Efron,
1982) for AMLE models or the method described by Likes
(1980) for MLE models. For each load model, residual distri-
bution was evaluated using a goodness-of-fit test described by
Turnbull and Weiss (1978). Maximum-likelihood estimates
can be biased if residual distribution is not normal. The null
hypothesis of the Turnbull-Weiss test is normality; therefore
a low probability level (p-value) for the test is evidence of a
non-normal distribution.

The best model for each nutrient constituent at each site
was selected based on the following priority:

1. The AMLE model was selected if the standard error
for annual load was less than 75 percent of the mean
and the p-value for the Turnbull-Weiss test was
greater than 0.01.

2. If the AMLE model was not selected, the MLE
model was selected if the standard error for annual
load was less than 75 percent of the mean and the
p-value for the Turnbull-Weiss test was greater than
0.01.

3. If neither model was selected in steps 1 or 2, the
AMLE model was selected if the standard error was
less than 75 percent of the mean, regardless of the
Turnbull-Weiss test.

4. If no model was previously selected, the MLE model
was selected if the standard error was less than 75
percent of the mean, regardless of the Turnbull-
Weiss test.

5. If no model was selected in steps 1-4 the model was
considered a poor fit.

6.  For nutrient constituents with fewer than six uncen-
sored concentrations, model calibration was not
attempted.

For some constituents, the model chosen by the Akaike Infor-
mation Criteria had an unacceptably high standard error, but
an alternative model was found to be acceptable. Regression
coefficients and several diagnostics for the selected AMLE
and MLE models are available in digital format in the “Load-
model coefficients” data set described in table 1.

If an AMLE or MLE model was selected, daily stream-
flows at the site were used to estimate daily nutrient loads
for specified water years. Daily streamflow values used in
these calculations are available in the “Daily streamflow” data
set described in table 1. Using these load estimates, nutrient
concentrations were calculated for each date as a ratio of the
daily load and streamflow. The daily estimates can have large
errors, but positive and negative errors tend to cancel out over
a longer time period. Thus sums or averages of the daily val-
ues tend to have a greater accuracy. The time periods used for
calibration of the models and for estimation of daily loads and
concentrations are listed in table 2.

Summary Statistics

Nutrient-load model results were used to compute a
number of summary statistics, which were then used to make
comparisons among sites. These statistics include mean annual
loads, yields, and concentrations for each nutrient constituent
at each site, with the following exceptions. Two sites in the
San Joaquin Valley of California were on sloughs draining the
same area and were considered a single site. Eighteen other
sites had insufficient data for model calibration; 12 of these
had fewer than 18 samples during the high-intensity period,
and another 6 had no complete water year of daily streamflow
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Table 2. General time periods used for model calibration and load estimation.

Nutrient load modeling period
(water years)

Ancillary-data period
(calendar years)

Study-unit Fertilizer application
group Model Load and atmospheric Manure
(start year calibration estimation deposition accumulation
1991 1993-1996 1994-1995 1993-1995 1992
1994 1996-1999 1997-1998 1996-1998 1997
1997 1999-2001 2000-2001 1999-2001 2002

values. The resultant summary data set includes statistics for
five nutrient constituents at 481 sites. These data are available
in the “Summary” data set described in table 1. Locations of
the 481 sampling sites are shown in figure 2.

Loads, Yields, and Concentrations

For nutrients that could be fit to a regression model, mean
annual load in kilograms (kg) was estimated as the sum of
the daily load values for the estimation period divided by the
number of years. Mean annual yield in kilograms per square
kilometer (kg/km?) was estimated by dividing the mean annual
load by the upstream watershed area. The flow-weighted mean
concentration in milligrams per liter (mg/L) was calculated by
dividing the total load over the estimation time period by the
total streamflow. The time-weighted mean concentration was
calculated as the average of the daily concentrations for the
same time period. Time-weighted concentration is similar to
flow-weighted concentration at many sites. However, at some
sites where streamflow and load are affected by large storm
events, the time-weighted concentration can differ from the
flow-weighted concentration and represents the more common
condition.

For some nutrients, the calculated mean concentrations
were less than the most common detection limit. In these
cases, the yield and load estimates were retained, but the mean
concentration was revised to less than detection.

In cases where a regression model could not be cali-
brated, the nutrient concentrations were plotted relative to
streamflow and time. If there were no obvious curves or slopes
in these relations, a mean concentration was computed. For
nutrients with fewer than six uncensored concentrations, the
flow-weighted and time-weighted mean concentrations were
set to less than the most common detection limit. In these
cases, load and yield were not calculated. For nutrients with
more than six uncensored concentrations, a mean and standard
error were computed using censored data techniques described
by Helsel and Cohn (1988). If the standard error was less than
40 percent of the mean, the flow-weighted and time-weighted
mean concentrations were set equal to the computed mean.
Mean annual load was then calculated as the product of the
flow-weighted mean, the total streamflow for the estima-
tion period, and an appropriate units-conversion factor.

Mean annual yield was estimated by dividing the load by the
upstream watershed area, in square kilometers.

Ancillary Data

The summary data set also contains selected ancillary
data for the watershed upstream from each site. Land-use data
include a classification into one of six categories as well as the
percentages of major land-cover classes. These percentages
were determined from National Land Cover Data (NLCD)
digital maps, as revised by Nakagaki and Wolock (2005).
Land-use categories are based primarily on land cover but
are modified in some cases on the basis of local conditions,
such as the presence of major point sources. In general, the
land cover upstream from sites in the “Ag” category is more
than 50 percent agricultural (cropland plus pasture) and less
than 5 percent urban. Land cover upstream from sites in the
“Urban” category usually is more than 25 percent urban and
less than 25 percent agricultural. “Undeveloped” sites are
downstream from land cover less than 25 percent agricul-
tural and less than 5 percent urban. For sites in the “Mixed”
category, there are substantial percentages of both agricultural
(greater than 25 percent) and urban (greater than 5 percent)
land cover upstream. Sites with moderate percentages of either
agricultural (25 to 50 percent) or urban (5 to 25 percent) land
cover are classified as partially developed (“Partial”).

In large watersheds, the effects of specific land uses can
be moderated by a complex mixture of land cover, multiple
point sources, and temporally variable sources of streamflow.
Thus, 105 sites were classified as “Large” on the basis of a
combination of upstream watershed area and long-term mean
annual streamflow. The criteria for this classification were:

e Mean annual streamflow greater than about 85 m%/s
(3,000 ft¥/s) - 81 sites with a minimum watershed area
of about 1,500 km?, or

* Watershed area greater than 5,000 km? and mean
annual streamflow greater than about 57 m?/s
(2,000 ft¥/s) - 17 additional sites, or
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EXPLANATION
|:| Study unit began in 1991
] Study unit began in 1994

B study unit began in 1997

©  Sampling site

Figure 2.
concentrations and loads.

* Watershed area greater than 25,000 km? and mean
annual streamflow greater than about 14 m%/s
(500 ft¥/s) - 7 additional sites.

The selected sites represent watersheds that are large, in
terms of area and streamflow, relative to other watersheds
in the NAWQA Program. However, even the largest of these
NAWQA sites have a much smaller area and streamflow than
many sites that are sampled for other programs on major rivers
of the Nation.

Land-cover data were incomplete or unavailable for a
few sites. At six sites, more than 10 percent of the upstream
area is in Canada or Mexico, which are not included in the

Location of the 481 National Water-Quality Assessment sampling sites with adequate data for analysis of nutrient

NLCD coverage. Also, nine sites in Alaska and Hawaii have
no NLCD coverage. Land-use categories for these sites were
determined on the basis of local information provided by the
study unit teams. In addition, the classifications for 45 other
sites were modified on the basis of local information, such as
the presence of point sources in the watershed.
Nonpoint-source nutrient inputs are based on county-level
estimates from Ruddy and others (2006). Inputs include nitro-
gen and phosphorus in commercial fertilizers used on farms
and in urban settings, nitrogen and phosphorus in livestock
manure, and nitrogen in atmospheric deposition. Estimates of
fertilizer and manure inputs were assigned to specified NLCD
land uses within each county and then summed for the area
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within each watershed boundary using methods similar to
those described by Nakagaki and Wolock (2005). Estimates
of atmospheric input were assumed to be uniform over the
county, and an area-weighted sum was computed for each
watershed.

Comparison to Previous National Analyses

The NAWQA Program previously has produced four
national reports that include analyses of nutrients in streams.
Mueller and others (1995) and Mueller and Helsel (1996)
analyzed historical data collected in the first 20 NAWQA
study units during 1980-90, the decade prior to NAWQA sam-
pling. This data set included more than 22,000 samples from
more than 300 sites. These sites were selected for a variety
of purposes, and any consistency in the sampling design was
merely coincidental. Temporal distribution of samples from
individual sites varied widely, both annually and over the
period of record. Spatial distribution of sites was limited to
the area encompassed by study units that began their high-
intensity effort in 1991 (see map in fig. 1), and sites were not
uniformly distributed. Nationally consistent ancillary data
were not available for these sites; therefore, land-use clas-
sification was based on the best professional judgment of the
local study-unit staff. Other ancillary data, such as population
density and soil characteristics, were provided for some, but
not all, watersheds. Overall, these inconsistencies limited the
effectiveness of statistical analysis of the data. Site selection
and sample collection in the NAWQA Program were designed
to overcome these limitations.

The first national summary of NAWQA data included
analyses of nutrient data from the first 20 study units (U.S.
Geological Survey, 1999). These analyses were based on
samples collected during water years 1993-95 from 212 sites
in various land-use settings within each study unit. These sites
were selected to represent streams where nutrient input was
predominantly from nonpoint sources. Sample collection and
sampling frequency were designed to be consistent among
all sites (Shelton, 1994; Gilliom and others, 1995). Ancillary
data, including land use, nutrient inputs, and soil character-
istics, were derived from national Geographic Information
System (GIS) maps. Thus, many of the inconsistencies that
plagued the earlier national studies were eliminated. However,
the spatial distribution of sites was still limited to areas of the
study units that started work in 1991.

Separate reports were produced during 1998-2004
summarizing findings in each of the 51 NAWQA study
units. These reports are available online at: http://water.usgs.
gov/nawqa/nawqasum/. Hamilton and others (2004) provided
an overview of selected findings from these reports. They pre-
sented results for a series of examples from individual study
units, although these included only one example of nutrients in
streams.

The current report is based on nationally consistent
analyses of nutrient data collected at 481 NAWQA sampling

sites in 51 study units during water years 1993-2001. The
NAWQA design provided for consistent site-selection criteria
and sample collection. Ancillary data were determined from
national GIS maps. The data analyses used in this report avoid
the inconsistencies of the previous national studies and have a
broader spatial distribution than the individual NAWQA study-
unit summary reports.

Site Selection and the Problem of
Representative Data

Sampling sites within each NAWQA study unit were
selected on the basis of a stratified design. The first level of
stratification within a study unit generally was either physio-
graphic region or ecoregion. A second level of stratification
was land use, primarily agricultural, urban, or undeveloped
(forest and rangeland). In some study units, land uses were
subdivided into multiple categories, such as various types of
agricultural or urban settings. Individual strata were deter-
mined by relatively homogeneous combinations of land use
and physical characteristics, such as soil type and bedrock.
Candidate sampling sites were then identified within each stra-
tum. In theory, sampling one site within each stratum would
provide data representative of the range of conditions within
each study unit and, by extension, throughout the Nation. In
practice, a number of factors prevented implementation of a
nationally representative design.

Cost was the primary factor that limited implementation
of a representative design. Sampling a site in every stratum
in every study unit would be prohibitively expensive, so the
original NAWQA objectives focused on areas where water-
quality issues had regional or national significance (Gilliom
and others, 1995). For example, 28 relatively homogeneous
areas were identified in the Western Lake Michigan Drain-
ages study unit, but on the basis of major water-quality issues,
sampling sites were selected in only 8 of these areas (Sul-
livan and others, 1995). NAWQA staff worked with local,
State, and Federal agencies, as well as the National Academy
of Sciences, to identify important issues. The national issue
most influential in site selection was nonpoint sources of
nutrients and pesticides, so many sampling sites were selected
downstream from agricultural or urban areas, where nutrient
fertilizers and pesticides commonly are used. In urban areas,
site selection was focused on residential areas, and attempts
were made to avoid watersheds with point sources. Sites in
undeveloped areas were selected for comparison to the agri-
cultural and urban sites, and were intended to be similar in all
aspects except land use. Thus, the NAWQA sampling network
was designed to represent certain types of settings that occur
throughout the Nation, but not necessarily to represent the
entire Nation.

Many local considerations caused variable implementa-
tion of the NAWQA design among study units. Selection
of some sites was driven by local concerns, for example, to
address a specific water-quality issue or maintain sampling at
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a specific location. Another common consideration was the
availability of good sampling locations. In arid and semiarid
areas it was not always possible to find a site on a perennial
stream in a homogeneous agricultural or urban setting. In the
most intensive agricultural areas, it was difficult to find unde-
veloped reference sites. In many study units, it was difficult
to avoid sites downstream from anthropogenic features, such
as reservoirs and canals, which add complexity to delineation
of nutrient sources in the watershed. This was a particular
problem in the Western United States, where irrigation is com-
mon, and in southern Florida and Louisiana, where drainage
and navigation canals cross relatively flat watersheds. Point
sources could not always be avoided. Even some sites in agri-
cultural areas with little population in the upstream watershed
turned out to have significant amounts of wastewater efflu-
ent piped in from adjacent watersheds. Climate was another
influential factor. At most sites, data were adequate to model
nutrient loads over at least a 2-year period, so the effects of
climate variation could be diminished. However, some sites
had only 1 year of adequate streamflow data, and if that year
happened to be particularly wet or dry, the load-model results
might not represent average conditions at the site. All these
factors tend to increase the variability of nutrient data in the
NAWQA stream-sampling network. Thus, in some of the fol-
lowing analyses it was necessary to subdivide the network of
sites in an attempt to limit the variability of data subsets and
thus better represent certain conditions and settings.

Nutrients in Streams and Rivers Across
the Nation

Distribution of Nutrient Concentrations and
Yields

The distribution of nutrients in streams and rivers across
the Nation can be described spatially and temporally. Geo-
graphic patterns in nutrient concentrations and yields and
the relation of land use to concentrations and yields provide
the framework to assess areas of potential concern. Seasonal
variation in nitrogen and phosphorus concentrations can be
used to describe national and regional patterns.

Geographic Distribution of Nutrient
Concentrations and Yields

Discussion of geographic distribution requires a spatial
framework with a defined terminology to delineate different
areas. For the purposes of this report, the continental United
States was divided into eight contiguous areas based on water-
resource regions (fig. 3). Seaber and others (1987) used the
boundaries of major river basins to define 21 water-resources

regions. The areas designated in figure 3 are either single
water-resources regions or combinations of regions. These
area designations are used in the following discussion of geo-
graphic distribution. Alaska and Hawaii, not shown in figure 3,
are individual regions and will be discussed as separate areas.

The spatial distributions of flow-weighted mean annual
concentrations and mean annual yields for total nitrogen and
total phosphorus are shown on a series of national maps. Indi-
vidual maps show the relative range (high, medium, or low) of
concentrations or yields for sites downstream from specified
land uses. Breakpoints for the ranges shown on these maps
were determined by percentages of concentration and yield for
the 481 sites in the “Summary” data set described in table 1.
Sites where concentration or yield was within the lower one-
third of the data distribution are shown in the “Low” range,
sites where concentration or yield within the upper one-third
are shown in the “High” range, all other sites are shown in the
“Medium” range. Sites plotted on these maps are classified by
major land use--agricultural, urban, and undeveloped (forest
and rangeland). Sites classified as “Large,” in terms of water-
shed area and mean streamflow (see “Ancillary Data” section
of this report), also are shown. Sites with land uses classified
as “Mixed” or “Partial” were included in determining percent-
ages but are not shown on the maps. The background shading
on the maps identifies nonpoint-source input rates of nitrogen
and phosphorus, based on county-level data from Ruddy and
others (2006). Input rates were divided into “high,” “medium,”
and “low” categories determined by percentages of the data
distributions, as was done for concentrations and yields.

Concentrations of total nitrogen generally are high to
medium downstream from agricultural and urban areas and
medium to low downstream from undeveloped areas (fig. 4).
Within agricultural areas, concentrations were high at most
sites in the Northeast, Midwest, and Northwest (fig. 4A).
These sites are in areas that receive large annual inputs of
nitrogen in the form of fertilizer, manure, and (in some cases)
atmospheric deposition. In addition, high concentrations in the
Midwest might be influenced by the prevalence of subsurface
(tile) drains, which can provide a short flow path for applied
nitrogen to move from fields to streams (Fenelon, 1998;
Groschen and others, 2004). High concentrations at many sites
in the Northwest might be influenced by large applications of
irrigation water, which can accelerate movement of nitrogen
to streams. Irrigation also could be a factor in high concentra-
tions at sites in the Northern Plains, Southwest, and California.
Most of the medium and low concentrations of total nitrogen
in agricultural areas were at sites in the Southeast and South-
ern Plains. Inputs are more variable in these regions. Also, in
many areas of the Southeast, water and nitrogen move from
fields to streams through shallow ground-water systems that
can contain substantial amounts of organic matter. In these
settings, denitrification can cause a loss of nitrogen from water
before it reaches a stream; therefore, concentrations can be
relatively low in comparison to input.

Total nitrogen concentrations downstream from urban
areas generally were in the medium range, but sites with high
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EXPLANATION
1 - Northeast — New England and Mid-Atlantic Water-Resource Regions

2 — Southeast — South Atlantic-Gulf and Tennessee Water-Resource Regions

3 — Midwest — Upper Mississippi, Ohio, Great Lakes, and Souris-Red-Rainey Water-Resource Regions

4 — Northern Plains — Missouri Water-Resource Region

5 — Southern Plains — Lower Mississippi, Arkansas-White-Red, and Texas-Gulf Water-Resource Regions

6 — Southwest — Rio Grande, Upper Colorado, Lower Colorado, and Great Basin Water-Resource Regions

17— Northwest — Pacific Northwest Water-Resource Region

8 — California — California Water-Resource Region

Figure 3. Areas of the continental United States, defined on the basis of water-source regions, as used in the report.

concentrations were scattered from the Northeast through the
Southwest and California (fig. 4B). Many of the sites with
high concentrations were downstream from wastewater-treat-
ment plants (WWTPs), which provide an additional nitrogen
input. The potential effect of WWTPs is especially large in the
arid West, where WWTP discharge can be the primary source
of water to urban streams during parts of the year. Selection
of NAWQA urban sites was intended to avoid effects of major
WWTPs and other point sources, but in some locations this
was not feasible.

At sites downstream from relatively undeveloped
watersheds, total nitrogen concentrations generally were low
(fig. 4C). Medium-range concentrations in the Northeast and
in eastern parts of the Midwest were in areas of greater atmo-

spheric nitrogen deposition (Ruddy and others, 2006). High
concentrations in the Southwest were at sites with greater
loads of suspended sediment. NAWQA data presented by
Mueller and Spahr (2005) show a general association of high
sediment concentrations with high concentrations of particu-
late organic carbon and total Kjeldahl (organic plus ammonia)
nitrogen; therefore, the source of high concentrations of total
nitrogen at undeveloped sites could be organic material in
suspended sediment.

Downstream from large watersheds, the range of total
nitrogen concentrations was broad; however, some regional
patterns are evident (fig. 4D). Most of the high concentra-
tions were in the Midwest, where agricultural influence is the
greatest. Sites with low concentration are scattered but were
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AGRICULTURAL
WATERSHEDS

EXPLANATION
FLOW-WEIGHTED CONCENTRATION OF TOTAL
NITROGEN IN MILLIGRAMS PER LITER

® High (greater than 2.25)
O Medium (0.83 to 2.25)
@ Low (less than 0.83)

AVERAGE ANNUAL TOTAL NITROGEN INPUT
IN KILOGRAMS PER SQUARE KILOMETER
(Inputs from fertilizer, manure, and atmosphere,
1993-2001, not available for Alaska and Hawaii)

D High (greater than 2,500)
] Medium (450 to 2,500
] Low (less than 450)
Geographic area (figure 3)

Figure 4. Flow-weighted concentrations of total nitrogen from agricultural, urban, undeveloped,
and large watersheds.
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UNDEVELOPED
WATERSHEDS

» <O

EXPLANATION

FLOW-WEIGHTED CONCENTRATION OF TOTAL NITROGEN
IN MILLIGRAMS PER LITER

® High (greater than 2.25)
O Medium (0.83 to 2.25)
@ Low (less than 0.83)

AVERAGE ANNUAL TOTAL NITROGEN INPUT
IN KILOGRAMS PER SQUARE KILOMETER
(Inputs from fertilizer, manure, and atmosphere, 1993-2001,
not available for Alaska and Hawaii)

] High (greater than 2,500)
] Medium (450 to 2,500)
] Low (less than 450)
Geographic area (figure 3)

WATERSHEDS

Figure 4. Flow-weighted concentrations of total nitrogen from agricultural, urban, undeveloped,
and large watersheds—Continued.



14 Nutrients in Streams and Rivers Across the Nation — 1992-2001

more common in the Northern Plains, Southwest, Northwest,
California, and Alaska, areas of less urban and agricultural
development.

In contrast to this distribution of total nitrogen, concen-
trations of total phosphorus are relatively lower in agricultural
areas (more sites in the medium and low ranges, fig. 5A4)
and higher in undeveloped areas (more sites in the high and
medium ranges, fig. 5C). This pattern is particularly strong
among agricultural sites in the Northeast, central Midwest,
and Northwest and among undeveloped sites in the Northern
Plains, Southwest, and California. The primary exceptions are
for agricultural sites in the eastern part of the Southern Plains
and the northern part of the Midwest, where total phosphorus
concentrations are within the high range at most sites. Dif-
ferences between the distributions of total nitrogen and total
phosphorus likely are a result of differences in sources and
transport to streams. Nitrogen is more heavily applied in fertil-
izers, so the input in agricultural areas is relatively greater than
for phosphorus. Also, inorganic forms of nitrogen, principally
ammonia and nitrate, are very soluble; therefore, they move
readily to subsurface drains and ground water, and eventu-
ally to streams. Phosphorus compounds are less soluble and
attach to soil particles, especially clays. They are more easily
transported through coarse-grained soils or by erosion. Thus,
phosphorus transport is low in many agricultural areas, where
soils are more fine grained and erosion is controlled, but high
in association with high suspended-sediment concentrations
that can occur in some undeveloped areas, particularly in the
Northern Plains and Southwest. Phosphorus has a natural
geologic source in many areas of the Nation (Shacklette and
others, 1971), so high concentrations can occur downstream
from watersheds that have little anthropogenic input.

Downstream from urban areas, concentrations of total
phosphorus generally are in the high range (fig. 5B). This is
not surprising because urban sources, such as sewage efflu-
ent and septic-system drainage (in areas of lower population
density), are major sources of orthophosphate. Other nonpoint
sources of phosphorus in urban areas include runoff from
lawns and construction sites (Carpenter and others, 1998).
High concentrations of total phosphorus at urban sites are
more common than high concentrations of total nitrogen
through large parts of the Southeast, Southwest, and Hawaii.

At sites downstream from large watersheds, the distri-
bution of total phosphorus concentrations reflects the same
differences with respect to total nitrogen as seen for smaller
watersheds. Concentrations in the high range are more
broadly distributed, though still confined primarily to the
Central United States. In comparison to total nitrogen, more
total phosphorus concentrations are in the medium or high
range in the Northern Plains, Southwest, and California. This
difference in distributions is consistent with regional differ-
ences in nutrient transport to streams. More streams in the
Western United States are likely to have high concentrations
of suspended sediment, which is associated with phosphorus
transport.

Annual yields (mass per unit area) of total nitrogen and
total phosphorus in streamflow from the NAWQA watersheds
are shown in figures 6 and 7. In comparison to concentra-
tions, the yields of both constituents in all land-use areas
were in relatively higher ranges in much of the humid area of
the Eastern United States (Northeast, Southeast, and Mid-
west) plus the coastal Northwest and Alaska. In contrast,
yields were in relatively lower ranges than concentration for
watersheds in the semiarid to arid areas of the interior West
(Northern Plains, Southwest, and the inland Northwest). This
distribution reflects the importance of streamflow. The most
striking regional pattern is for total nitrogen yield from large
watersheds (fig. 6D). Yields are medium to high for almost all
watersheds in the Eastern United States but are low for almost
all watersheds in the West. Yields from watersheds along the
West Coast, including Alaska, generally are in the medium to
high ranges. This distribution corresponds to patterns of input
and streamflow, both of which are relatively lower in the West
than in the Eastern United States.

In summary, the geographic distribution of nutrient con-
centrations and yields depends on regionally variable sources
and transport mechanisms, such as drainage, erosion, and run-
off. Sources in agricultural areas include fertilizer application
and manure from livestock; in urban areas, sources include
fertilizer application on lawns, runoff from construction sites,
and septic effluent. Atmospheric deposition of nitrogen affects
all areas but varies regionally. Nutrient transport in agricultural
areas is affected by artificial drainage and irrigation, both of
which are more common in particular geographic regions. Soil
texture, erosion, and sediment movement also affect transport
of some nutrient constituents, particularly total phosphorus.

Seasonal Distribution of Nutrient Concentrations
and Streamflow

In addition to geographic variation, nutrient concentra-
tions in streams and rivers commonly vary by season of the
year. In many locations, this seasonal variation is associated
with differences in the amount and sources of streamflow.
Typically, during seasons of high streamflow, due to rainfall or
snowmelt, dissolved nutrient concentrations are significantly
different than during seasons of low streamflow fed by base
flow from ground water. Other factors, such as point sources
or irrigation, can have a seasonally varying effect on nutrient
concentrations. Seasonal variations in nutrient concentrations
were determined for each NAWQA sampling site and were
used to identify regional patterns in the occurrence of high and
low concentrations.

Seasonal cycles in temperature and precipitation vary
throughout the Nation, depending in part on latitude and alti-
tude; however, for this report a consistent monthly definition
was used to identify seasons. Autumn was defined as August
through October, which corresponds to a base-flow period in
many parts of the Nation. Winter was then November through
January, spring was February through April, and summer was
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AGRICULTURAL
WATERSHEDS

EXPLANATION
FLOW-WEIGHTED CONCENTRATION OF TOTAL PHOSPHORUS
IN MILLIGRAMS PER LITER
@ High (greater than 0.22)
O Medium (0.07 to 0.22)
® Low (less than 0.07)

AVERAGE ANNUAL TOTAL PHOSPHORUS INPUT
IN KILOGRAMS PER SQUARE KILOMETER
(Inputs from fertilizer and manure, 1993-2001,
not available for Alaska and Hawaii)

[[] High (greater than 440)

] Medium (35 to 440)
. Low (less than 35)
Geographic area (figure 3)

WATERSHEDS

Figure 5. Flow-weighted concentrations of total phosphorus from agricultural, urban, undeveloped, and
large watersheds.
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UNDEVELOPED
WATERSHEDS

EXPLANATION
FLOW-WEIGHTED CONCENTRATION OF TOTAL PHOSPHORUS
IN MILLIGRAMS PER LITER
@ High (greater than 0.22)
O Medium (0.07 to 0.22)
® Low (less than 0.07)

AVERAGE ANNUAL TOTAL PHOSPHORUS INPUT
IN KILOGRAMS PER SQUARE KILOMETER
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Figure 5. Flow-weighted concentrations of total phosphorus from agricultural, urban, undeveloped, and

large watersheds—Continued.
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Figure 6. Annual yield of total nitrogen from agricultural, urban, undeveloped, and large watersheds.
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Figure 6. Annual yield of total nitrogen from agricultural, urban, undeveloped, and large watersheds—
Continued.
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Figure 7. Annual yield of total phosphorus from agricultural, urban, undeveloped, and large watersheds.



20 Nutrients in Streams and Rivers Across the Nation — 1992-2001

UNDEVELOPED
WATERSHEDS
7 a
EXPLANATION
AVERAGE ANNUAL YIELD OF TOTAL PHOSPHORUS
IN KILOGRAMS PER SQUARE KILOMETER
® High (greater than 58)
©  Medium (18 to 58)
® Low (less than 18)
AVERAGE ANNUAL TOTAL PHOSPHORUS INPUT
IN KILOGRAMS PER SQUARE KILOMETER
(Inputs from fertilizer and manure, 1993-2001,
not available for Alaska and Hawaii)
[[] High (greater than 440)
]  Medium (35 to 440)
] Low (less than 35)
—— Geographic area (figure 3)
D
LARGE
WATERSHEDS
» Q9

Figure 7. Annual yield of total phosphorus from agricultural, urban, undeveloped, and large
watersheds—Continued.



May through July, which includes the time of snowmelt runoff
in northern latitudes. For each site, daily streamflow and
estimates of daily nutrient concentrations, from load-model
results, were determined for one or more complete water years
during the high-intensity sampling period. Streamflow and
concentrations for each nutrient constituent at each individual
site were then ranked from lowest to highest, and the ranks
were grouped by the defined seasons. Differences in the dis-
tributions of data among seasons were determined by analysis
of variance (ANOVA) on the grouped ranks. If data for a
particular parameter (streamflow or nutrient concentrations)

at a specific site were significantly higher in one season, that
season was identified as the “high” season for that parameter
at that site. “Low” seasons were similarly identified. If no
single season was significantly higher or lower, then the high
or low season for that parameter at that site was considered to
be mixed. If there were no significant differences in parameter
values among any seasons at a site, that parameter was consid-
ered to have no seasonal distribution at that site.

Regional patterns in seasonally high and low streamflow
are shown in figure 8. Low flows occur during the defined
autumn season (August—October) at many sites. A broad area
of spring (February—April) high flows and autumn low flows
occurs in the Eastern United States (Northeast; Southeast,
except southern Florida; much of the Midwest; and Southern
Plains, except south Texas). Similar flow conditions occur at
many sites along the West Coast (California and the coastal
Northwest). In contrast, at sites over a broad area of the inte-
rior West (Northern Plains; Southwest, except Arizona and
southern Nevada; and the inland Northwest, except eastern
Washington) flows are high in the summer (May-July) and
low in various times during autumn through spring. In general,
this area receives less rainfall than either the Eastern United
States or the West Coast, and high flow at many locations
results from snowmelt runoff and irrigation return flow. In
addition to these three large areas, several smaller areas have
more localized patterns of high and low flow. In the northern
Midwest, high flows generally occur in the summer, as in the
interior West, but low flows are more common in the winter
(November—January), when streams can be covered with ice.
In Arizona and southern Nevada, seasonality of streamflow
is mixed, but high flows are most common in the spring and,
opposite to the rest of the Southwest, low flows are more com-
mon in the summer. This is the most arid area of the United
States, and flow in many streams is affected or dominated by
point-source effluent. Other areas, including southern Florida,
southern Texas, eastern Washington, Alaska, and Hawaii, have
varied streamflow seasons.

Seasonally high and low concentrations of total nitrogen
and total phosphorus (figs. 9 and 10) have less distinct regional
patterns, but to some extent follow the patterns described for
streamflow. In the Eastern United States, concentrations of
total nitrogen generally are high in the spring and low in the
autumn, similar to streamflow. In contrast, the seasonal varia-
tion of total phosphorus is generally opposite to streamflow;
high concentrations are more common in summer and autumn,
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and low concentrations are more common in the spring. This
pattern is reversed in the interior West. Seasonal concentra-
tions of total phosphorus, like streamflow, generally are high
in the summer and low during the autumn or winter. Nitrogen
concentrations at sites in this area generally are high in the
winter or spring and low during the summer or autumn. Thus,
a major difference between the humid Eastern United States
and the more arid interior West is the seasonality of nutrient
concentrations in relation to streamflow. This pattern indicates
that mobilization and transport of nutrients to streams during
high flow favors nitrogen in the Eastern United States and
phosphorus in the interior West. One possible explanation for
this effect is that soluble nitrogen compounds are transported
more by rainfall runoff in the Eastern United States, but more
by irrigation return flows in the interior West. Rainfall runoff
is obviously greater during the high-flow season, but return
flows are greater during the low-flow season when irrigation
applications are larger. Phosphorus compounds are less soluble
and transported more readily by erosion, which is more likely
during high-flow seasons and is more common in the semiarid
to arid interior West than in the Eastern United States.

Along the West Coast, high concentrations of total
nitrogen and total phosphorus primarily have mixed seasonal-
ity but are common in the winter and spring (figs. 9 and 10).
Streamflow also is high predominantly in mixed seasons or
in the spring. Similarly, low concentrations of both nutrients
are common in summer and autumn, whereas low streamflow
occurs predominantly in autumn. Thus, in these areas, the
seasonal variations of nitrogen and phosphorus are directly
associated with seasonal variations in streamflow. The West
Coast and northern Midwest are similar to the Eastern United
States in seasonality of total nitrogen but are similar to the
interior West in seasonality of total phosphorus. Mobilization
and transport of both nutrients occurs primarily during the
season of high streamflow.

In Arizona and southern Nevada, the seasonal variation
in high concentrations of phosphorus is similar to that for
streamflow. Thus, transport mechanisms for phosphorus in
this area and in the interior West might have some similarities,
though the predominant high-flow and low-flow seasons differ
between the two areas.

Regional patterns in the seasonality of dissolved nutrient
constituents are less distinct than those of total nitrogen and
total phosphorus. One reason could be that concentrations of
dissolved constituents are affected by point sources at some
sites. These sites are more likely to have mixed seasonality
if nonpoint sources produce high concentrations during high
streamflow and point sources produce high concentrations
during low streamflow. For ammonia, which is common in
septic effluent, sites with no seasonal distribution are com-
mon throughout all regions of the continental United States
(fig. 11). In comparison to total nitrogen, seasonally high
concentrations of nitrate are more common in winter (fig. 12).
The source of high nitrate in the winter could be point sources
or ground-water base flow. High flow, which could dilute con-
centrations from these sources, rarely occurs during the winter
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©  Spring (February—April)

@  Summer (May-July)
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+  No seasonal distribution
Geographic area (figure 3)

SEASONS WITH
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Figure 8. Distribution of high and low seasonal streamflow.
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Figure 9. Distribution of high and low seasonal concentrations of total nitrogen.
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Figure 10. Distribution of high and low seasonal concentrations of total phosphorus.
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Figure 11. Distribution of high and low seasonal concentrations of ammonia.
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Figure 12. Distribution of high and low seasonal concentrations of nitrate.



season. In addition, algal uptake of dissolved nutrients is lower
in the winter. Low concentrations of nitrate generally occur
in the same seasons as low concentrations of total nitrogen.
The seasonality of orthophosphate (fig. 13) in relation to total
phosphorus (fig. 10) has a similar pattern, but more regional
variation. High concentrations of orthophosphate in the sum-
mer generally occur at fewer sites than high concentrations
of total phosphorus, especially in the interior West and the
northern Midwest (fig. 13). In these areas, high total phos-
phorus concentrations are related to high summer streamflow,
but high orthophosphate concentrations are more common in
low-flow months and in months with less algal uptake. Low
orthophosphate concentrations in the Eastern United States
are more common during the spring high-flow season than
are low concentrations of total phosphorus. High concentra-
tions of orthophosphate in this area are more common during
the autumn low-flow season. In all these areas, the source of
orthophosphate during low flow could be wastewater-treat-
ment plant point sources or septic-system nonpoint sources.

Relations between Nutrient Distributions and
Land Use

Geographic analysis indicated that land use is a major
factor in the distribution of total nitrogen and total phosphorus
concentrations and yields in streams and rivers. In this section
of the report, investigation of the association between land
use and nutrient distributions is expanded. NAWQA sites are
categorized on the basis of upstream land use as previously
described in the “Ancillary Data” section. In addition, nutri-
ent distributions at relatively undeveloped sites are compared
to previously defined background conditions. Finally, nutrient
concentrations, yields, and loads are evaluated in relation to a
variety of watershed characteristics.

Comparison of Nutrient Concentrations and
Yields among Major Land Uses

Distributions of flow-weighted mean annual concentra-
tions of five nutrient constituents at sites in each of the six
land-use categories are plotted in figure 14. Each box plot
indicates selected percentiles of the distribution of concentra-
tions for a particular nutrient constituent at sites in a particular
land-use category. The central box includes concentrations
ranging from the 25th to the 75th percentiles; therefore, it
incorporates 50 percent of all sites. Together, the two whis-
kers incorporate another 30 percent of all sites; those with
concentrations between the 75th and 90th percentiles are in
the upper whisker and those with concentrations between the
10th and 25th percentiles are in the lower whisker. The highest
and lowest 10 percent of concentrations are not shown. Let-
ters next to the median of each box plot indicate significant
differences among distributions of concentration for land-use
categories. Because many of the distributions did not appear to
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be normal and because differences in standard deviation were
obvious from variations in spread, nonparametric statistical
methods were chosen to test for differences among groups of
data. Differences among all land-use categories were tested by
using analysis of variance on the ranks of the data (Conover
and Iman, 1981). If a significant difference was indicated by
this test, differences between individual land-use categories
were evaluated by applying Tukey’s multiple-comparison test
(Helsel and Hirsch, 1992, p. 196) to the rank-transformed data.
Box plots identified by the same letter indicate that the distri-
butions are not significantly different. If two letters are listed
(for example, BC), the distribution is not significantly different
from other distributions identified by either one of those letters
(for example, B, C, AB, BC, or CD).

Concentrations of all nutrient constituents at sites
downstream from undeveloped areas are significantly less
than at all other sites. The 75th percentile for undeveloped
sites is less than the 50th percentile for all other land uses
for all constituents except total phosphorus. In many cases,
the 90th percentile for undeveloped sites is less than the 25th
percentiles for agricultural, urban, and mixed land-use sites.
Thus, these undeveloped sites, in general, provide an adequate
baseline for comparing to potential effects of development at
sites downstream from agricultural and urban areas. Although
concentrations of total phosphorus are significantly lower at
undeveloped sites, they are not as low relative to other land
uses as are the concentrations of other nutrient constituents.
The likely cause is naturally occurring phosphorus associ-
ated with the high suspended-sediment concentration at some
undeveloped sites.

Evidence is strong that concentrations of all nutrients
increase as development increases. Concentrations of all nutri-
ent constituents at partially developed sites are significantly
greater than at undeveloped sites but significantly less than at
the more developed agricultural, urban, and mixed land-use
sites. Concentrations at agricultural, urban, and mixed land-
use sites are not significantly different, except:

 Nitrate is greater at agricultural and mixed land-use
sites than at urban sites.

 Total nitrogen is greater at agricultural than at urban
sites.

* Orthophosphate is greater at mixed land-use than at
urban sites.

Nitrate exceeded the USEPA maximum contaminant level
for drinking water (10 mg/L; U.S. Environmental Protection
Agency, 2003) at more than 12 percent (14 of 115) of the
agricultural sites, but these are not streams used for public
water supplies. Streams at large sites are more likely to repre-
sent water available for public supply. Nitrate concentrations
exceeded 10 mg/L at only three (of 105) large sites.

At sites downstream from large watersheds, concentra-
tions of most nutrients are significantly less than at smaller
agricultural, urban, and mixed land-use sites. The only excep-
tions are for nitrate and orthophosphate concentrations, which
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Figure 13. Distribution of high and low seasonal concentrations of orthophosphate.
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are not significantly different at urban and large sites. Large
watersheds generally contain many land uses, including unde-
veloped areas; thus, they are more similar to partially devel-
oped watersheds. Indeed, concentrations of all nutrients were
not significantly different at sites classified as large or partial.

In a previous analysis of nutrient data from NAWQA
study units, Mueller and others (1995) reported that concen-
trations of ammonia and total phosphorus were significantly
higher at urban than at agricultural sites. That analysis used
data from sites sampled before initiation of the NAWQA Pro-
gram, and many of the urban sites were located downstream
from wastewater-treatment plants (WWTPs). Large WWTPs
can be major point sources of ammonia and orthophosphate.
The NAWQA design was to avoid large upstream WWTPs, so
most urban sites in the current data set are affected primarily
by nonpoint sources of nutrients.

At some NAWQA urban sites, upstream point sources
could not be avoided, and high ammonia, orthophosphate,
and total phosphorus concentrations likely are due to WWTP
effluent. For sites with known WWTPs, 34 percent are in the
upper quartile (greater than the 75th percentile) for ammonia,
41 percent are in the upper quartile for orthophosphate, and
38 percent are in the upper quartile for total phosphorus.
Fewer sites with no known WWTPs are in the upper quartiles:
21 percent for ammonia, 17 percent for orthophosphate, and
16 percent for total phosphorus. For all three of these constitu-
ents, sites downstream from WWTPs are more prevalent in the
highest range of concentrations.

Differences in the distributions of nutrient yield are
similar to those described for concentration. Median yields
for all constituents from undeveloped watersheds are signifi-
cantly less than those from other types of watersheds, and
yields increase as development increases (fig. 15). Median
yields from partially developed and large watersheds are not
significantly different but typically are intermediate between
those from undeveloped watersheds and from more devel-
oped (agricultural, urban, and mixed land-use) watersheds.
Generally, median yields from agricultural, urban, and mixed
land-use watersheds are not significantly different; however,
nitrate yield is greater from agricultural and mixed land-use
watersheds than from urban watersheds, and orthophosphate
yield is greater from mixed land-use watersheds than from
urban watersheds.

Comparison to Background Conditions

In the NAWQA Program, sites downstream from rela-
tively undeveloped areas were selected to provide a base-
line for comparison to sites with potential effects of urban
development and agriculture. Concentrations and yields at
the undeveloped sites are less than at sites in other land-use
categories but cannot necessarily be considered background
levels. Clark and others (2000) reported general national
background concentrations and yields of nutrients, based on
data from sites in some of the most pristine watersheds in the

Nation. Background concentrations were determined on the
basis of flow-weighted means from each site. The distributions
of flow-weighted mean nutrient concentrations for NAWQA
undeveloped sites in comparison to these national background
concentrations are shown in figure 16A.

Median concentrations for ammonia and orthophosphate
at the undeveloped sites are less than the detection limits.
Median concentrations of nitrate, total nitrogen, and total
phosphorus are greater than the background values reported
by Clark and others (2000). The reported background concen-
trations represent conditions of essentially no development,
whereas the NAWQA sites represent conditions of relatively
little development. Concentrations at many NAWQA undevel-
oped sites exceed background values. In general, though, con-
centrations at NAWQA undeveloped sites are low in relation
to other NAWQA sites and provide an adequate comparison to
more developed agricultural and urban conditions.

Nutrient conditions associated with different natural
vegetation were investigated by dividing the NAWQA unde-
veloped sites according to predominant land cover: forest or
rangeland (16B). Distributions for nitrogen constituents are
similar, but orthophosphate and total phosphorus are greater
at sites in rangeland areas. Phosphorus can have substantial
geologic sources and is readily transported with sediment. The
relation between total phosphorus and suspended-sediment
concentrations at undeveloped sites is plotted in figure 17.
Rangeland sites generally have higher sediment concentra-
tions, probably because they occur in areas where erosion
potential is greater, due to slope, soil type, and climate. This
phenomenon has been specifically noted in the Yellowstone
Basin study unit (Peterson and others, 2004). Phosphorus
attached to sediment particles results in higher phosphorus
concentrations in areas with higher suspended-sediment con-
centrations. In forested watersheds, erosion potential typically
is less than in rangeland areas; therefore, sediment and total
phosphorus concentrations are generally lower at forest sites
than at rangeland sites.

Distributions of annual nutrient yields from the NAWQA
undeveloped watersheds are shown in figure 18. Compared to
concentrations, median yields are more similar to background
values reported by Clark and others (2000). Background yields
were estimated as the median of mean annual yields from
more than 60 watersheds in areas where anthropogenic effects
are minimal. Yield is determined by annual streamflow as well
as mean concentration, so sites that have a high concentration
might not have a high yield if streamflow is low. This is the
case for most undeveloped sites that had the highest concen-
trations of total nitrogen and total phosphorus. Of the 16 sites
plotted higher than the 90th percentile for total nitrogen or
total phosphorus in figure 16A, 14 are located in arid to semi-
arid regions where mean annual runoff is less than 20 centime-
ters. The distributions of yield at these 14 sites were low rela-
tive to concentration; only 4 of these sites were plotted higher
than the 90th percentile in figure 18, and 4 were lower than
the 10th percentile. This result reinforces the conclusion that
NAWQA undeveloped sites provide an adequate comparison
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to agricultural and urban sites, even in regions where nutrient
concentrations at undeveloped sites might be elevated.

In 1998, the USEPA presented a strategy for determina-
tion of national nutrient criteria (U.S. Environmental Protec-
tion Agency, 1998). Regions expected to have similar naturally
occurring nutrient conditions were defined as aggregations of
USEPA level-III ecoregions (fig. 19). Nitrogen and phospho-
rus criteria recommended within these nutrient ecoregions are
meant to assist States in setting region-specific water-quality
standards. The recommended criteria are intended to “iden-
tify baseline conditions of surface waters that are minimally
impacted by human activities” (U.S. Environmental Protection
Agency, 2000). These criteria are proposed to be a starting
point for determining concentration limits needed to protect
aquatic life and water use on a site-specific or subregional
basis. In figure 20, flow-weighted annual mean concentrations
of total nitrogen and total phosphorus at NAWQA undevel-
oped sites are compared to the USEPA criteria for aggregate
nutrient ecoregion (U.S. Environmental Protection Agency,
2002b). Although the number of NAWQA sites per ecoregion
is small, there appear to be differences in the distributions of
concentrations among ecoregions for total nitrogen and total
phosphorus. Thus, data from these sites provides evidence of
the need for regional nutrient criteria. However, the major-
ity of the concentrations are greater than the USEPA criteria
for both nutrient constituents in almost every ecoregion. The
primary exception is total nitrogen in ecoregion 9, where con-
centrations at all sites are less than the criterion. In ecoregions
2 and 3, the flow-weighted mean annual concentrations of
total nitrogen and phosphorus at practically every site exceed
USEPA criteria. For total phosphorus, even the national
background concentration (0.022 mg/L, from Clark and
others, 2000) exceeds the USEPA criteria for some nutrient
ecoregions. Overall, the USEPA criteria for total nitrogen were
exceeded by the observed flow-weighted annual mean concen-
tration at 72 percent of NAWQA undeveloped sites, and the
criteria for total phosphorus were exceeded at 89 percent of
these sites. Both criteria are exceeded more extensively at sites
with more anthropogenic development in the upstream water-
shed. For sites classified as Agricultural, Urban, or Mixed land
use (see “Ancillary Data” section of this report), exceedance
of the nitrogen criteria was 96 percent and exceedance of the
phosphorus criteria was 97 percent. Concentrations of both
constituents were less than criteria at only one of these sites.
Thus, it would appear difficult to meet the USEPA criteria at
sites that have even a modest degree of upstream development.

Relation of Nutrient Concentration, Yield, and
Load to Sources in the Watershed

Correlation analysis was used to investigate the relation
between nutrient constituents and a variety of characteristics
that represent nutrient sources in the upstream watershed.
Nonpoint-source nutrient inputs include farm and urban

fertilizer application, manure accumulation from livestock,
and atmospheric deposition, as described previously in the
“Ancillary Data” section of this report. Point-source and septic
inputs were not available in a consistent, national data set,

so population data were used as a surrogate. The population
data were derived from a 100-meter-resolution grid of census
block groups and population counts (Price, 2003) based on

the 1990 Census of Population and Housing (U.S. Bureau

of the Census, 1991). Geologic sources of phosphorus also
could not be adequately estimated on a national scale. The
primary transport mechanism of phosphorus from this source
to streams and rivers is erosion, so the potential for erosion
within each watershed was used as a surrogate for a possible
source of particulate phosphorus. Potential erosion was
determined by using the Revised Universal Soil Loss Equation
(U.S. Department of Agriculture, 1997).

Correlations were tested using Spearman coefficients,
which evaluate monotonic though not necessarily linear
relations between two variables. Results are listed in table 3.
For comparison, this table also includes coefficients for
correlations between nutrients and land use. The strongest
correlations were between nutrient loads and nonpoint-
source input mass. The correlation coefficients (rho) for all
constituents equal or exceed 0.83, indicating that at least
69 percent (100x0.832) of the variation in nutrient loads can
be explained by variation in input. The correlations are high
probably in part because of the large range in watershed area.
Very large watersheds normally have much larger inputs
and outflow loads than very small watersheds. Still, these
coefficients indicate a good relation between nonpoint-source
nutrient inputs and nutrient outflow loads in a wide variety
of streams and rivers. The best correlations with nutrient
concentrations and yields were for nutrient input rates (rho
=0.43 to 0.70) or percent undeveloped land (rho = -0.49 to
-0.73). Coefficients for the relation between input rate and
outflow yield were not quite as high as those between input
mass and outflow load. Variations in input rates explain only
about 22-45 percent of the variations in yield. However, input
rates and yields are normalized to watershed area, so the range
in size that might be contributing to the high correlations
between input mass and outflow load has no effect on the
correlations between input and yield.

Correlations between concentration or yield and non-
point-source input rates were better for nitrate and total nitro-
gen (rho = 0.66 to 0.70) than for ammonia, orthophosphate,
and total phosphorus (rtho = 0.43 to 0.58). Urban sources,
such as wastewater discharge, septic systems, and stormwater
runoff, which can be important sources of ammonia and ortho-
phosphate, are not included in the estimated nonpoint inputs.
Correlation between yield and population density, a surrogate
for urban sources, was highest for ammonia (rho = 0.49) and
was approximately equivalent for all other nutrients (rho =
0.38 to 0.45). Correlations between loads and total popula-
tion had a similar pattern. Thus, these population variables
represent urban sources equally well for all nutrients though,
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EXPLANATION

U.S. Environmental Protection Agency nutrient ecoregions
1-Willamette and Central Valleys

2-Western Forested Mountains

3-Xeric West

4-Great Plains Grass and Shrubland

5-South Central Cultivated Great Plains

6-Corn Belt and Northern Great Plains

7-Mostly Glaciated Dairy Region

8-Nutrient-Poor, Largely Glaciated Upper Midwest and Northeast
9-Southeastern Temperate Forested Plains and Hills
10-Texas—Louisiana Coastal and Mississippi Alluvial Plains
11-Central and Eastern Forested Uplands

12-Southern Coastal Plain

13-Southern Florida Coastal Plain

14-Eastern Coastal Plain

LR

Figure 19. Nutrient ecoregions of the continental United States, as defined by the U.S. Environmental
Protection Agency (1998).
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Table 3.
selected characteristics of the upstream watersheds.
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Spearman correlation coefficients for modeled mean annual nutrient concentrations, yields, and loads with

[Conc, flow-weighted mean concentration; kg/km?, kilograms per square kilometer; kg, kilograms; --, not significant (p-value greater than 0.01);

values in bold type exceed 0.5]

Characteristic of the upstream Ammonia Nitrate Total nitrogen
watershed Conc  Yield  Load Conc  Yield  Load Conc  Yield  Load
Nonpoint-source input
Nitrogen input rate, kg/km? 0.53 0.47 0.16 0.68 0.66 0.37 0.70 0.67 0.28
Nitrogen input mass, kg 0.17 -- 0.83 0.22 -- 0.83 0.22 -- 0.89
Surrogates for other input
Population density, per km? 0.40 0.49 -- 0.36 0.45 0.16 0.30 0.44 --
Total population 0.22 - 0.73 0.15 -- 0.66 - -- 0.70
Erosion potential -- 0.26 -- 0.22 0.41 0.25 -- 0.37 0.17
Land use
Percent urban land 0.39 0.44 0.16 0.33 0.39 0.17 0.28 0.39 --
Percent agricultural land 0.46 0.36 0.20 0.62 0.57 0.42 0.64 0.58 0.34
Percent undeveloped land -0.63 -0.55 -- -0.68 -0.66 -0.23 -0.73 -0.70 -0.14
Characteristic of the upstream Orthophosphate Total phosphorus
watershed Conc Yield Load Conc Yield Load
Nonpoint-source input
Phosphorus input rate, kg/km? 0.53 0.58 0.22 0.43 0.49 0.15
Phosphorus input mass, kg 0.29 - 0.85 0.28 - 0.83
Surrogates for other input
Population density, per km? 0.20 0.38 -- 0.19 0.42 --
Total population 0.17 - 0.71 0.18 - 0.71
Erosion potential -- 0.37 0.15 -- 0.36 0.14
Land use
Percent urban land 0.21 0.36 -- 0.21 0.40 --
Percent agricultural land 0.49 0.52 0.25 0.40 0.42 0.19
Percent undeveloped land -0.53 -0.60 -- -0.49 -0.58 --

except for ammonia, their correlations with nutrient yield are
weaker than the correlations between yield and nonpoint-
source inputs.

In general, the correlations between total phosphorus and
the nonpoint-source or urban input variables are as weak as
or weaker than those for any other nutrients. In many streams,
particularly in arid and semiarid areas, suspended sediment is
a major transport mechanism for phosphorus, and the source
of phosphorus in sediment can be geologic rather than fertil-
izer or manure. Erosion potential was included as a surro-
gate for this source; however, the correlations between total
phosphorus and erosion potential were not strong and were
no better than the correlations for other nutrients. Thus, the
erosion-potential variable, as determined for this study, does
not provide an adequate surrogate for sources of particulate
phosphorus in streams and rivers.

Correlations between concentration or yield and nutri-
ent input rates are of similar magnitude but opposite sign to
correlations between concentration or yield and undeveloped

land. Numerically, undeveloped land is functioning as a sur-
rogate for lack of nutrient inputs. In fact, these two watershed
characteristics are highly correlated; the Spearman correlations
between undeveloped land use and nutrient input rate are -0.86
for nitrogen and -0.80 for phosphorus.

The relation between annual nutrient inputs and simu-
lated annual outflow loads of total nitrogen and total phos-
phorus are plotted for individual sampling sites in figure 21.
Different symbols are used for major land uses (undeveloped,
agricultural, and urban) and for large watersheds. Partially
developed and mixed land-use sites are not shown. The dashed
lines indicate nutrient retention in the watershed, assuming the
estimated nonpoint-source inputs and the simulated outflow
loads account for all nitrogen and phosphorus movement into
and out of the watershed. The stronger correlation between
inputs and outflow loads for nitrogen is obvious, but there is
a great deal of scatter in both plots. For many sites, primar-
ily in undeveloped and urban areas, apparent retention is less
than 50 percent; in some cases, outflow load exceeds input.
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Because this situation is not possible over the long term,

there must be a problem with either the simulated load or the
estimated input. For the urban sites, the most likely explana-
tion is that point sources or septic systems are contributing

a substantial amount of nutrients that are not included in the
input estimates. If all sources were accounted for, the urban
sites probably would show less scatter and more realistic
retention. For undeveloped watersheds with low retention, an
explanation is not so obvious. Many of these sites are in study
units in the Northwest (WILL, PUGT, NROK, and USNK;

fig. 1). Atmospheric deposition, the primary source of nitrogen
in many undeveloped watersheds, could be underestimated
throughout this region. Another possibility is that some region-
ally unique source of nutrients, such as salmon carcasses in
coastal streams, is not represented. Whatever the cause, esti-
mates of nonpoint-source nutrient input could be biased low
throughout this region.

For other sites plotted in figure 21, the apparent nutrient
retention in the watershed is greater than 95 percent. A large
number of these sites are in agricultural areas, where export of
nutrients in harvested crops likely is a substantial output that is
unaccounted for by the outflow load. Thus, the true retention
in the watershed is not as high as indicated on the plots. The
remaining sites with high retention are primarily in undevel-
oped areas or large watersheds. The common characteristic of
many of these sites is that they are located in semiarid range-
land areas of the Northern Plains, Southwest, or the inland
Northwest, where manure can be a major source of nutrient
input. In these watersheds, transport of nutrients to streams
can be severely limited, occurring primarily during the most
intense rainfall. Nutrients might accumulate for years and be
incorporated into plant material or, in the case of phosphorus,
attached to soil particles. Most of the agricultural sites with the
highest apparent retention also are in semiarid settings.

General differences in the relation of nutrient inputs and
outflow loads among land-use settings can be more easily
shown by plotting smoothed curves instead of individual sites.
The lines shown in figure 22 are locally weighted scatterplot
smooth (LOWESS) curves through the center of mass of the
data points for each land-use type. The difference between
agricultural and urban sites is most obvious. The slope of the
relation between input and outflow load is about the same, but
agricultural sites have a higher apparent retention than urban
sites. This pattern reiterates the underestimation of output
(harvest) at agricultural sites and the underestimation of input
(septic sources) at urban sites. The curves for sites in unde-
veloped areas and downstream from large watersheds show a
general pattern of low retention associated with low input and
high retention associated with high input. This pattern is more
exaggerated for phosphorus than for nitrogen. One influence
on this pattern could be regional differences, with high reten-
tion in more arid areas in the West and low retention, perhaps
in addition to underestimation of input, in the Northwest. The
upper range of nutrient inputs for sites in undeveloped areas
overlaps the lower range for sites downstream from large
watersheds. Within this overlapping range of inputs, outflow
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loads from large watersheds are much higher than loads from
undeveloped areas. The primary difference between sites in
these two categories is runoff. At the 20 large-watershed sites
with the lowest nutrient inputs, median runoff during NAWQA
sampling was about 58 centimeters per year, but at the 20
undeveloped sites with the highest inputs, median runoff
during NAWQA sampling was less than 8 centimeters per
year. In watersheds that have higher runoff, the potential for
transport of nutrients to streams is greater. Thus, the difference
in loads between these two groups of sites, which have similar
inputs, could be attributable to the differences in runoff.

Summary and Conclusions

Nutrient compounds of nitrogen and phosphorus were
investigated in streams and rivers sampled as part of the
U.S. Geological Survey National Water-Quality Assess-
ment (NAWQA) Program. Nutrient data were collected in 20
NAWOQA study units during 1992-95, 16 study units during
1996-98, and 15 study units during 1999-2001. To facilitate
comparisons among sampling sites with variable sampling
frequency, daily loads were determined by using regression
models that relate constituent transport to streamflow and
time. Model results were used to compute mean annual loads,
yields, and concentrations of ammonia, nitrate, total nitrogen,
orthophosphate, and total phosphorus, which were compared
among stream and river sampling sites.

The distribution of nutrients in streams and rivers across
the Nation can be described spatially and temporally. Geo-
graphic patterns in nutrient concentrations and yields and the
relation of land use to concentrations and yields provide the
framework to assess areas of potential concern. Seasonal vari-
ation in nitrogen and phosphorus concentrations can be used to
describe national and regional patterns. Variations in the dis-
tribution of nutrients in streams and rivers on a broad national
scale reflect differences in the sources of nutrient inputs to the
upstream watersheds plus watershed characteristics that affect
movement of those nutrients. Nutrient inputs are affected by
land use and include nonpoint sources of fertilizer, manure,
and atmospheric deposition plus point and nonpoint sources of
septic effluent. Movement of nutrients includes mobilization
of nonpoint-source inputs on the landscape and transport to
streams and rivers.

Nutrient concentrations and yields generally increase
with anthropogenic development in the watershed. Median
concentrations and yields for all constituents at sites down-
stream from undeveloped areas are less than at sites down-
stream from agricultural or urban areas. Concentrations of
total nitrogen are slightly elevated at some undeveloped sites
in areas of greater atmospheric nitrogen deposition. Total
phosphorus concentrations are high at some undeveloped
sites in the Southwest and Northern Plains where erosion is
a predominant transport process, contributing sediment and
attached phosphorus compounds to the streams. Geographic
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variation in concentrations of nitrogen and phosphorus at
undeveloped sites is evidence of the need for regional nutrient
criteria.

Concentrations of ammonia, orthophosphate, and total
phosphorus at agricultural and urban sites are not significantly
different; however, concentrations of nitrate and total nitrogen
are higher at agricultural sites than at urban sites. Total nitro-
gen concentrations at agricultural sites are higher in areas of
high nitrogen input or enhanced transport, such as irrigation or
artificial drainage that can move water rapidly from cropland
to streams. These areas include the Midwest, the Northern
Plains, and much of the Western United States. Concentra-
tions are lower in the Southeast, where more denitrification
can occur during transport of nitrogen compounds in shallow
ground water. Total phosphorus concentrations also are high
in urban areas but are not elevated to the same extent as total
nitrogen concentrations in agricultural areas. Some regional
differences are apparent. High concentrations of total phos-
phorus are relatively more common than high concentrations
of total nitrogen at urban sites through parts of the Southeast,
Southwest, and Hawaii. High concentrations of ammonia and
orthophosphate, which are common in septic effluent, are
more prevalent at sites downstream from wastewater-treatment
plants.

Total nitrogen concentrations at sites downstream from
large watersheds (in terms of area and streamflow) are higher
in Midwest agricultural areas and lower in the Western United
States, where agricultural and urban development is less exten-
sive. Total phosphorus concentrations at large sites are higher
in areas of greater potential erosion and low overall runoff.

Yields of total nitrogen and total phosphorus generally
correspond to patterns of input and streamflow. Yields at
undeveloped and large sites are typically low in the semiarid
to arid interior West, compared to more humid areas in the
Eastern United States and along the West Coast. However,
yields are moderate to high at agricultural sites in the interior
West, where streamflow is augmented by return flows from
irrigated areas.

Seasonal patterns in concentrations of total nitrogen
generally mirror seasonal patterns in streamflow in the Eastern
United States but are inverse to seasonal patterns in stream-
flow in the interior West. Total phosphorus concentrations
typically have the opposite regional relation. These regional
differences could be affected by differences in the mechanism
for mobilization and transport, which seems to favor move-
ment of nitrogen during high-flow seasons in the Eastern
United States and during low-flow seasons the interior West.
For phosphorus, transport is more associated with erosion,
which is more likely to occur during high-flow seasons and is
more common in the interior West than in the Eastern United
States.

To assist states in adopting water-quality standards, the
USEPA has developed regional nutrient criteria. These criteria
were compared to mean annual flow-weighted concentra-

References Cited an

tions of total nitrogen and total phosphorus for NAWQA sites
classified as agricultural, urban, or mixed land use. Criteria
for both constituents were exceeded at 96 to 97 percent of
these sites. At NAWQA undeveloped sites, exceedance of
the regional criteria was 72 percent for total nitrogen and 89
percent for total phosphorus. Thus, it would appear difficult
to meet the USEPA criteria at sites that have even a modest
degree of development upstream.

In addition to land use, other characteristics of the
upstream watershed can influence nutrient concentrations,
yields, and loads at stream and river sampling sites. The stron-
gest correlations were between nutrient loads and nonpoint-
source input mass. For all constituents the variation in input
mass explained at least 69 percent of the variation in outflow
loads. Correlations between nonpoint-source input rates and
outflow yields were not quite as good; variation in input
rates explained only about 22-45 percent of the variations in
nutrient yields. Correlations between input rates and outflow
concentration or yield were better for nitrate and total nitro-
gen than for ammonia, orthophosphate, and total phosphorus,
all three of which can be affected by sources that were not
included in the estimated inputs. For ammonia, the correla-
tion between yield and population density, a surrogate for
septic sources, was higher than the correlation between yield
and nitrogen input rate. The weakest correlations with input-
sources (or surrogates) were for total phosphorus.

Differences between annual nonpoint-source inputs and
simulated annual outflow loads of total nitrogen and total
phosphorus indicated an apparent retention of less than
50 percent in many urban areas. In contrast, the apparent
nutrient retention in many agricultural areas was greater than
95 percent. This pattern indicates an underestimation of nutri-
ent outflow at agricultural sites and an underestimation of
input at urban sites. Inclusion of nutrient output in crop harvest
could improve estimates at agricultural sites, and inclusion of
point-source inputs could improve estimates at urban sites.

Overall, the distributions of nutrient concentrations,
yields, and loads at stream and river sampling sites have dis-
tinct regional and seasonal patterns, but good general correla-
tion to land use and nonpoint-source inputs at a national scale.
Estimation of nutrient outflow, on the basis of these correla-
tions, likely could be improved if nationally consistent data
were available for additional watershed characteristics.
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