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An Alternative Regionalization Scheme for Defining
Nutrient Criteria for Rivers and Streams

By Dale M. Robertson, David A. Saad, and Ann M. Wieben

Abstract

To protect and manage rivers and streams
(hereafter, collectively referredto asstreams) inthe
United States, the U.S. Environmental Protection
Agency (USEPA) is establishing regionally based
nutrient criteriathat reflect the natural variability in
water quality. As abasic approach to establish
these criteria, the USEPA has divided the country
into nutrient ecoregions (delineated on the basis of
natural and anthropogenic factors) to minimize
variability within regions and maximize variability
among regions. The USEPA has allowed statesand
tribesflexibility to modify or improve on thisbasic
approach. As part of activities of aRegional Tech-
nical Assistance Group, whoseroleitistoexamine
and refine this basic approach, an aternative
regionalization scheme was developed for the
Upper Midwest. In this refined approach, the rela-
tive importance of various environmental charac-
teristics affecting nutrient concentrations are
determined by use of regression-tree analysis. The
areaisthen subdivided into relatively homoge-
neous areas called “environmental nutrient zones”
on the basis of distributions of only the most statis-
tically significant environmental characteristics.

On the basis of datafrom 234 sites, the most
statistically significant environmental characteris-
tics affecting nutrient concentrations were the per-
centage of agriculture (or absence of forest) and
factors describing the climate and geology in the
watershed. Environmental nutrient zoneswerethen
delineated that incorporated distributions in land
use (similar to the ecoregion approach) and also
delineated with land-use information excluded so
the criteria should reflect only the naturally occur-
ring variability in water quality. With the environ-
mental nutrient zone stratification scheme, the
variability in total phosphorus concentrations

among zones was reduced by approximately

50 percent compared to that among nutrient
ecoregions, whereas the variability in total
nitrogen concentrations was reduced only slightly.
Frequency distributions of data from each zone
werethen used to define the potential water quality
of each zone.

The environmental nutrient zone approach
can be applied to specific states or nutrient ecore-
gions and used to develop criteria as afunction of
stream type. This approach can also be applied on
the basis of environmental characteristics of the
watershed alone rather than the general environ-
mental characteristicsfrom theregioninwhich the
siteislocated. The environmental nutrient zone
approach will enable statesto refine the basic nutri-
ent criteria established by the USEPA by develop-
ing attainable criteria given the environmental
characteristics where the streams are located.

INTRODUCTION

High concentrations of nutrientsin surface waters
isnot anew problem, but it isamong the most persi stent
water-quality problemsin the Nation. According to the
U.S. Environmental Protection Agency (USEPA), 50
states, tribes, and other jurisdictions surveyed water-
quality conditionsin 19 percent of the Nation’s 3.6 mil-
lion miles of rivers and streams (hereafter, collectively
referred to as streams) and found nutrient enrichment to
be the second most significant cause of water-quality
impairment (U.S. Environmental Protection Agency,
1996). Excessive concentrations of nutrients can cause
nuisance levels of algae and aquatic vegetation, and
they have been linked to eutrophication of downstream
impoundments, outbreaks of Pfiesteria in several Gulf
and Mid-Atlantic states, and hypoxiain the Gulf of
Mexico. Under the recommendations of the Clean
Water Action Plan released in 1998, USEPA isimple-
menting a national strategy to devel op waterbody-spe-
cific nutrient criteria (U.S. Environmenta Protection

Abstract 1



Ecoregions from Omernick, 2000
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Figure 1. Fourteen nutrient ecoregions delineated for the U.S. Environmental Protection Agency National Nutrient Strategy.

Agency, 1998) for lakes and reservoirs, streams, wet-
lands, and estuaries; thisreport is concerned with those
criteriafor streams. Theintent of this strategy wasto set
out aplan for developing water-quality criteria protec-
tive of the uses designated for the surface waters of the
Nation. The most effective way to attain the water qual-
ity required for the designated uses of surface waters, is
to reduce the nutrient contributions due to human activ-
itiesrather than that from natural loadings. Thus, appro-
priate nutrient criteriawill not beidentical for al areas
of the Nation, but they will differ regionally and reflect
natural nutrient sources.

Factors such as land use, geology, climate, and
hydrology play significant rolesin water quality.
Because these factors vary greatly across the Nation,
regional nutrient criteria make sense scientificaly. Var-
ious frameworks have been used to divide the country
into areas of relatively similar environmental character-
isticsin order to minimize the natural variability in

water quality within these areas and maximize the dif-
ferences among areas. One such framework isthe
ecoregion scheme devel oped and refined by Omernik
(1987, 1995, and 2000). The ecoregion schemeisa
mapped classification system of “ecological regions’;
that is, regions with assumed rel ative homogeneity of
ecological characteristics. These regions were defined
on the basis of relative differencesin land use/land
cover, land-surface form, geology, physiography, cli-
mate, soils, potential natural vegetation, and other envi-
ronmental characteristics. The USEPA has taken the
initial step in developing regional nutrient criteriabased
on anational nutrient ecoregion map constructed by
combining Omernik’s 84 Level |11 ecoregionsinto 14
subdivisionsfor the conterminous United States (Omer-
nik, 2000; fig. 1).

The use of ecoregionsin devel oping regional nutri-
ent criteria has several inherent problems. First, the rel-
ative weighting of each environmental characteristicis

2 An Alternative Regionalization Scheme for Defining Nutrient Criteria for Rivers and Streams
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Figure 2. Nutrient ecoregions in the study area. (Black lines within nutrient ecoregions delineate Omernik’s Level Il

ecoregions.)

unknown and varies from boundary to boundary in an
unknown way. Therefore, divisions among ecoregions
can berather arbitrary, and differencesin water quality
among ecoregions can be difficult to attribute to any
specific environmental factor. In addition, because the
most important environmental characteristic used to
delineate the nutrient ecoregions may not be the pri-
mary factor affecting water quality, greater variationsin
water quality may occur within an ecoregion than
among ecoregions. Finaly, the USEPA has stated that,
to the extent possible, classification of environmental
characteristics should be restricted to those that are
intrinsic, or natural, and are not the result of human
activities (U.S. Environmental Protection Agency,
2000a). Nutrient criteriafor relatively homogeneous
areas should reflect differencesin water quality caused
by natural factors. Land use, however, was commonly
themost important characteristic in subdividing various
ecoregions. Differencesin land use wasthe primary fac-

tor used to subdivide the Upper Midwest part of the
United States in the 14-ecoregion scheme. Because of
theseinherent problemswith ecoregions, subdivision or
refinement of the basic delineation may be necessary in
some or al of them.

Purpose and Scope

The USEPA hasprovided itsadministrativeregions
flexibility to refine this approach by establishing
Regiona Technical Assistance Groups(RTAGSs), whose
roles are to evaluate and possibly refine the boundaries
of these relatively homogeneous areas and correspond-
ing nutrient criteria (U.S. Environmental Protection
Agency, 2000b). Aspart of RTAG efforts, the U.S. Geo-
logical Survey (USGS), in cooperation with the
USEPA, assessed and refined the basic nutrient ecore-
gion approach for the Upper Midwest area of the United
States (fig. 2). Thisreport describes the results of this

INTRODUCTION 3



Reference-site approach

The 75th percentile of a
measured constituent is
selected from a distribution
of reference sites (0.039 mg/L)

All-site approach

The 25th percentile of a
measured constituent is
selected from a distribution
of all sites (0.037 mg/L)

— Reference-site — All-site
distribution distribution
25% | | 75%
Better water quality » \Worse water quality
0 0.01 0.020 0.030 0.040 0.050 0.060 0.070  0.080  0.090

Total phosphorus, in milligrams per liter (mg/L)

Figure 3. Reference-condition approach for selection of nutrient criteria on the basis of the frequency distribution of water
quality for an entire data set (25th percentile of all sites) and that for reference streams (75th percentile of reference sites).
(Total phosphorus is shown as an example. The final criteria could be between 0.037 and 0.039 milligrams per liter, if a

combination of these two approaches is used.)

effort and describes an alternative regionalization
scheme devel oped by use of regression-tree analyses
and a geographic information system (GIS). Various
modifications to the method are also presented that
would enable statesor USEPA administrativeregionsto
apply the method at different geographic scales and
locations.

Establishing Specific Nutrient Criteria

The primary factorsthat determinethe productivity
of streams are nutrient concentrations (usually phos-
phorus and nitrogen), light availability, and flow regime
(sufficient time to respond to nutrient concentrations).
Four variables have been chosen to define specific
nutrient criteria: two causal variables, total phosphorus
and total nitrogen concentrations; and two response
variables, chlorophyll a concentrations and a measure
of turbidity. In thisreport, the causal variables, concen-

trations of total phosphorus and total nitrogen are exam-
ined.

Several approaches have been suggested to define
guantitative nutrient criteria after relatively homoge-
nous geographic areas are chosen. The basic approach
currently used by the USEPA to define criteriainvolves
assigning a concentration value to reference streams
from each specific area; in other words, the conditions
that are attainable given the geographic location of the
site (U.S. Environmental Protection Agency, 2000b).
This concentration value can be defined from the fre-
guency distribution of all available data for each area.
(On anational basis, these data have been obtained pri-
marily from USEPA Storage and Retrieval, STORET,
database plus data from other sources including the
USGS, universities, etc.) The lower 25th percentile of
all the data has been suggested as representing this ref-
erence, or minimally impacted, condition (fig. 3).
Another statistical approach to define reference condi-

4 An Alternative Regionalization Scheme for Defining Nutrient Criteria for Rivers and Streams



tionsisto choose the upper 75th percentile of a subset
of streams thought to be the least impacted streams for
adefined area (fig. 3). The final criteria could be
between these two concentrations, if a combination of
these two approaches is used. States or tribes aso may
consider analyzing stream data based on designated-use
classifications. Using this approach, frequency distribu-
tions for specific designated uses could be examined
and criteria proposed based on maintenance of high-
guality streams that are representative of each desig-
nated use (U.S. Environmental Protection Agency,
2000b).

An dternative approach to define the nutrient crite-
riaisto base them on nutrient concentrati ons associated
with specific thresholds of agal productivity found in
previous studies (U.S. Environmental Protection
Agency, 2000b). In most studies, however, productivity
thresholds were at very low nutrient concentrations,
lower than those that occur naturally in many areas.
Another approach isto base the criteria on the response
variables (chlorophyll a concentrations or turbidity).

Whatever approach is used, the final criteria must
be stringent enough to protect not only the specific site
but also downstream waters.

APPROACH, DATA, AND STUDY
METHODS

To evauate the basic nutrient ecoregion classifica-
tion scheme and understand the rel ation between water-
quality and watershed characteristics, areliable set of
water-quality datawas needed with corresponding envi-
ronmental-characteristic information for each site. Use
of the vast body of historically collected water-quality
datais appealing; however, the data represent samples
collected in many different waysand for many different
reasons. The quality of some of these datais suspect,
and exactly what these data represent is difficult or
impossible to ascertain without a detailed evaluation.
Therefore, a database was established with data from
234 sites, all of whichwere sampled for defined reasons
by means of acceptable techniques. For each site, the
watershed was delineated and the environmental char-
acteristics were determined by use of aGIS.

Correlations, stepwise linear regressions, and
regression-tree analyses (including and excluding land-
use variables) were used to determine the most statisti-
cally significant environmental characteristicsaffecting
nutrient (phosphorus and nitrogen) concentrationsin
the Upper Midwest. Results of the regression-tree anal-

yses, which included only the most statistically signifi-
cant environmental variablesaffecting total phosphorus
or nitrogen concentrations, were then used to subdivide
the Upper Midwest into discrete environmental nutrient
zones. Water-quality variability within the ecoregions
were compared with that within the environmental
nutrient zones to determine whether the refined
approach better defines the measured distribution in
water quality. For each environmental nutrient zone, a
range in possible nutrient criteriawere developed from
the 25th percentile of nutrient concentrations for all of
the streams in that zone and the 75th percentile of the
minimally impacted streams, on the basis of the per-
centage of agriculture in the watershed, from the nuitri-
ent zone. Asan example of how different criteriacan be
established for specific types of streams within a spe-
cific nutrient zone, the streams were subdivided on the
basisof how the land around the stream was being used.
Four groups were created on the basi s of the percentage
of agriculture in the watershed.

Water-Quality Data

Water-quality datafor thisanalysis were limited to
total phosphorus and total nitrogen concentrations mea-
sured in water samples collected from 234 streamsin
the study area during 1961-99. Concentrations of total
nitrogen were either measured directly or computed
from the sum of concentrations of individual nitrogen
species. Concentrations of total phosphorus were deter-
mined for al 234 streams, but total nitrogen could be
determined for only 152 streams. A summary of the
basic statistics for total phosphorus and total nitrogen
aregivenintable 1.

Of the 234 streams included in this study, 75
streams were sampled by the Illinois Environmental
Protection Agency (IEPA) between 1980 and 1995; 48
streams were sampled by the Wisconsin Department of
Natural Resources (WDNR) between 1961 and 1998;
and 111 streams were sampled by the USGS between
1964 and 1999. Of those sampled by the USGS, 74
streams were sampled from 11 study unitsin the
National Water-Quality Assessment (NAWQA) pro-
gram (Hirsch and others, 1988) between 1992 and 1999;
15 streams that are part of the Upper Mississippi River
System study (U.S. Geological Survey, 1999) were
sampled between 1973 and 1998; 7 streams in Wiscon-
sin and Minnesota were sampled from 1997 to 1999 as
part of a study of the St. Croix River Watershed

APPROACH, DATA, AND STUDY METHODS 5



Table 1. Summary statistics for water-quality constituents and environmental characteristics of the watersheds of 234 sites
sampled in the Upper Midwest, 1961—-99
[°F, degrees Fahrenheit; ft, feet; K¢, K factor; in/hr, inches per hour; in/yr, inches per year; mg/L, milligrams per liter; mi2, square miles; %, percent]

Constituent or characteristic Abbreviation Units Number Mean i;?:t?;g Maximum Median Minimum

Water-quality constituents

Total phosphorus Tota P mg/L 234 0.17 0.25 2.16 0.11 0.01

Total nitrogen Total N mg/L 152 3.61 3.08 13.18 2.26 .34
Basin characteristics

Area Area mi2 234 429.8 1,032.4 11,628.9 157.5 15

Runoff Roff infyr 234 10.28 5.01 40.00 9.00 .30
Climatic characteristics

Precipitation Prec infyr 234 35.6 53 55.0 37.0 175

Air temperature Temp oF 234 48.1 4.6 56.3 48.8 385

L and-use characteristics

Urban Urbn % 234 5.7 14.8 96.1 12 .0
Agriculture Agri % 234 704 28.6 99.7 83.2 .0
Rangeland Rang % 234 A 7 10.1 .0 .0
Forest Fors % 234 20.2 25.0 99.3 8.0 .0
Water Watr % 234 .6 15 131 2 .0
Forested wetland Fwet % 234 1.7 4.3 33.6 .0 .0
Nonforested wetland Nwet % 234 .6 17 15.6 .0 .0
Barren land Barr % 234 7 25 285 1 .0
Surficial-deposit characteristics
Coarse-grained stratified sediments Coar % 234 118 17.9 100.0 4.2 .0
Fine-grained stratified sediments Fine % 234 3.2 9.6 90.0 .0 .0
Till Till % 234 64.2 36.7 100.0 815 .0
Patchy Quaternary sediments Patc % 234 2.3 10.9 100.0 .0 .0
Exposed bedrock or nonglacial sediments Xbed % 234 18.2 36.1 100.0 .0 .0
Organic-rich sediments Orga % 234 2 13 14.9 .0 .0
Thickness (depth to bedrock) Dbed ft 234 92.0 79.2 427.7 63.8 25.0
Soil char acteristics
Clay content Clay % 234 24.1 75 419 25.7 32
Erodibility factor Kt 234 31 .06 42 .32 A3
Organic-matter content Omat % 234 2.74 351 27.03 1.27 .23
Permeability Perm in/hr 234 2.22 1.83 11.39 1.58 A1
Soil slope Slop % 234 6.90 6.42 45,52 4.88 .64
Principal aquifer types
Sandstone Sdst % 234 49.2 44.6 100.0 439 0
Carbonate Carb % 234 18.0 35.3 100.0 .0 .0
Sandstone and carbonate Ssch % 234 5.8 17.6 100.0 0 0
No principal aquifer Noag % 234 27.0 374 100.0 .0 .0

6  An Alternative Regionalization Scheme for Defining Nutrient Criteria for Rivers and Streams
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mmm lllinois Environmental Protection Agency

1 Kanawha-New River Basins NAWQA study

mmm Lake Erie-Lake St. Claire Drainages NAWQA study

mmm Lower lllinois River Basin NAWQA study
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1 U.S. Geological Survey Upper Mississippi River System study
— U.S. Geological Survey St. Croix River study

mm Western Lake Michigan Drainages NAWQA study

1 White River Basin NAWQA study

—1 Wisconsin Department of Natural Resources

Study-area boundary

\ Base from USGS digital line graphs

Figure 4. Watersheds of streams included in study, by sampling agency. (Sites from the U.S. Geological Survey National Water-
Quality Assessment (NAWQA) program are shown by the study unit that did the sampling.)

(Bernard Lenz, U.S. Geological Survey, written com-
mun., 2000); and 15 streams were sampled as part of
USGS Wisconsin District cooperative projects with the
WDNR. The watersheds of the 234 streams are shown
infigure 4.

Historical IEPA water-quality data were retrieved
from the USGS Nationa Water Information System
(NWIYS) database maintained by the USGS, Illinois Dis-

trict. WDNR data were retrieved from the USEPA
STORET database. USGS water-quality data collected
aspart of the NAWQA program wereretrieved from the
NAWQA Water-Quality Data Warehouse (U.S. Geol og-
ical Survey, 2000a). Data from the Upper Mississippi
River System study were retrieved from the Upper Mis-
sissippi Basin Loading database (U.S. Geological Sur-
vey, 2000b). Datafrom the St. Croix River study were

APPROACH, DATA, AND STUDY METHODS 7



obtained from Bernard Lenz (U.S. Geological Survey,
written commun., 2000).

Environmental-Characteristic Data

Environmental characteristics that were thought to
affect or berelated to nutrient concentrationsin streams
of the Upper Midwest were compiled for thisstudy. The
environmenta characteristics include watershed area,
runoff, climate (annual air temperature and precipita-
tion), land-use types, surficial-deposit types and thick-
ness, soil characteristics, and principal aguifer types.
All characteristics were compiled in digital form by use
of aGIS. A summary of the environmental characteris-
ticsfor all of the watersheds used in this study is given
in table 1. (Environmental characteristics for each
watershed are provided in appendix 1.) The source of
the data and method of compilation for each character-
istic are described bel ow.

Watershed Boundaries and Areas. Watershed bound-
aries for the 234 streams (fig. 4) were obtained from
several sources and delineated by means of various
methods. Watersheds of the IEPA and USGS St. Croix
River studies were manually digitized on the basis of
known or published sampling-location information
(Ilinois Environmental Protection Agency, 1996;
Bernard Lenz, U.S. Geological Survey, written com-
mun., 2000). Watershed boundaries for these two stud-
ieswereinitially based on a 1:100,000-scale digital
coverage of the USGS Hydrologic Unit maps (Seaber
and others, 1984) and refined with digital RF3 stream
coverages (U.S. Environmental Protection Agency,
2000c). Watershed boundaries of the USGS Upper Mis-
sissippi River System study were obtained from the
USGS Upper Midwest Environmental Sciences Center
(Hank DeHaan, U.S. Geological Survey, written com-
mun., 2000) and refined to sampling locations with
1:100,000-scale digital stream coverages from the
National Hydrography Dataset (U.S. Geological Sur-
vey, 2000c). Watershed boundaries of the NAWQA
studies were delineated from 1:24,000-scale USGS
topographic quadrangle maps. The WDNR watersheds
of the Montreal, Oconto, and Peshtigo Rivers were
compiled froma1:100,000-scaledigital coverage of the
USGS Hydrologic Unit maps. The watersheds of the
remaining WDNR and USGS sites were digitized as
part of an earlier study and were obtained directly from

the WDNR (Gregory Searle, Wisconsin Department of
Natural Resources, written commun., 1999).

Runoff. Runoff data (fig. 5) were obtained from a digi-
tal linear coverage of average annual runoff (inches per
year) for the conterminous United States for the years
195180 (Gebert and others, 1987). Originally, this
coverage was prepared to represent the runoff of tribu-
tary streams rather than major streams, to link small-
scale variations in runoff with precipitation, and to
show other geographical characteristics. A runoff value
for each watershed was estimated by the line of equal
runoff closest to the center of the watershed. If the cen-
ter of awatershed fell between two lines, the average of
those two values was used for that watershed.

Climate. Climatic characteristicsincluded in this study
were air temperature and precipitation. Average annual
air temperature data (fig. 6) were obtained as a digital
coverage from data compiled by the National Climatic
Data Center (U.S. Geological Survey, 2000d). The dig-
ital coverageisgeneralized and wasintended to display
air temperaturesin the USGS Nationa Water Summary
reports. The digital coverage was intersected with
watershed boundaries, and an area-weighted average
mean annual temperature for each watershed was com-
puted.

Precipitation data (fig. 7) were obtained asadigital
coverage from the PRISM (Parameter-elevation
Regressions on Independent Slopes Model) of the Cli-
mate Mapping Program (Oregon Climate Service,
2000). Area-weighted averagetotal annual precipitation
(inches per year) for each watershed was computed.

Land Use. Land-use/land-cover information for the
study area was summarized from high-altitude aerial
photographs compiled by the USGS (Feagusand others,
1983). This information was manually interpreted on
the basis of the land-use classification of Anderson and
others (1976). Land-use/land-cover maps at 1:250,000-
scale were produced from the interpreted data and digi-
tized into aGIS (U.S. Geological Survey, 2000e). An
example of land-use/land-cover data for part of the
study area (Illinois) is shown in figure 8. Land use/land
cover for watersheds of the NAWQA, St. Croix River,
and Upper Mississippi River System studies were
updated with urban population information obtained
from the 1990 census (Hitt, 1994). Percentages of the
land-use types in each watershed were computed and
represent the following Anderson’s Level | categories

8  An Alternative Regionalization Scheme for Defining Nutrient Criteria for Rivers and Streams
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Figure 5. Total annual runoff in the study area.
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(Anderson and others, 1976): urban, agriculture, range-
land, forest, water, wetland (further subdivided into for-
ested and nonforested categories), and barren land.

Surficial Deposits. Surficial-deposit type and thickness
were compiled from adigital coverage of Quaternary
sediments for the glaciated United States east of the
Rocky Mountains (Soller and Packard, 1998). The per-
centage of thefollowing Quaternary sediment typeswas
computed for each watershed: coarse-grained sedi-
ments, fine-grained sediments, till, patchy Quaternary
sediments, organic-rich sediments, and exposed bed-
rock or nonglacial sediments (fig. 9). Quaternary sedi-
ment thickness (depth to bedrock) is described in this
digital coverage by ranges. Those ranges were general-
ized (fig. 10) by assigning asinglethicknessequal tothe
average of the range of values. An area-weighted aver-
age depth to bedrock was computed for each watershed
by use of these averaged values.

Soil Characteristics. Soil-characteristic datawere com-
piled from the USSOIL S digital coverage of the State
Soil Geographic (STATSGO) database (Schwarz and
Alexander, 1995; U.S. Geological Survey, 2000f). Soil
characteristics summarized were clay content (percent-
age of soil less than 2 micrometersin size; fig. 11),
organic-matter content (percentage by weight, fig. 12),
soil erodibility factor (Ky; fig. 13), permeability rates
(inches per hour; fig. 14), and slope (percent; fig. 15).
Soil characteristics were computed as area-weighted
averages for each watershed.

Principal Aquifer Type. Principal aquifer types under-
lying the study area were identified from a digital cov-
erage of the principal aquifers of the 48 contiguous
states (Miller, 1998; U.S. Geological Survey, 20009)
(fig. 16). The most common principal aquifer typesin
the study area are sandstone, carbonate, and sandstone
and carbonate aquifers. Parts of the study area are not
underlain by aprincipal aquifer. The percentage of each
principal aquifer type or area not underlain by a princi-
pa aquifer was computed for each watershed.

Data Summaries and Statistical Methods

Water-Quality Data. One of the selection reguirements
for each of the 234 sites used in this study was at least

15 total phosphorus samples collected over a period of
morethan 1 year. The number of water-quality samples

collected from each site was highly variable, and the
period of record ranged from 2 years to decades. The
number of samples collected in any given period was
also variable. Therefore, to obtain representative statis-
tical summaries that were not biased by intensively
sampled periods, the data were subsampled to monthly
intervals. For each site, only one sample per constituent
per month per year was used. The sampleincluded in
statistical summaries was the one collected closest to
the middle of the month. All data reported at less than
the detection limit were set to the detection limit.
Median values of all midmonthly concentrations of total
phosphorus and total nitrogen for each site are givenin
appendix 2. The median concentrations were log trans-
formed and used in all subsequent statistical analyses
(correlations, stepwise regressions, and regression-tree
analyses). Log transformation improved the normality
of the dependent variables (concentration data)
although not always below the 5-percent critical level.

Correlations and Regressions. To determine linear
relations between each water-quality characteristic and
the environmental factors, Pearson correlation analyses
were done, followed by forward stepwise-regression
analyses. Correlation analyses were used to describe
how much of thelinear variability in each water-quality
characteristic was explained by each environmental fac-
tor. Forward stepwise-regression analyses (with a5-per-
cent critical level for entry) werethen used to determine
the direction and magnitude of the interaction between
several environmental factors and individual water-
quality characteristics, as well as to determine the best
multivariate relation to predict total phosphorus and
total nitrogen concentrations at a specific site asafunc-
tion of the environmental characteristicsin its water-
shed. Forward stepwiseregressionswere also donewith
land-use characteristics excluded from the environmen-
tal factors to determine which natural environmental
variables could best describe the distribution of total
phosphorus and total nitrogen.

In addition, correlation analyses were used to
describe the relation among environmental factors.
Sometimes one environmental variable was strongly
correlated with one or more other environmental fac-
tors, making the actual factor causing variationsin
water quality difficult to ascertain. For example, the
percentage of forest was highly (and negatively) corre-
lated to the percentage of agriculture. Understanding
the relations among environmental factorsisimportant

APPROACH, DATA, AND STUDY METHODS 11
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Figure 11. Soil clay content in the study area (gradations represent quantile distributions).
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Figure 12. Soil organic-matter content in the study area (gradations represent quantile distributions).
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Figure 13. Soil erodibility in the study area (gradations represent quantile distributions).
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Figure 14. Soil permeability in the study area (gradations represent quantile distributions).
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Figure 15. Soil slope in the study area (gradations represent quantile distributions).
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to understanding the rel ations between nutrient con-
centrations and environmental factors.

The SAS dtatistical software package (SAS Insti-
tute, 1989) was used for all statistical summaries, corre-
lations, and linear regressions.

Regression-Tree Analysis. Regression-tree analysis
(Breiman and others, 1984), like forward stepwise
regression, is a statistical technique used to explore the
relations between a single dependent variable and sev-
eral independent variables. However, instead of trying to
fitasingleregressionto alarge multivariate data set, one
can use this method to divide the dependent datainto
groups with similar statistical relations. The method
involves repeated partitioning of a data set into sub-
groups based on regressions between the dependent
variable (for example, total phosphorus concentrations)
and one independent variable (for example, percentage
agriculture) at atime. A causal relation between the
dependent variable and the independent variablesis
assumed. The partitioning of the data results in smaller
and smaller subgroups and graphically resembles the
branchesof atree. The choice of independent variablein
the regression that resultsin a“branching” of thedatais
guided by aleast-squares-error criterion. The value of
the independent variable at which the data are parti-
tioned isthe one that minimizesthe total sum of squared
residuals of each resulting subgroup. Branching contin-
ues until the number of observationsin each subgroupis
small or the total sum of squared residualsis small.

In this study, regression-tree analyses were used to
separate the sitesinto groups based on rel ations between
median total phosphorus or median total nitrogen con-
centrations and environmental characteristics of the
watershed, except watershed area. Watershed areawas
not chosen as an environmental characteristic because it
would not enable large areas of relatively similar envi-
ronmental characteristicsto be defined. Regression-tree
analyses were done with all environmental information
and with the land-use characteristics excluded to deter-
mine which natural environmental characteristics were
most statistically significant in describing the distribu-
tion of total phosphorus or total nitrogen. Regression-
tree analyses were performed by use of the computer
program S-PLUS (MathSoft, 1999).

Comparison of Variability Among Classification
Schemes. To determine whether the environmental
nutrient zones with relatively similar environmental
characteristics defined by the regression-tree analyses

had less variance in water quality than that found by use
of the nutrient ecoregions, the weighted mean coeffi-
cient of variation (MCV) was computed with equation 1
for each scheme, and the percentage of reduction in the
MCV was computed. MCV's were computed from
water-quality datafor all of the sitesin the defined areas
(nutrient ecoregions and environmental nutrient zones)
and also for each group as defined directly from regres-
sion-tree results (based on individual watershed charac-

teristics).
2
MCV = /ZJ—H\& xn), 1)
cV = StIZev’
X
where

Ccv is the coefficient of variation of each
group (or area),

n is the number of observationsin each
group,
N is the total number of observationsin all

of the groups,
SDev isthe standard deviation of each group, and
X is the mean concentration of each group.

DEVELOPMENT OF NUTRIENT ZONES—
AN ALTERNATIVE REGIONALIZATION
SCHEME

Distribution of Nutrient Concentrations

Median, midmonthly total phosphorus concentra-
tions ranged from 0.01 to 2.16 mg/L. The overall mean
and median of these concentrationswere 0.17 and
0.11 mg/L, respectively (table 1). High concentrations
were found throughout the study area, especialy in Illi-
nois, lowa, and southeastern Wisconsin (fig. 17). The
lowest concentrations were found in northern areas of
Wisconsin and Minnesota, and along the eastern edge of
the study area.

Median, midmonthly total nitrogen concentra-
tionsranged from 0.34 to 13.18 mg/L. The overall mean
and median of these concentrations were 3.61 and
2.26 mg/L, respectively (table 1). The highest total
nitrogen concentrations were generally found through-
out the central part of the study area (fig. 18). The
lowest concentrations were found in northern areas of
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Figure 17. Median, midmonthly total phosphorus concentrations for study sites (gradations represent quantile distributions).
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Figure 18. Median, midmonthly total nitrogen concentrations for study sites (gradations represent quantile distributions).
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Minnesotaand Wisconsin, and along the eastern edge of
the study area. Total nitrogen could not be estimated for
many sites in Wisconsin because water samples from
most of these sites were analyzed only for dissolved
nitrate.

Most Statistically Significant Environmental
Factors

Correlation Results. Pearson correlation coefficients
(r values) between nutrient concentrations (total phos-
phorus and total nitrogen) and each environmental fac-
tor are shown in table 2. Nutrient concentrations were
significantly correlated with most environmental vari-
ables; however, they were most strongly correlated with
factors describing the land use (percentages of forest
and agriculture) and surficial deposits or soil in the
watershed (percentage of till, percentage of clay, erod-
ibility, permeability, and soil slope), and runoff fromthe
watershed.

Total phosphorus concentrations were most
strongly correl ated with the absence of forest or amount
of agriculture (percentage of forested area had a strong
inverserelation with percentage of agriculture; table 3),
percentage of till, and percentage of clay in the water-
shed. Total nitrogen concentrations were most strongly
correlated with the absence of forest or presence of agri-
culture, percentage of till, and average soil slope of the
watershed. Tota nitrogen concentrations were more
highly correlated with land-use characteristics than
were total phosphorus concentrations, whereas total
phosphorus concentrations were more correlated with
soil characteristics than were total nitrogen concentra-
tions.

Stepwise-Regression Results. Forest cover, soil perme-
ability, and runoff were the three most significant vari-
ables contributing to the forward stepwise-regression
model for total phosphorus concentrations (table 4).
Collectively, these three variables, each highly corre-
lated with total phosphorus concentrations, explained
40 percent of the variability in concentration.

Forest cover, agriculture, and rangeland were the
three most significant variables contributing to the for-
ward stepwise-regression model for total nitrogen con-
centrations (table 4). Collectively, these three land-use
variables explained 57 percent of the variability in total
nitrogen concentrations. The percentage of rangeland
was not significantly correlated with total nitrogen con-

centrationsand only minimally improved the regression
model.

Forward stepwise-regression analyses were also
done with land-use characteristics excluded from the
environmenta factors to determine the most statisti-
cally significant natural environmental factors contrib-
uting to variability in water quality. Percentage of till,
percentage of clay in the soil, and runoff were the three
most statistically significant variablesin the total phos-
phorus model (table 4). Callectively, these three vari-
ables explained 39 percent of the variability in total
phosphorus concentrations. Each of these variableswas
highly correlated with total phosphorus concentrations.
The final model explained about the same amount of
variability in total phosphorus concentrations as the
three-parameter model including land-use characteris-
tics.

For total nitrogen concentrations, the percentage of
till, percentage of clay in the soil, and soil Slope were
the three most significant variables contributing to the
forward stepwise-regression model (table 4). Collec-
tively, these three variables explained 38 percent of the
variability. Each of these variables was highly corre-
lated with total nitrogen concentrations. The final
model explained much less of the variability in total
nitrogen concentrations than did the three-parameter
model that included land-use characteristics, which
demonstrates the importance of land use in explaining
the distribution of total nitrogen.

Regression-Tree Analysis Results. Regression-tree
analysis was used to subdivide the 234 sitesinto two
initial groups, then into four derivative groups on the
basis of relations between total phosphorus and all of
the environmental characteristics (fig. 19A). The per-
centage of forested areain the watershed was the inde-
pendent variable chosen for the first subdivision.
Forested land use is strongly correlated (negatively)
with agricultural land use (table 3); therefore, the per-
centage of agricultural land would probably have pro-
vided similar resultsif the percentage of forested land
had been removed from the analysis. The two groupsin
thefirst subdivision had watershedsthat were either less
than 30 percent forested (177 sites with amean concen-
tration of 0.21 mg/L) or greater than or equal to 30 per-
cent forested (57 sites with a mean concentration of
0.06 mg/L). Sites having less than 30 percent of their
watersheds forested were further subdivided into
group 1, those with soil clay content less than 26 per-
cent (70 siteswith amean concentration of 0.12 mg/L),
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Table 2. Pearson correlation coefficients between water-quality
constituents (total phosphorus and total nitrogen) and the environmental
characteristics of their respective watersheds. The r values are color
coded to help demonstrate the strength of the relations (red values
indicate | r | > 0.5, green indicate 0.5 > | r | > 0.4, and orange indicate

0.4>]|r|>0.3)

[All values greater than 0.15 or less than -0.15 were statistically significant at P < 0.05]

Environmental characteristic

Total phosphorus Total nitrogen

Area
Runoff

Precipitation

Air temperature

Urban

Agriculture
Rangeland

Forest

Forested wetland
Nonforested wetland

Barren land

Coarse-grained stratified sediments
Fine-grained stratified sediments

Till

Patchy Quaternary sediments

Exposed bedrock or nonglacial sediments

Organic-rich sediments

Percent clay
Erodibility
Organic-matter content
Permeability

Soil slope

Sandstone

Carbonate

Sandstone and carbonate
Depth to bedrock

Basin characteristics

-0.06 -0.07
-.40
Climatic characteristics
-.05 -.08
.25 .16
Land-use characteristics
A3 01
48 71
.05 -.09
-.55 -72
-.29 -.30
-.18 -.23
.06 -.07
Surficial-deposit characteristics
-.28 -14
A2 A1
47 52
-14 -.06
-45
-11 -.10
Soil characteristics
46
41
-24 -21
-43
-52
Principal aquifer types
.08 .01
.16 .28
=11 -.08
.03 .24
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Table 3. Pearson correlation coefficients between environmental characteristics for sites in the study
[All valuesin bold are stetistically significant at P < 0.05. All abbreviations are defined in table 1]

Area

Roff -0.10

Urbn -.10 -0.04

Agri  -05 -.44 -0.34

Rang 25 -15 -.04 0.05

Fors .04 55 -20 -.83 -0.06

Fwet .16 02 -12 -41 -04 0.33

Nwet 31 -23 -03 -20 .03 .07 043

Barr -.05 07 .13 -14 .04 -01 -.08 -0.03

Coar 09 -14 .02 -20 -01 .09 42 .36 -0.04

Fine -.05 00 .06 .15 -02 -18 -09 -06 .02 -0.03

Till 0l -34 14 53 .05 -66 -09 -.06 .02 -.23 -0.08

Patc 02 -01 -07 -11 -02 .16 11 -03 -06 -.08 -.07 -0.19

Xbed -.06 42 -14 -43 -04 62 -14 -11 02 -23 -14 -82 -0.05

Orga .03 00 -05 -25 -01 .25 34 27 -04 -02 -04 -09 10 0.04

Sdst -19 -02 -19 .08 -.01 .07 -22 -14 .09 -14 -03 -.09 -.05 .18 -0.03

Carb -04 -09 32 .10 -06 -28 -05 -11 .00 -11 -.06 .29 -04 -20 -07 -053

Ssch .04 39 -06 -10 -.03 19 -11 -11 -04 -13 -05 -18 -.03 28 -04 -20 -014

Dbed 21 -32 14 17 .02 -33 .04 34 -07 30 .01 .30 -15 -41 -09 -29 13 -0.11

Clay -04 -03 .20 .38 -02 -42 -51 -37 06 -56 .20 .36 -16 -08 -20 -10 .29 .19 -0.01

K -06 -02 .07 b3 .07 -52 -49 -42 .02 -53 .12 52 -09 -26 -26 .01 22 .01 -.07 0.70

Omat 09 -11 .08 -36 -05 .18 74 b5 -05 45 -06 .02 09 -27 41 -31 .05 -17 23 -47 -059

Perm 09 -03 -07 -35 -02 .33 .35 41 -05 71 -12 -47 -.03 .16 07 -03 -15 -05 16 -77 -82 043
Slop -.06 58 -08 -55 -.04 69 -09 -16 14 -15 -14 -67 .04 79 -.08 14 -19 34 -39 -08 -24 -21 013
Prec -.23 73 -07 -05 -22 19 -27 -46 12 -36 .02 .00 -.08 .20 -.08 24 -04 29 -36 .28 37 -40 -37 034
Temp -.16 27 .00 29 -08 -22 -45 -45 16 -42 .09 27 -23 -01 -17 32 -04 21 -22 57 62 -53 -55 .06 0.76

Table 4. Forward stepwise-regression models to explain variability in total
phosphorus and total nitrogen concentrations including and excluding land-use
characteristics in the analyses

[All regressions were on log-transformed nutrient data; r, correlation coefficient with independent
variable; Step R, coefficient of determination for one, two, and three variable models]

Independent variables

Dependent variables First variable Second variable Third variable
Land-use characteristics included
Total phosphorus Percent forest Permesbility Runoff
r=-0.55 r=-0.43 r=-0.38
StepR?=031  StepR?=0.37 Step R?=0.40
Total nitrogen Percent forest Percent agriculture  Percent rangeland
r=-0.72 r=0.71 r=-0.09
StepR2=052  StepR?=0.55 Step R?=0.57
Land-use characteristics excluded
Total phosphorus Percent till Percent clay Runoff
r=047 r=0.46 r=-0.38
StepR2=0.22  StepR?=0.32 Step R?2=0.39
Total nitrogen Percent till Percent clay Soil dlope
r=0.52 r=0.37 r=-0.52
StepR2=027  StepR?=0.32 Step R2=0.38
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Figure 19. Environmental phosphorus groups from regression-tree analysis (A) including all environmental characteristics and
(B) excluding land-use characteristics. (The numbers in brackets are the number of sites in each group. Color code for qualita-
tive concentration range is green (lowest) followed by yellow, orange, and red (highest).)
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or group 2, greater than or equal to 26 percent (107 sites
with amean concentration of 0.27 mg/L). Most group 1
sites were scattered throughout the central part of the
study area(shown later infig. 21). Group 2 sites had the
highest phosphorus concentrations and were generally
in the central and southern parts of the study areaandin
eastern Wisconsin. Sites with watersheds more than or
equal to 30 percent forested were further subdivided
into group 3, those with less than 12.3 in/yr of runoff
(32 sites with a mean concentration of 0.08 mg/L), or
group 4, more than or equal to 12.3 in/yr (25 sites with
amean concentration of 0.03mg/L). Groups3 and 4 had
the lowest average phosphorus concentrations in the
study area. Group 3 sites were mostly in central and
northern Wisconsin, and central Minnesota. Group 4
sites were primarily in northern Wisconsin, Upper
Michigan, and the extreme eastern part of the study
area.

A similar analysis excluding land-use characteris-
tics was done on the 234 sites to determine which natu-
ral environmental factors best explained the variability
in phosphorus concentrations (fig. 19B). The surficial-
deposit type, till, was then the independent variable
chosen for the first subdivision. The two groupsin the
first subdivision had siteswhere the percentage of till in
the watershed was less than 59 percent (83 siteswith a
mean concentration of 0.08 mg/L) or greater than or
equal to 59 percent (151 siteswith amean concentration
of 0.23 mg/L). The subgroup with less than 59 percent
till was further partitioned in group 1, those with runoff
lessthan 10.3 in/yr (52 sites with amean concentration
of 0.10 mg/L), or group 2, greater than or equal to
10.3 in/yr (31 sites with a mean concentration
0.04 mg/L). Group 1 sites were mainly in the Upper
Mississippi Watershed in Minnesota and Wisconsin.
Group 2 siteshad the lowest phosphorus concentrations
and were mainly in the southern part of the study area
and northern Wisconsin. The subgroup with till greater
than or equal to 59.2 percent wasfurther partitionedinto
group 3, those with the percentage of clay less than
26 percent (55 sites with a mean concentration of
0.13 mg/L), or group 4, greater than or equal to 26 per-
cent (96 siteswith amean concentration of 0.29 mg/L).
Group 3 sites had the second highest phosphorus con-
centrations and were scattered throughout the study
area. Group 4 sites had the highest phosphorus concen-
trations and were primarily in lllinois, lowa, northeast-
ern Missouri, eastern North Dakota, Ohio, and eastern
Wisconsin.

Regression-tree analyses with respect to nitrogen
were done similar to that for phosphorus, except that
total nitrogen data were available for only 152 of the
234 sites. The first independent variable chosen when
all the factors were used in the analysis was percentage
of forest in the watershed, asin the analysis for phos-
phorus concentration (fig. 20A). The sitesweredivided
in subgroups corresponding to those where the forested
land area was less than 9 percent (81 sites with amean
concentration of 5.47 mg/L) or greater than or equal to
9 percent (71 sites with a mean concentration of
1.48 mg/L). Sites with less than 9 percent of the water-
shed forested were further divided into group 1, those
with less than 30.1 in/yr of precipitation (9 siteswith a
mean concentration of 1.44 mg/L), or group 2, greater
than or equal to 30.1in/yr of precipitation (72 siteswith
amean concentration of 5.98 mg/L). Precipitation is
highly correlated with runoff; therefore, the differences
in these subareas also represent differences in runoff.
Group 1 siteswere primarily inthe northwest part of the
study area, in Minnesotaand North Dakota (shown later
infig. 21). Group 2 sites had the highest nitrogen con-
centrations and were throughout the central part of the
study area, from southeastern Minnesota through lowa
and northern lllinois and into western Ohio. Sites hav-
ing watersheds with more than or equal to 9 percent for-
est were further partitioned into group 3, those sites
with forested land use less than 33 percent of the total
area (39 siteswith amean concentration of 2.02 mg/L),
or group 4, greater than or equal to 33 percent of the
total area (32 sites with a mean concentration of
0.83 mg/L). Group 3 sites had the second highest total
nitrogen concentrations and were scattered throughout
the study area, most notably in southern Illinois and
Indiana, eastern Ohio, and southeastern Minnesota.
Group 4 sites had the lowest concentrations and were
primarily in extreme southern, eastern, and north-cen-
tral parts of the study area.

A similar analysis was done on the 152 sites
excluding land-use characteristics (fig. 20B). The first
independent variable chosen was soil slope. The sites
were separated into subgroups corresponding to those
where the average soil slope was less than 11 percent
(130 sites with a mean total nitrogen concentration of
4.08 mg/L) or greater than or equal to 11 percent
(22 sites with a mean concentration of 0.82 mg/L).
The subgroup with soil slopes less than 11 percent
was further partitioned into group 1, those with mean
annual air temperature less than 43°F (20 siteswith a
mean concentration of 1.11 mg/L), or group 2, greater
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Figure 20. Environmental nitrogen groups from regression-tree analysis (A) including all environmental characteristics and
(B) excluding land-use characteristics. (The numbers in brackets are the number of sites in each group. Color code for
gualitative concentration range is green (lowest) followed by yellow, orange, and red (highest).)
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than or equal to 43°F (110 sites with a mean concentra-
tion of 4.62 mg/L). Group 2 sites, which had the highest
nitrogen concentrations, werein the central part of the
study area. The subgroup with soil slopes greater than
or equal to 11 percent wasfurther partitioned into group
3, those where the amount of exposed bedrock or non-
glacia sediments covered less than 99 percent of the
watershed (5 sites with a mean concentration of

1.28 mg/L), or group 4, morethan or equal to 99 percent
of the watershed (17 sites with amean concentration of
0.68 mg/L). The lowest average total nitrogen concen-
trations were at sites in group 4, which were mainly in
the extreme southeastern and southwestern parts of the
study area.

Summary of the Most Statistically Significant Envi-
ronmental Factors. All three types of statistics indi-
cated that land use (primarily the absence of forest or
presence of agriculture) was the primary factor related
to high concentrations of total phosphorus and total
nitrogen. Land-use factors were more important in
describing the variability in nitrogen concentrations
(top three factorsin the stepwise regression) thanin
describing the variability in phosphorus concentrations.
The second most important type of factor was one
describing the soil or surficial deposits. In general, total
phosphorus concentrations were more strongly corre-
lated with factors describing the permeability and erod-
ibility of the soil, whereas total nitrogen concentrations
were more strongly correlated with the soil slope. The
third most important type of factor was one describing
the climate (precipitation or runoff). Overall, the high-
est total phosphorus concentrations were found in agri-
cultural areas with till deposits, especially those with
high clay content; the highest total nitrogen concentra-
tions were found in agricultural areas with gently slop-
ing soilsoverlying till deposits, especially those sitesin
the southern part of the study area.

Delineation of Nutrient Zones

By understanding which environmental factors
most strongly affect water quality, and using the distri-
bution of only these factorsto define areas of relatively
homogeneous environmental characteristics, one
should be able to minimize the variability in water qual-
ity within adefined areaand maximize thevariationsin
water quality among areas. As demonstrated in the pre-
ceding discussion, resultsof theregression-treeanalysis
can be used to identify the environmental factors most

strongly related to water quality. Of additional impor-
tance is that the values used to define the branches can
also be used as a guide in the delineation of the rela-
tively homogeneous aress.

Environmental Phosphorus Zones (Derived with
Land-use Characteristics I ncluded). Regression-tree
results (including land-use characteristics) for total
phosphorus were used to divide the entire study area
into zones having environmental characteristics similar
to the four main groups described previoudy. By use of
the available GIS coverages, the entire study areawas
manually partitioned by the spatial extent of the three
independent variables—percentage of forest, percent-
age of clay, and runoff (figs. 8, 11, and 5). For the con-
tinuous variables—percentage of clay and runoff—the
study area was partitioned on the basis of “branching”
values from the regression-tree results. For discrete
characteristics—percentage of forest—the study area
was partitioned on the basis of generalized presence or
absence of that characterigtic. (A generalized coverage
of the major land uses in the United States (Anderson,
1967) was used to delineate the extent of the forested
areas.) For total phosphorus, the resulting coverages of
forest, runoff, and clay were overlain and combined into
asingle map representing “ Environmental Phosphorus
Zones' (EPZs) (fig. 21A). The spatial extent of EPZs
corresponded closely to the location of the groups of
watersheds described in the regression-tree analysis
(environmental phosphorus groups). A few sites (typi-
cally with larger watersheds) were on the border
between EPZs and assigned to the less-alike EPZ
because the environmental characteristics used in
regression-tree analysis were based on watershed aver-
agesfor theenvironmental characteristics. Additionally,
afew watersheds (typically smaller watersheds) were
“idands’ in an EPZ other than that for which they were
grouped because they were in small areas with environ-
mental conditions different from most of the surround-
ing EPZ.

Environmental Phosphorus Zones (Derived with
Land-use Characteristics Excluded). The USEPA has
stated that, to the extent possible, classification should
be based on those characteristics that are intrinsic, or
natural, and not the result of human activities (U.S.
Environmental Protection Agency, 2000a). Differences
in nutrient criteria among areas should reflect differ-
ences in water quality caused by natural factors and
therefore reflect differences in potential water quality.
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Althoughland use wasthe most important characteristic
in subdividing the area into the nutrient zonesin
figure 21 and also the primary characteristic in defining
the ecoregions of the Midwest, devel oping zones based
on the results of the tree-regression analyses excluding
land use is appropriate and in-line with the USEPA clas-
sification philosophy.

By use of the method just described, the study area
was partitioned by independent variables chosen from
the results of regression-tree analysis, excluding land-
use characteristics. For total phosphorus, the resulting
coverages of percentage of till, runoff, and percentage
of clay (figs. 9, 5, and 11) were overlain and combined
into asingle map representing EPZs (fig. 22A). Aswith
the previous EPZs (incorporating land use), the extent
of these areas also corresponded closely to the location
of the environmental phosphorus groups described in
the regression-tree analysis. The sites are not shown on
figure 22 to enable the EPZs to be better illustrated.

In general, EPZs devel oped including and exclud-
ing land-use characteristics were similar because both
sets of areas were based on the distribution of clay and
runoff; and in general, agricultureisfound in areas
dominated by till. The differencesin the delineation
reflect areas that have till but are not farmed (such as
north-central Wisconsin) and areas without till that are
farmed (such as western Kentucky).

Environmental Nitrogen Zones. The study areawas
partitioned into “ Environmental Nitrogen Zones’
(ENZs, fig. 21B) on the basis of independent variables
chosen in the regression-tree analysis. percentage of
forest and precipitation (figs. 8 and 7). The strong rela-
tion between nitrogen concentrations and land use was
especially evident here, the percentage of forested land
being used as first and secondary breaksin the regres-
sion-tree analysis. Therefore, the ENZs primarily repre-
sent low, moderate, and high amounts of agriculture.

In an attempt to remove the effects of land use, the
study area was partitioned on the basis of independent
variables chosen in the regression-tree analysis exclud-
ing land-use characteristics. The resulting coverages of
soil lope, mean annual air temperature, and percentage
of exposed bedrock or nonglacial sediment (figs. 15, 6,
and 9) were overlain and combined into a single map
representing ENZs excluding land-use characteristics
(fig. 22B).

In general, ENZs devel oped including and exclud-
ing land-use characteristicswere substantially different.
The ENZs, derived excluding land-use characteristics,

divide the area primarily into three zones from north-
west to southeast. A fourth zone—ENZ 3 in southwest-
ern Wisconsin and western New York—is made up of
areaswith steeply doping soilsand at |east some glacial
sediments. The completely nonglaciated areain south-
western Wisconsin that is surrounded by ENZ 3 was
classified asENZ 4, the same as southeastern part of the
study area.

COMPARISON OF ENVIRONMENTAL
NUTRIENT ZONES TO NUTRIENT
ECOREGIONS

Thegoal of subdividing the study areainto various
nutrient ecoregions or environmental nutrient zones
was to develop areas of relatively homogeneous water
quality based on various environmental factors. The
ecoregion subdivision wasbased on relative differences
in asuite of factors, whereas the environmental nutrient
zone subdivision was based only on the most important
two or threefactors. Thisleads to the question, “Which
approach isbest in subdividing the entire areainto four
or five subareas?’ In general, nutrient ecoregions (at
this 14-subdivision level) provide larger, more contigu-
ous subareas than do nutrient zones. But which
approach minimizes the variability in water quality
within the subareas? To compare the two approaches,
the wei ghted mean coefficient of variation (MCV, eg. 1)
was computed for each scheme. Land use was the pri-
mary factor influencing the distribution of phosphorus
and nitrogen; therefore, to fairly compare the two
approaches, the MCV s for the nutrient ecoregions are
compared with those for environmental nutrient zones
derived including land-use characteristics. For total
phosphorus, the MCV for the nutrient ecoregions was
1.96 compared to 0.98 for the EPZs (table 5). (The val-
uesin table 5 are based on the environmental nutrient
zones in which the watersheds were |ocated, not neces-
sarily the environmental nutrient group inwhichthesite
was classified.) Therefore, the environmental nutrient
zone approach was better than the nutrient ecoregion
approach for total phosphorus and reduced the variabil-
ity within the subareas by about 50 percent. For total
nitrogen, the MCV for the nutrient ecoregionswas 0.59
compared to 0.58 for the ENZs. Therefore, the environ-
mental nutrient zone approach was not much better than
the ecoregion approach for total nitrogen and only
reduced the MCV by about 1 percent. Thissimilarly
was expected because the ENZs (including land-use
characteristics) were similar to the nutrient ecoregions.
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Figure 21. (A) Environmental phosphorus zones and (B) environmental nitrogen zones for study area when land-use character-
istics were included in the regression-tree analyses. (Watersheds are color coded by the regression-tree group to which they
were assigned. Color code for qualitative concentration range is green (lowest) followed by yellow, orange, and red (highest).)
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Figure 22. (A) Environmental phosphorus zones and (B) environmental nitrogen zones for study area when land-use character-
istics were excluded from the regression-tree analyses. (Watersheds are color coded by the regression-tree group to which they
were assigned. Color code for qualitative concentration range is green (lowest) followed by yellow, orange, and red (highest).)
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Table 5. Comparison of water quality and variability in water quality within nutrient ecoregions and within environmental nutrient

zones (delineated with results from regression-tree analyses)

Total phosphorus

Total nitrogen

Ecoregions
Ecoregion Count Mean Median Standard deviation Co\giigitﬁ:; of Count Mean Median Standard deviation Coveg:;ie;g of
VI 83 0.24 0.15 0.37 151 68 581 5.83 3.10 0.53
VIl 86 A3 .10 12 .90 29 2.32 1.88 1.37 .59
VIII 14 .00 .03 .02 .58 10 a7 .73 32 42
IX 36 .23 A7 .21 .93 30 2.26 1.55 1.82 .81
X1 15 .04 .05 .02 49 15 .73 .68 22 31
Total 234 Weighted mean 152 Weighted mean
coefficient of variation (MCV) 1.96 coefficient of variation (MCV) .59
Nutrient Zones - Regression tree (including land-use characteristics)
Zone Count Mean Median Standard deviation Coeffi_ci ent of Count Mean Median Standard deviation Coeff?cifent of
variation variation
1 82 0.11 0.09 0.08 0.68 8 1.42 1.33 0.37 0.26
2 109 27 17 .34 1.26 70 5.88 5.76 2.94 .50
3 23 .06 .05 .04 .65 49 217 1.52 1.66 .76
4 20 .03 .04 .02 .55 25 a7 .68 .33 43
Total 234 Weighted mean 152 Weighted mean
coefficient of variation (MCV) .98 coefficient of variation (MCV) .58
Nutrient Zones - Regression tree (excluding land-use characteristics)
Zone Count Mean Median Standard deviation Coeffi_ci ent of Count Mean Median Standard deviation Coeff?cifent of
variation variation
1 44 0.10 0.08 0.06 0.60 21 1.08 1.10 0.38 0.36
2 30 .04 .03 .03 75 110 4.62 4.01 3.05 .66
3 58 A2 .09 .08 .66 4 1.48 1.42 .29 19
4 102 .28 A7 .35 1.26 17 .68 .66 .24 .36
Total 234 Weighted mean 152 Weighted mean
coefficient of variation (MCV) 97 coefficient of variation (MCV) .59

Similar results were found when comparing the
variability within nutrient ecoregionsto that within
environmental nutrient zones derived excluding land-
use characteristics. The MCV for the EPZs (excluding
land-use characteristics) also was 50 percent less than
that for the nutrient ecoregions, and the MCV for ENZs
(excluding land-use characteristics) also was about the
same asthat for nutrient ecoregions (table5). Therefore,
for total phosphorus, environmental nutrient zones
developed by use of the methods described in this
report, including only natural occurring environmental
factors, reducethe variance within each subareaand yet
should reflect areas with similar potential water quality.
For total nitrogen, the variance within the environmen-
tal nutrient zones was similar to that for the nutrient

ecoregions, but should reflect areas with similar poten-
tial water quality.

DEFINING NUTRIENT CRITERIA FOR
ENVIRONMENTAL NUTRIENT ZONES

Criteriafor each nutrient zone can be defined with
areference-condition approach similar to that described
earlier for nutrient ecoregions. This concentration can
be defined from the frequency distribution of all avail-
able data for a specified area (for example, the lower
25th percentile) or the frequency distribution of asubset
of streams thought to be the least impacted (for exam-
ple, the upper 75th percentile) (fig. 3). Thefinal criteria
could be between these two concentrations.

On the basis of concentrations of the lower 25th
percentiles of al of the datafrom the EPZs (derived by
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excluding land-use characteristics, fig. 22a), phospho-
rus criteria could range from 0.02 mg/L for EPZ 2 to
0.11 mg/L for EPZ 4 (table 6). If it is assumed that the
least impacted streams in each zone have less than

25 percent agriculture in their watersheds, then alterna-
tive criteriacould be established. Based on the 75th per-
centile of this subset of streams, phosphorus criteria
could range from 0.05 mg/L for EPZ 2t0 0.16 mg/L for
EPZ 4 (table 6).

On the basis of concentrations of the lower 25th
percentiles of all datafrom the ENZs (derived by
excluding land-use characteristics), nitrogen criteria
could rangefrom 0.51 mg/L for ENZ 4 to 1.75 mg/L for
ENZ 2 (table 6). Based on the 75th percentiles of the
subsets of streamswith less than 25 percent agriculture
in their watersheds, nitrogen criteria could range from
0.67 mg/L for ENZ 4 to 9.00 mg/L for ENZ 2 (table 6).
Only two sites had data available for ENZ 2 with less
than 25 percent agriculture.

For many environmental nutrient zones, few sites
had lessthan 25 percent agriculturein their watersheds.
Some of these “reference” sites did not actually repre-
sent natural conditions because they were dominated by
urban land use. Therefore, reference sites must be
closely examined to keep atypical conditions from cor-
rupting this approach.

Within each environmental nutrient zone, streams
may be classified by size, stream order, or usefor exam-
ple. In this report, as an example of how different crite-
ria could be established for specific types of streams
within a specific environmental nutrient zone, the sites
were subdivided into four types on the basis of how the
land around the stream was being used (based on the
percentage of agriculture in the watershed). Nutrient
criteriafor each stream type can be devel oped with an
approach that issimilar to that for all streamsin an envi-
ronmental nutrient zone; that is, by examining the fre-
quency distribution of all available data for a specific
type of stream. For example, in streamswith more than
75 percent of their watershed being used for agriculture
in EPZ 4 (fig. 22a), if the 25th percentile of all of the
dataof thistype of streamisused to definethe criterion,
then the criterion would be 0.12 mg/L (table 6). In
EPZ 4, most of the streams had more than 75 percent
of their watershed areain agriculture; therefore, the
concentration of the 25th percentile of this subset of
streams was similar to that for all of the streamsin
EPZ 4 (0.11 mg/L). If the 75th percentile of the refer-
ence streams (defined as streams with less than 25 per-
cent agricultural land) from the area are used, the

criterion would again be 0.16 mg/L. Thereforethe crite-
rio for streamswith 75 to 100 percent agriculture would
be between 0.12 and 0.16 mg/L. With this approach, a
specific type of stream may have more or less stringent
criteriathan other types of streams within the defined
area.

REFINING ENVIRONMENTAL NUTRIENT
ZONES

The USEPA hastaken theinitial stepindeveloping
regional nutrient criteria based on national nutrient
ecoregions (fig. 1); however, the criteriamay berefined
on the basis of Omernik’s origina 84 Level |11 ecore-
gions (fig. 2). The environmental nutrient zonesin fig-
ure 22 were developed for the entire study areg;
however, individual states or tribes may wish to refine
the results at a smaller spatia scale or refine the basic
USEPA approach but maintain its basic classification
scheme. With dight madifications to the approach, the
four environmental nutrient groups can be refined by
further subdivision, or new zones can be defined within
smaller geographical areas (such as specific states or
specific nutrient ecoregions).

Further Subdivision of the Environmental
Nutrient Zones

To refine the classification scheme found for the
entire Midwest (fig. 22), the regression trees shownin
figures 19 and 20 can be further branched. Further
branching resultsin a larger number of groupswith a
smaller number of sitesin each group (fig. 23). The
location of the sitesin each of the resulting groups for
total phosphorus (devel oped from analyses excluding
land-use characteristics) are shown in figure 24. Group
1 sites from figure 19b were further partitioned on the
basis of whether the soil erodibility factor waslessthan
0.22 (17 sites) or greater than or equal to 0.22 (35 sites).
Group 2 sites were further partitioned on the basis of
whether average annual air temperature was less than
50°F (21 sites) or greater than or equal to 50°F
(10 sites). Group 3 sites were further partitioned on
the basis of whether runoff was lessthan 11.5 in/yr
(41 sites) or greater than or equal to 11.5in/yr (14 sites).
Group 4 sites were further partitioned on the basis of
whether the surficial-deposit type “ coarse-grained sedi-
ment” was not present (20 sites) or present (76 sites).
Overall, the lowest total phosphorus concentrations
occurred at siteswith lessthan 59 percent till, more than
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Table 6. Percentiles of nutrient concentrations, by the percentage of agriculture in the watershed,
for each environmental nutrient zone (created on the basis of results of regression-tree analyses
when land-use characteristics were excluded from the analyses)

[--, no data]
Percentiles
a;?éﬁﬁzlre Number Mean Standard 10th 25th 50th 75th 90th
Phosphorus Zone 1
0-100 44 0.10 0.06 0.04 0.06 0.08 0.14 0.18
0-25 2 .04 .03 .02 .02 .04 .06 .06
25-50 12 .08 .08 .03 .03 .06 A1 15
50-75 14 .09 .04 .05 .06 .08 12 .14
75-100 16 13 06 .08 .08 12 .18 21
Phosphorus Zone 2
0-100 30 .04 .03 .01 .02 .03 .05 .05
0-25 14 .03 .02 .01 .01 .03 .05 .05
25-50 8 .03 .02 .01 .02 .03 .05 .05
50-75 5 .05 .05 .02 .02 .02 .05 .14
75-100 3 .05 .03 .02 .02 .05 .08 .08
Phosphorus Zone 3
0-100 58 12 .08 .03 .06 .24 17 .09
0-25 4 .05 .01 .03 .04 .05 .06 .06
25-50 3 12 .09 .06 .06 .07 .22 22
50-75 11 .09 .07 .01 .03 .07 .16 .19
75-100 40 14 .08 .06 .08 A1 21 .25
Phosphorus Zone 4
0-100 102 .28 .35 .07 A1 17 .27 54
0-25 5 .04 .63 .04 .08 13 .16 151
25-50 3 111 1.06 .05 .05 1.13 2.16 2.16
50-75 15 .23 17 .07 .10 .19 .38 .54
75-100 79 .25 .28 .08 12 17 .25 .50
Percentiles
a;?éﬁﬁﬂ‘re Number Mean s;‘::tf‘c:i 10th 25th 50th 75th 90th
Nitrogen Zone 1
0-100 21 1.08 0.38 0.58 0.91 1.10 1.26 1.61
0-25 6 .80 .35 41 A7 .84 1.10 1.15
25-50 5 91 19 .66 .79 91 1.00 1.16
50-75 4 1.09 .16 .95 .95 1.08 1.22 1.26
75-100 6 1.48 .33 .99 1.30 1.48 1.72 1.90
Nitrogen Zone 2
0-100 110 4.62 3.05 124 1.75 4,01 6.80 9.35
0-25 2 4,97 571 .93 .93 4,97 9.00 9.00
25-50 4 5.04 2.56 1.35 332 6.02 6.77 6.80
50-75 18 1.81 1.27 .86 .95 1.24 240 4.30
75-100 86 518 3.00 1.56 2.60 4.73 7.75 9.40
Nitrogen Zone 3
0-100 4 1.48 .29 121 1.29 1.42 1.67 1.88
0-25 0 - - - - - -- -
25-50 1 1.88 - 1.88 1.88 1.88 1.88 1.88
50-75 3 1.35 13 121 121 1.37 1.47 1.47
75-100 0 - -- - - - - -
Nitrogen Zone 4
0-100 17 .68 .24 37 51 .66 .76 1.06
0-25 8 .56 14 37 45 .58 67 74
25-50 7 .79 27 34 .59 .76 1.05 1.06
50-75 2 .79 40 51 b1 .79 1.08 1.08
75-100 0 - -- - - - - -
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Figure 24. Location of the watersheds for the eight environmental phosphorus groups when land-use characteristics were
excluded from the regression-tree analysis. (Color code for qualitative concentration range is green (lowest) followed by yellow,
orange, and red (highest). The lighter shade of color corresponds to the lower qualitative concentration for each of the four

original groups.)

10.3in/yr of runoff, and have amean annua air temper-
ature of lessthan 50°F (group 2a, with a mean concen-
tration of 0.03 mg/L). The highest concentrations
occurred at sites with more than 59 percent till, more
than 26 percent soil clay content, and coarse-grained
surficial deposits present (group 4b, with a mean con-
centration of 0.32 mg/L). By use of the GIS coverages
for these additional variables, the four environmental
nutrient zones (fig. 22) could be further subdivided into
eight zones corresponding to each of these groups.

Refinement for Smaller Geographical Areas

To demonstrate refinement of the approach for
smaller geographical areas, regression-tree analyses
(excluding land-use characteristics) were performed on
two subregions of the study area.

As an example of asubdivision for an individual
state, total phosphorusfor the sitesin I1linoiswere used
in aregression-tree analysis, excluding land-use charac-
teristics. This subset of 75 sites was chosen because it

provides a good spatia coverage of an entire state. An
asymmetrical branching of the regression tree (not
shown) resulted in three subgroups (fig. 25). The first
independent variable chosen was surficial-deposit type,
till (fig. 9). The sites were partitioned into subgroups
corresponding to those with less than 66 percent till
(group 1, 9 sites) or greater than or equal to 66 percent
till (66 sites). Those sites with less than 66 percent till
were not further subdivided. The siteswith morethan or
equal to 66 percent till were further partitioned on the
basis of whether the soil slope waslessthan 3.2 percent
(group 2, 19 sites) or greater than or equal to 3.2 percent
(group 3, 47 sites). Group 1, with less than 66 percent
till, had the lowest total phosphorus concentrations
(mean concentration of 0.10 mg/L). These sites are
mostly found in the extreme northern and southern part
of lllinois (fig. 25). Group 3, with more than or equal to
66 percent till and average soil slopes greater than

3.2 percent, had the highest concentrations (mean con-
centration of 0.33 mg/L) and were scattered throughout
the state.

32 An Alternative Regionalization Scheme for Defining Nutrient Criteria for Rivers and Streams
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Figure 25. Environmental phosphorus groups for lllinois Environmental Protection Agency watersheds when land-use
characteristics were excluded from the regression-tree analysis. (Color code for qualitative concentration range is green

(lowest) followed by orange and red (highest).)

Asan example of asubdivision for aspecific nutri-
ent ecoregion, sitesin the study area with watersheds
mostly or entirely in nutrient ecoregion VI wereusedin
aregression-tree analysis, excluding land-use charac-
teristics. This subset of 83 sites was chosen because it
had the best spatial coverage of a nutrient ecoregion in
the study area. Two branchings of the regression tree
(not shown) based on three independent variables
resulted in four subgroups. The first independent vari-
able chosen was the soil characteristic percentage of
clay. The sites were partitioned into subgroups corre-
sponding to those with average soil clay lessthan
26 percent (25 sites) or greater than or equal to 26 per-
cent (58 sites). Those sites with soil clay lessthan
26 percent were further subdivided on the basis of
whether the proportion of the watershed underlain by
till waslessthan 88 percent (group 1, 17 sites) or greater
than or equal to 88 percent (group 2, 8 sites). Siteswith
average soil clay content greater than or equal to 26 per-
cent werefurther partitioned on the basis of whether the
proportion of the watershed underlain by carbonate
aquifer was less than 80 percent (group 3, 50 sites) or

greater than or equal to 80 percent (group 4, 8 sites).
Sitesin group 2 had thelowest total phosphorus concen-
trations (mean concentration of 0.06 mg/L) and were
scattered throughout nutrient ecoregion V1 (fig. 26).
Sitesin group 4 had the highest concentrations (mean
concentration of 0.75 mg/L) and were primarily in the
eastern part of the nutrient ecoregion in northeastern
[llinois, western Ohio, and southeastern Wisconsin.

WATERSHED-SPECIFIC APPROACH

Although environmental nutrient zones were
defined to be relatively homogeneous areas, small
watersheds within each zone may still have consider-
ably different environmental characteristics than those
of the generalized zone. Therefore, another refinement
of thismethod may beto use awatershed approach with
classification based only on the environmental charac-
teristics of the watershed of a specific stream. With this
approach, available data would be used to establish
environmental nutrient groups (such as depicted in fig-
ures 19, 20, or 23), then only the watershed characteris-
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Figure 26. Environmental phosphorus groups for Nutrient Ecoregion VI watersheds when land-use characteristics were
excluded from the regression-tree analysis. (Color code for qualitative concentration range is green (lowest) followed by yellow,

orange, and red (highest).)

tics of the site would be used to place the site into an
environmental nutrient group. The criteriafor the site
would thus be based on the distribution of existing data
inthat group. Thisapproach would work best for highly
heterogeneous areas where the specific environmental
nutrient zoneisdifficult to define, for streamswithlarge
watersheds that span more than one environmental
nutrient zone, and for small areas of atypical environ-
mental characterigtics.

By applying a watershed-specific approach to
the sites used in this study, rather than the generalized
nutrient-zone approach, the overall variability in water
quality within the groupswasfound to be highly similar
to that within the nutrient zones. For total phosphorus
concentrations, the MCV (0.94) for the environmental
phosphorus groups was similar to that for the EPZs
(MCV of 0.98; table 5); both subdivisions had about
50 percent less variability than within the nutrient
ecoregions (MCV of 1.96). For total nitrogen concen-
trations, the MCV for the environmental nitrogen
groups was about the same as that for the ENZs (MCV
of 0.59; table5); thevariability within both subdivisions

was about the same as within the nutrient ecoregions
(MCV of 0.59).

In general, the watershed- specific approach should
provide more relevant nutrient criteria than any gener-
alized approach. The difficulty in applying the water-
shed approach, however, isthat site-specific informa-
tion is needed to classify awatershed into the appropri-
ate nutrient group and thus determine its corresponding
criterion. Therefore, the watershed-specific approach
may be most appropriate where detailed environmental
information isavailable at the statewide scale—or even
more local scales—and can be used to evaluate sites
beforefinal criteriaare set and management actions are
implemented.

SUMMARY AND CONCLUSIONS

In order to establish regional nutrient criteria that
reflect the influence of various environmental factors,
the USEPA has divided the country into nutrient ecore-
gions (areas of relatively similar environmental charac-
teristics) and proposed different criteriafor each region.
These regions were supposed to incorporate the effects
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of relative differencesin natural and anthropogenic fac-
tors, however, the distribution in land-use practices was
commonly the primary factor used in to delineate the
nutrient ecoregions, such asin the Upper Midwest part
of the United States. Therefore, because land useis
commonly the primary factor affecting water quality,
the differences among ecoregions strongly reflect
anthropogenic effects.

As part of a Regional Technical Assistance Group
(RTAG) for the USEPA, whoseroleitisto examineand
refinethisbasic approach, an aternative regionalization
schemewasdeveloped for the Upper Midwest. Through
the use of aregression-tree analyses and a geographic
information system (GIS), the importance of various
environmental characteristicswere determined and then
thedistributionsof only themost statistically significant
environmental characteristics were used to subdivide
the Midwest into relatively homogeneous environmen-
tal nutrient zones. The most statistically significant
characteristics affecting nutrient concentrations were
percentage of agriculture (lack of forest), and surficial-
deposit and climatic characteristics of the watershed.
Environmental nutrient zones were delineated that
incorporated land-use distributions (similar to the basic
approach) and also delineated excluding land-use infor-
mation so that the criteria should reflect the differences
in water quality caused by natural factors.

The environmental nutrient zones reduced the vari-
ability in water quality within the defined areas better
than the basic nutrient ecoregions by approximately
50 percent for total phosphorus, but only slightly
reduced the variability for total nitrogen. Various modi-
fications were demonstrated to this refined approach,
including development of nutrient zones for specific
statesor nutrient ecoregions and devel opment of criteria
as afunction of stream type (described here as afunc-
tion of land use in the watershed). An additional modi-
fication would beto develop nutrient criteriabased only
ontheenvironmental characteristics of thewatershed of
a stream rather than the general environmental charac-
teristics from the region in which the watershed is
located.

This alternative regionalization scheme and vari-
ousmodifications presented in thisreport provide states
methodsto refine the basic nutrient criteriaproposed by
the USEPA. This alternative scheme should enable
streams to be better managed and protected because cri-
teria based on this regionalization should better reflect
concentrations that are attainable given the environ-
mental conditions where the streams are located.
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Appendix 2. Median, midmonthly nutrient concentrations of

234 sites sampled in the Upper Midwest, by site

[mg/L, milligrams per liter; --, no data; aimn, Allegheny and Monongahela River Basins
NAWQA study unit; eiwa, Eastern lowa Basins NAWQA study unit; iepa, Illinois
Environmental Protection Agency; kana, Kanawha-New River Basins NAWQA study unit;
leri, Lake Erie-Lake Saint Clair Drainages NAWQA study unit; lirb, Lower Illinois River
Basin NAWQA study unit; miam, Great and Little Miami River Basins NAWQA study
unit; redn, Red River of the North Basin NAWQA study unit; stx, U.S. Geologica Survey,
St. Croix River Watershed study; uirb, Upper Illinois River Basin NAWQA study unit;
umbl, U.S. Geological Survey, Upper Mississippi River System study; umis, Upper
Mississippi River Basin NAWQA study unit; wdnr, Wisconsin Department of Natural
Resources; whit, White River Basin NAWQA study unit; wmic, Western Lake Michigan

Drainages NAWQA study unit]

Station number

Sampling agency or

Total nitrogen

Total phosphorus

USGS study name (mg/L) (mg/L)
03015795 amn 0.37 0.01
03024000 amn .93 .03
03037350 amn 1.08 .02
03040000 amn 1.05 .02
03049646 amn 71 .02
03070350 amn .68 .01
03072000 amn 51 .01
03083500 amn 1.06 .01
40001 umbl 381 19
40007 umbl 4.70 16
50001 umbl 4.76 .08
50003 umbl 3.80 .09
80001 umbl 1.88 15
80003 umbl 3.99 .08
80007 umbl 1.37 .08
90001 umbl 1.47 .06
90003 umbl 3.63 .07
130001 umbl 6.46 21
130003 umbl 4,16 14
200003 umbl 7.20 .18
240001 umbl 1.85 14
260001 umbl 1.60 .10
280001 umbl .76 .04
05420680 ewa 4.89 .09
05449500 ewa 6.33 a7
05451210 ewa 10.00 .09
05455100 ewa 5.10 A3
05461390 ewa 8.55 .10
05464220 ewa 10.09 13
05474000 ewa 7.06 .32
BPKO7 iepa 7.73 .05
BPJO7 iepa 8.20 .28
BPJC06 iepa - 1.85
BOO0O7 iepa 10.40 A1
BNO1 iepa - .05
BMO02 iepa - .20
BE14 iepa - .09
BEF05 iepa - .16
BC02 iepa -- 19
Cc21 iepa 1.35 A7
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Appendix 2. Median, midmonthly nutrient concentrations of
234 sites sampled in the Upper Midwest, by site—Continued

Station number Sjsmggnsgzu%gye:gngr Tota(lmn;t/:_t;gen Total ;()r:c;f)horus
CDO1 iepa 1.56 .20
CA06 iepa 1.20 14
ATGCO1 iepa 1.27 .02
ATFO4 iepa 1.50 .09
AKO02 iepa 0.34 .01
ADO2 iepa .86 14
MJ01 iepa 8.45 .18
PWNO1 iepa -- 21
PQ10 iepa 4.25 .08
PQCO06 iepa 5.50 .25
PQB02 iepa 5.86 .05
PLO3 iepa 7.75 .39
PH16 iepa 8.20 .16
PEO5 iepa 7.80 .23
PB02 iepa 3.20 .06
LFO1 iepa -- A5
LD02 iepa -- .50
K102 iepa 6.10 A5
KCAO01 iepa -- .22
HBDO04 iepa 6.73 2.16
GGO02 iepa 4.30 .38
GB10 iepa 6.80 1.13
Dwo01 iepa 1.10 .09
DV04 iepa 9.30 .07
DTDO02 iepa 3.95 .10
DTBO1 iepa 5.40 .08
DS07 iepa 9.40 .22
DRO1 iepa 5.80 A5
DLO1 iepa -- .08
DJ06 iepa -- A7
DJB18 iepa -- 43
E29 iepa 10.10 A1
EOHO1 iepa 6.40 .23
ELO1 iepa 1.60 .20
EIGO1 iepa 8.70 .09
EIEO4 iepa 10.00 .07
EIDO4 iepa 9.40 51
DHO1 iepa -- .10
DF04 iepa -- A5
DEO1 iepa -- .10
DDO04 iepa -- 117
DBO1 iepa -- 21
DAO4 iepa -- .28
JRO2 iepa 3.05 A7
JQ05 iepa 1.30 .20
031 iepa 9.40 A5
ouo1 iepa 10.17 .09
oT02 iepa 10.60 .07
0Qo01 iepa 2.66 .20
ONO1 iepa .96 12
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Appendix 2. Median, midmonthly nutrient concentrations of
234 sites sampled in the Upper Midwest, by site—Continued

Station number

Sampling agency or

Total nitrogen

Total phosphorus

USGS study name (mg/L) (mg/L)
OL02 iepa 1.38 .16
OKO01 iepa 1.20 .19
OKAO01 iepa 1.62 .29
0Jo8 iepa 4.86 54
0109 iepa 2.00 Al
OHO1 iepa 2.70 .85
OD06 iepa 2.50 .66
0Co4 iepa 8.40 1.00
0zCo1 iepa 154 .16
1103 iepa 57 .21
NKO1 iepa 1.52 14
NJO7 iepa 3.40 .25
NHO06 iepa 1.75 A7
NEO5 iepa 152 25
NCO7 iepa 1.35 A7
03167000 kana 1.02 .05
03170000 kana .51 .05
03178000 kana .66 .05
03183000 kana .59 .05
03186500 kana 42 .05
03187500 kana 48 .05
03191500 kana .65 .05
03198350 kana 74 .05
04159492 leri 4.10 .10
04161820 leri 184 .05
04175600 leri .92 .01
04178000 leri 2.32 A2
04186500 leri 571 14
04208504 leri 5.30 22
04211820 leri .95 .06
04213500 leri 121 .01
05567000 lirb 13.18 A3
05568800 lirb 8.62 A3
05584500 lirb 5.40 A7
03245500 miam 3.70 .37
03267900 miam 4.29 .08
03275000 miam 2.88 .05
393944084120700 miam 135 .05
395355084173600 miam 3.18 A7
395457084095100 miam 317 32
05030150 redn .66 .03
05051300 redn 1.72 .20
05058700 redn 135 22
05062500 redn .95 .04
05079000 redn 1.00 .07
05082625 redn 1.30 .09
05085900 redn 161 .18
05099600 redn .99 .23
05112000 redn 1.26 .09
05333579 stx 1.15 .03
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Appendix 2. Median, midmonthly nutrient concentrations of
234 sites sampled in the Upper Midwest, by site—Continued

Station number Sjsmggnsgzu%gye:gngr Tota(lmn;t/:_t;gen Total ;()r:c;f)horus
05335151 stx 1.10 .04
05338955 stx .96 .06
05340390 stx 91 .04
05341500 stx 1.19 .05
05341752 stx 2.95 .07
05342000 stx 5.28 .08
05526000 uirb 7.40 .08
05527800 uirb 2.64 .19
05531500 uirb 9.00 151
05548105 uirb 4.03 .08
05267000 umis .79 .03
05276005 umis 2.09 .04
05288705 umis 1.16 .06
05320270 umis 8.95 .16
05330902 umis 1.10 .06
05331833 umis 41 .01
04027595 wdnr -- .04
040734644 wdnr -- .24
04085463 wdnr - .33
04086500 wdnr -- 22
053230 wdnr - .16
053232 wdnr -- 27
053511 wdnr - .83
05368000 wdnr - .09
05378185 wdnr - .09
05379430 wdnr - .30
05379472 wdnr -- 13
05406460 wdnr -- 14
05407500 wdnr -- A2
05427950 wdnr -- .26
05429580 wdnr -- 14
05431014 wdnr - .08
05431018 wdnr -- 27
05433510 wdnr -- A1
063035 wdnr - .07
063037 wdnr -- .07
103094 wdnr -- .16
103105 wdnr -- .10
113086 wdnr -- 14
123023 wdnr -- .06
133024 wdnr -- .38
133119 wdnr -- .16
133336 wdnr -- A7
133337 wdnr -- A2
143012 wdnr -- A1
163002 wdnr - .03
183042 wdnr -- .18
183064 wdnr - .08
183077 wdnr -- .06
223248 wdnr -- 21
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Appendix 2. Median, midmonthly nutrient concentrations of
234 sites sampled in the Upper Midwest, by site—Continued

Station number

Sampling agency or

Total nitrogen

Total phosphorus

USGS study name (mg/L) (mg/L)
263001 wdnr - .05
273015 wdnr -- .10
273016 wdnr -- .06
273031 wdnr -- .02
273032 wdnr -- .06
273034 wdnr -- .02
313023 wdnr - .05
313038 wdnr -- A1
363070 wdnr -- A2
363071 wdnr -- .10
363218 wdnr -- 14
373047 wdnr -- A1
373325 wdnr -- 22
383001 wdnr - .03
413006 wdnr -- 13
413008 wdnr -- .07
413011 wdnr -- .08
433002 wdnr -- .04
453030 wdnr -- .28
483043 wdnr -- .02
503069 wdnr -- .02
523061 wdnr -- .20
573076 wdnr -- A7
603049 wdnr -- 19
603304 wdnr - .38
603326 wdnr - .06
683001 wdnr - .56
683271 wdnr -- .09
693021 wdnr - .05
03353637 whit 1.16 .03
03360895 whit 5.10 .10
03366500 whit 1.45 .07
03373530 whit 6.80 .05
391732085414401 whit 6.30 .07
393306086585201 whit 240 .07
394340085524601 whit 2.10 .06
04062085 wmic A7 .01
04063700 wmic .58 .02
04071795 wmic 1.90 15
04072050 wmic 2.70 .15
04080798 wmic 240 .02
04085109 wmic 1.65 .20
040863075 wmic 2.60 12
040869415 wmic .93 .04
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