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FOREWORD

The mission of the U.S. Geological Survey
(USGS) is to assess the quantity and quality of the
earth resources of the Nation and to provide informa-
tion that will assist resource managers and policymak-
ers at Federal, State, and local levels in making sound
decisions. Assessment of water-quality conditions and
trends is an important part of this overall mission.

One of the greatest challenges faced by water-
resources scientists is acquiring reliable information
that will guide the use and protection of the Nation’s
water resources. That challenge is being addressed by
Federal, State, interstate, and local water-resource
agencies and by many academic institutions. These
organizations are collecting water-quality data for a
host of purposes that include compliance with permits
and water-supply standards; development of remedia-
tion plans for specific contamination problems; opera-
tional decisions on industrial, wastewater, or water-
supply facilities; and research on factors that affect
water quality. An additional need for water-quality
information is to provide a basis on which regional-
and national-level policy decisions can be based. Wise
decisions must be based on sound information. As a
society we need to know whether certain types of
water-quality problems are isolated or ubiquitous,
whether there are significant differences in conditions
among regions, whether the conditions are changing
over time, and why these conditions change from
place to place and over time. The information can be
used to help determine the efficacy of existing water-
quality policies and to help analysts determine the
need for and likely consequences of new policies.

To address these needs, the U.S. Congress appropri-
ated funds in 1986 for the USGS to begin a pilot pro-
gram in seven project areas to develop and refine the
National Water-Quality Assessment (NAWQA) Pro-
gram. In 1991, the USGS began full implementation of
the program. The NAWQA Program builds upon an
existing base of water-quality studies of the USGS, as
well as those of other Federal, State, and local agencies.
The objectives of the NAWQA Program are to

* Describe current water-quality conditions for a

large part of the Nation’s freshwater streams,
rivers, and aquifers.

* Describe how water quality is changing over

time.

¢ Improve understanding of the primary natural

and human factors that affect water-quality
conditions.
This information will help support the development
and evaluation of management, regulatory, and moni-
toring decisions by other Federal, State, and local
agencies to protect, use, and enhance water resources.

The goals of the NAWQA Program are being
achieved through ongoing and proposed investigations
of 59 of the Nation’s most important river basins and
aquifer systems, which are referred to as Study Units.
These Study Units are distributed throughout the
Nation and cover a diversity of hydrogeologic settings.
More than two-thirds of the Nation’s freshwater use
occurs within the 59 Study Units, and more than two-
thirds of the people served by public water-supply sys-
tems live within their boundaries.

National synthesis of data analysis, based on
aggregation of comparable information obtained from
the Study Units, is a major component of the program.
This effort focuses on selected water-quality topics
using nationally consistent information. Comparative
studies will explain differences and similarities in
observed water-quality conditions among study areas
and will identify changes and trends and their causes.
The first topics addressed by the national synthesis are
pesticides, nutrients, volatile organic compounds, and
aquatic biology. Discussions on these and other water-
quality topics will be published in periodic summaries
of the quality of the Nation’s ground water and surface
water as the information becomes available.

This report is an element of the comprehensive
body of information developed as part of the NAWQA
Program. The program depends heavily on the advice,
cooperation, and information from many Federal,
State, interstate, Tribal, and local agencies and the
public. The assistance and suggestions of all are
greatly appreciated.

[t m. Herach

Robert M. Hirsch
Chief Hydrologist
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Abbreviated water-quality units used in this report: Chemical concentrations and water temperature are given in metric units. Chemical
concentration is given in milligrams per liter (mg/L) or micrograms per liter (ug/L). Milligrams per liter is a unit expressing the concentration
of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of water. One thousand micrograms per liter is

equivalent to one milligram per liter. For concentrations less than 7,000 mg/L, the numerical value is the same as for concentrations in parts

per million.
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Evaluation of the Surface-Water Sampling Design
in the Western Lake Michigan Drainages in Relation
to Environmental Factors Affecting Water Quality at

Base Flow

By Dale M. Robertson
Abstract

Eight stream sites (Fixed Sites) were chosen
to describe the variability in the water quality of the
Western Lake Michigan Drainages (WMIC) Study
Unit of the National Water-Quality Assessment
program. These sites were chosen in areas (Rela-
tively Homogeneous Units) dominated by unique
combinations of the environmental factors thought
to be most important in influencing water quality;
namely, land use, surficial deposits, and bedrock
type. A study was designed to determine (1) the
applicability of streamflow, nutrient, and sus-
pended sediment data regularly collected at these
eight sites to describing the variability in these
characteristics throughout the Study Unit during
base-flow conditions and (2) the applicability of
the interpretive results made from data collected at
these few sites to streams throughout the Study
Unit. This was done by sampling the Fixed Sites
and an additional 83 sites in Relatively Homoge-
neous Units throughout the Study Unit during sum-
mer base-flow conditions.

Data collected at the Fixed Sites described
the range in water-quality characteristics (stream-
flow and concentrations of nutrients and suspended
sediment) in the WMIC Study Unit and, in general,
represented the water quality from the Relatively
Homogeneous Units from which they were chosen.
The results from the eight Fixed Sites agreed with
those found for all of the sites; namely, that these
water-quality characteristics in streams throughout
the WMIC Study Unit during base-flow conditions
are influenced primarily by the land use and surfi-
cial deposits in their drainage basins. General basin
characteristics (bedrock information, topographic

gradient, and basin size) were not important factors
in explaining the variability in these water-quality
characteristics during base-flow conditions, but
may be important factors for other characteristics
measured at the Fixed Sites, such as major ions,
and may be important during higher flow. In gen-
eral, streams in agricultural areas had the poorest
water quality; that is, they contained the highest
concentrations of total phosphorus, total Kjeldahl
nitrogen, and suspended sediment. Streams in for-
ested areas had the best water quality; that is, they
contained the lowest concentrations of total phos-
phorus, dissolved nitrite plus nitrate, and sus-
pended sediment. Streams in urban and mixed
agriculture/forested areas had moderate water qual-
ity and usually were not statistically different from
one another. Within a specific land-use type,
streams in areas with low permeability (clayey
deposits) had the poorest water quality, exhibiting
the highest concentrations of total phosphorus,
total Kjeldahl nitrogen, and suspended sediment,
and the lowest base flow. In general, water quality
in streams in areas with sandy/sand and gravel
deposits and loamy deposits were very similar.
Within the forested areas, streams in areas with a
higher percentage of forested wetlands had lower
base flow, higher concentrations of total Kjeldahl
nitrogen, and lower concentrations of dissolved
nitrite plus nitrate than streams in areas with a
lower percentage of forested wetlands.

The variability in water quality throughout
the WMIC Study Unit during base-flow conditions
could be described very well by subdividing the
area into Relatively Homogeneous Units and sam-
pling a few streams with drainage basins com-
pletely within these homogeneous units. This
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subdivision and sampling scheme enabled the dif-
ferences in water quality to be directly related to
the differences in the environmental characteristics
that exist throughout the Study Unit.

INTRODUCTION

In 1991, the National Water-Quality Assessment
(NAWQA) program was fully implemented by the U.S.
Geological Survey (USGS). The goals of the NAWQA
program are to (1) provide a nationally consistent
description of water-quality conditions for a large part
of the Nation’s water resources, (2) define long-term
trends (or lack of trends) in water quality, and (3) iden-
tify, describe, and explain, as possible, the major factors
that affect the observed water-quality conditions and
trends (Hirsch and others, 1988).

To fulfill the goals of the NAWQA program, the
USGS plans to examine approximately 59 areas (Study
Units) across the United States on a rotational cycle.
The first 20 of these Study Units began intensive inves-
tigations in 1991. The Western Lake Michigan Drain-
ages (WMIC) was one of these Study Units. The WMIC
Study Unit drains approximately 51,540 km? in eastern
Wisconsin and the Upper Peninsula of Michigan (fig.
1). During the first intensive phase of these investiga-
tions (lasting approximately 5 years), Study-unit staffs
examine avaiiable historical data and intensively sam-
ple surface water and ground water to describe water
quality throughout the Study Unit. Most historical
stream data collected in the WMIC Study Unit were
from relatively large streams that flow through and inte-
grate the effects of varied environmental conditions,
rather than from small streams in areas dominated by
specific environmental factors (for example, streams in
agricultural areas with clayey surficial deposits and car-
bonate bedrock) (Robertson and Saad, 1996). There-
fore, it is difficult to use the historical data to determine
how the differences in surface-water quality throughout
the Study Unit are related to differences in specific
environmental factors.

Two general approaches have been used to define
the extent of areas dominated by specific environmental
factors: the qualitative approach, which relies on expert
judgment to integrate the various factors thought to be
important in influencing a suite of response variables,
such as general water quality or biological communi-
ties; and the explicit, rule-based approach, which iden-
tifies the specific controlling factors that, based on

process-based rationale, influence the response vari-
able(s). In the qualitative approach, the entire landscape
is partitioned into various regions, usually referred to as
“ecoregions,” based on the relative differences in a suite
of environmental factors; each factor is not equally
weighted or used independently in defining the ecore-
gions (Omernik, 1995). In the explicit, rule-based
approach, the landscape is partitioned into relatively
homogeneous units (RHU’s) based on the geographic
distributions of the controlling factors; each factor is
equally weighted in defining the RHU’ s (Bailey, 1996).
Each of the RHU’s represents a unique combination of
the controlling environmental factors.

The ecoregion approach is the most commonly
used approach to describe the variability in water qual-
ity. For example, Omernik and others (1988) used this
approach to subdivide the Midwest into ecoregions
(based on relative differences in land use/land cover,
land-surface form, potential natural vegetation, and
soils), then demonstrated differences in concentrations
of phosphorus from lakes in the different ecoregions.
The ecoregion classification of Omernik and Gallant
(1988) divides the WMIC Study Unit into four ecore-
gions (fig. 1): the Northern Lakes and Forests ecoregion
(northern half of the Study Unit), the North Central
Hardwood Forests ecoregion (southwest), the South-
eastern Wisconsin Till Plains ecoregion (southeast), and
the Central Corn Belt Plains ecoregion (extreme south).
Differences in land use/land cover were the primary
basis for subdividing this area into ecoregions, although
differences in many other environmental factors also
were included. The ecoregion approach may allow spa-
tial patterns in water quality to be found; however, the
approach does not allow the effects of individual envi-
ronmental factors to be determined because each envi-
ronmental factor is not equally weighted and is not used
independently in defining the ecoregions. Ecoregions,
in fact, were not designed for regionalization of partic-
ular water-quality or biological characteristics (Omer-
nik and Bailey, 1997). Therefore, to improve the
general understanding of how environmental factors
affect water quality, the WMIC Study Unit was subdi-
vided into RHU’s, a design that should allow differ-
ences in water quality to be directly related to the
differences in the environmental characteristics used to
subdivide the area.
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The environmental characteristics of each drainage
basin (computed by overlaying geographic coverages of
each of the environmental factors using a GIS) are sum-
marized in Appendixes 1 and 2. The sites were distrib-
uted among three of the ecoregions in the Study Unit,
enabling differences among ecoregions to also be eval-
uated and compared with differences found using the
RHU subdivision. No sites were selected in the Central
Corn Belt Plains ecoregion in the extreme southern part
of the Study Unit because it represented only a small
part of the Study Unit.

Sampling and Analytical Methods

All 91 streams (8 Fixed Sites plus the 83 additional
sites) were sampled during the 5-day period July 10-14,
1995. During this period, base-flow conditions were
similar throughout the Study Unit. Flow-duration val-
ues were about 85 percent (ranging from 54 to 94 per-
cent; these high and low endpoint values were both
from streams near Wauwatosa, Wis.) (B. Holmstrom,
U.S. Geological Survey, written commun., 1995).
Therefore, the streamflow when samples were collected
should be exceeded about 85 percent of the time at all of
the sites sampled, so meteorological effects should have
been minimal.

At each site, streamflow was measured using stan-
dard USGS flow meters. Water samples, later analyzed
for total phosphorus as phosphorus, total Kjeldahl nitro-
gen as nitrogen, and dissolved nitrite plus nitrate as
nitrogen, were collected with a DH81 sampler, and
those analyzed for suspended sediment were collected
with a DH48 sampler (Shelton, 1994). All samples were
collected by use of the equal-width-increment (EWI)
method described by Guy and Norman (1970), except
when no flow was apparent and grab samples were col-
lected from the middle of the stream/pool. All chemical
analyses were done by the USGS National Water-Qual-
ity Laboratory in accordance with standard NAWQA
analytical procedures described by Fishman and Fried-
man (1989) and Patton and Truitt (1992). All stream-
flow and water-quality data are presented on WMIC
base maps later in this report to demonstrate spatial pat-
terns. In each of these maps, the data are subdivided into
groupings based on the following quantile ranges: O to
10 percent, >10 to 25 percent, >25 to 50 percent, >50 to
75 percent, >75 to 90 percent, and >90 percent. All of
the streamflow and water-quality data are listed in
Appendix 3.

Statistical Analyses

This section gives a brief overview of how cen-
sored data were handled and which statistical tech-
niques were used to analyze the data from the
Applicability Study. The SAS statistical software pack-
age (SAS Institute, Inc., 1989) was used for all statisti-
cal analyses except for the redundancy analyses, which
were done by use of the CANOCO statistical software
package (ter Braak, 1991).

For each water-quality constituent, except sus-
pended sediment, some data were reported as less than
the minimum detection limit (MDL). These censored
data were set to one half of the MDL prior to all statis-
tical analyses and summaries.

To determine whether any apparent differences
among groupings of data (such as groupings shown in
boxplots) were statistically significant, the nonparamet-
ric Kruskal-Wallis rank analysis of variance test was
used and was followed by a Tukey multiple-comparison
procedure (SAS Institute, Inc., 1989). For all statisti-
cally significant differences, the probability of their
occurring by chance is less than 5 percent (p < 0.05).

All data for each variable were normalized before
statistical analyses in an attempt to obtain linear rela-
tions between the water-quality characteristics (stream-
flow, total phosphorus, dissolved nitrite plus nitrate,
total Kjeldahl nitrogen, and suspended sediment) and
the environmental factors and to normalize the residual
variance. The Box-Cox power transformation that max-
imized the Shapiro-Wilk statistic (SAS Institute, Inc.,
1989) was used to find the best normalizing transforma-
tion. The best normalizing transformations are listed in
table 2; in many cases, the raw data maximized the Sha-
piro-Wilk statistic, and therefore no transformation was
used.

To determine linear relations between each water-
quality characteristic and the environmental factors,
Pearson correlation analyses were done and were fol-
lowed by stepwise regression analyses (SAS Institute,
Inc., 1989). Correlation analyses describe how much of
the linear variability in each water-quality characteristic
is explained by each environmental factor. Forward
stepwise regression analyses (with 5-percent probabil-
ity level for entry significance) were used to determine
the direction and magnitude of the interaction between
the environmental factors and individual water-quality
characteristics. Only normalized data were used in the
correlation and regression analyses.

METHODS OF STUDY 1



Table 2. Selected water-quality characteristics and environmental factors
and best normalizing transformations, Western Lake Michigan Drainages

Characteristic Abbreviation Transformation
Water-quality characteristic
Streamflow Q QY?
Total phosphorus TP log(TP)
Dissolved nitrite plus nitrate NO,,3 log(NO,,3)
Total Kjeldahl nitrogen KJ log(KJ)
Suspended sediment SS $s02
Land use
Percentage of agricultural area Ag Ag
Percentage of forested area For " For
Percentage of urban area Urban Urban
Surficial deposits
Erodibility of surficial deposits Erod log(Erod)
Permeability of surficial deposits Perm Perm®*
Percentage of clay deposits Clay Clay
Bedrock
Bedrock permeability B.Perm B.Perm
Percentage of carbonates Carb Carb
Percentage of sandstone Sands Sands
Percentage of shale Shale Shale
Basin size and slope
Area Area Area’*
Topographic gradient Grad Grad®?

Redundancy and cluster analyses were used to
simultaneously examine all the water-quality character-
istics and determine the influence of multiple environ-
mental factors. Before doing these analyses, it was
necessary to standardize all of the water-quality and
environmental data so that all of the variables had sim-
ilar variances; otherwise, variables with relatively large
variances would bias the results. Standardization was
done by transforming all normalized data for each vari-
able into standard z-scores. A standard z-score is calcu-
lated by subtracting the average value for the variable
from the raw value or normalized value and dividing by
the standard deviation of that variable.

Redundancy analysis (RDA) is a form of direct gra-
dient analysis that describes the variation between two
multivariate data sets (ter Braak and Prentice, 1988). In
the RDA, the site scores from a principal component
analysis are regressed on a specified set of environmen-
tal variables with each iteration, and the fitted values of
the regression become new site scores; therefore, the

principal component analysis is constrained by the envi-
ronmental variables (Jongman, and others, 1987). RDA
was used here to quantify the variation in the response
variables (water-quality characteristics) explained by
the predictor variables (environmental factors) and to
determine which environmental variables had the most
influence in explaining the variability in water quality.
In addition, partial RDA was used to determine what
fraction of the variance in the water-quality characteris-
tics was explained by specified groups of the environ-
mental factors (Richards and others, 1996). Monte
Carlo permutation tests with 99 iterations, the default
number of iterations in CANOCO, were used to deter-
mine the validity of the total and partial RDA results.
Monte Carlo tests were done by randomly permutating
the assignment of the predictor (environmental) data to
the water-quality data and reperforming the ordinations
(Richards and others, 1996; Johnson and others, 1997).

Cluster analyses were used to determine whether
certain types of streams were present in the Study Unit
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and how well the chosen Fixed Sites represent these
general types of streams. This type of analysis is based
on the agglomerative hierarchical clustering procedure
in which each stream starts in a group or cluster by
itself. Then, the two most similar groups are joined.
This procedure is continued until only one group
remains. To determine the similarity among the groups,
the complete linkage method was used (SAS Institute,
Inc., 1989).

Selection of Environmental Factors Used in
the Analyses

Each environmental factor can be described by spe-
cific characteristics and (or) percentages of specific
attributes. Percentages of each land-use, surficial-
deposit, and bedrock type for each site were computed
from the digital geographic coverages previously
described. These percentages are listed in table 1 for the
Fixed Sites and in Appendixes 1 and 2 for the remainder
of the sites. Because the percentages of the various
types of environmental factors sum to 100, it is not nec-
essary to include all of the attributes in the statistical
analyses; therefore, a subset of the attributes was used.
The land use of a basin was characterized on the basis
of the percentages of agricultural and urban land. The
percentage of forested land was strongly correlated with
the percentage of agricultural land (table 3) and there-
fore was not included in the statistical analyses. To
determine whether significant differences in water qual-
ity existed among streams from areas with different
types of land uses, each of the basins was classified as a
specific land-use category: urban, if its drainage basin
had more than 35 percent of the area classified as urban;
agriculture, if its drainage basin had more than 60 per-
cent of the area classified as agriculture; mixed agricul-
ture/forest, if its drainage basin had more than 30 per-
cent and less than 60 percent of the area classified as
agriculture; and forest, if its drainage basin had less than
30 percent of the area classified as agriculture. Forested
basins were further subdivided into wet forests, if the
percentage of forested wetlands in the basin was greater
than 25 percent, or dry forests if the percentage of for-
ested wetlands in the basin was less than or equal to 25
percent.

The surficial deposits in each basin were described
by average erodibility and permeability and by the per-
centage of the basin with clayey deposits. The percent-

age of the basin with clayey deposits was included
because of the affinity for clay particles to adsorb nega-
tively charged ions, such as phosphate. Average basin
erodibility and permeability were computed from data
in the State Soil Geographic Database (STATSGO)
(U.S. Department of Agriculture, 1991). Within
STATSGO, each soil type is assigned an erodibility

(k factor), and each soil type is composed of several soil
layers that describe conditions with depth. The average
erodibility was calculated by weighting the erodibility
of each soil type in the surface layer by the percentage
of the area the soil type represents in the drainage basin.
STATSGO provides minimum and maximum perme-
ability rates for each soil layer. The average permeabil-
ity for each basin was computed by first averaging the
minimum and maximum rates for each soil layer to get
the average permeability rate for a given soil type and
then weighting these average rates by the area each soil
type represents in the basin. To determine whether the
surficial deposits in a basin affect a stream’s water qual-
ity, each of the streams classified as being agricultural
basins was further classified as having a specific surfi-
cial-deposit type based on the dominant surficial
deposit (Appendix 2). Preliminary data analyses indi-
cated that land use was usually an important environ-
mental variable influencing water quality; therefore,
agricultural sites were examined independently to
determine the effects of surficial deposits, and forested
sites were examined independently to determine the
effects of different amounts of wetlands (wet forest and
dry forest).

The percentages of a basin with sandstone and
shale bedrock and estimates of relative bedrock perme-
ability were used to describe the bedrock characteristics
of each basin. The percentages of the basin with igne-
ous/metamorphic and carbonate bedrock were highly
correlated with relative bedrock permeability (table 3);
therefore, the percentages of the basin with igneous/
metamorphic and carbonate bedrock were not included
in the statistical analyses. Average bedrock permeabil-
ity of each basin was computed by weighting the rela-
tive permeability of each bedrock type by the
percentage of the area of each type underlying the basin.
Relative bedrock permeabilities for each bedrock type
were rated by R. Schmidt and K. Kessler (Wisconsin
Department of Natural Resources, Bureau of Water
Resources Management, written commun., 1987) on the
basis of how well water passes through it (shale = 1
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Table 5. Comparison of water quality among land-use categories, Western Lake Michigan Drainages
[Land-use categories with the same letter are not significantly different at p < 0.05. Agric/Forest, mixed agriculture/forested
land use]

. _— Land-use category
Water-quality characteristic

Highest values — — Lowest values

Streamflow Agric/Forest Forest Urban Agriculture

A A A, B B
Total phosphorus Agriculture Urban Agric/Forest Forest

A AB B,C C
Nitrite plus nitrate Agric/Forest Agriculture Urban Forest

A A A B B
Kjeldahl nitrogen Agriculture Forest Urban Agric/Forest

A B A, B B
Suspended sediment Agriculture Agric/Forest Urban Forest

A A B A B B

Table 6. Comparison of water quality between forest types,
Western Lake Michigan Drainages
[Forest types with the same letter are not significantly different at p < 0.05]

. Forest type
Water-quality characteristic -
Highest values Lowest values
Streamflow Dry forest Wet forest
A B
Total phosphorus Dry forest Wet forest
A A
Nitrite plus nitrate Dry forest Wet forest
A B
Kjeldahl nitrogen Wet forest Dry forest
A B
Suspended sediment Dry forest Wet forest
A A

were not significantly different from those in areas of
other surficial deposits.

Because of the variability in surficial deposits in
each ecoregion, streamflows within each ecoregion
were also quite variable. Streams in the Northern Lakes
and Forest ecoregion had high flows on the western side
and lower flows on the eastern side, and higher flows in
areas with a lower percentage of wetlands than in areas
with a higher percentage of wetlands. Streams in the
North Central Hardwood Forests ecoregion had rela-
tively high flows except in the southern corner. Streams
in the Southeastern Wisconsin Till Plains ecoregion had
moderate flows except for those around Lake Win-
nebago which had very low flows. The only conclusion
that can be made by comparing streams in these ecore-
gions is that flows in the Southeastern Wisconsin Till
Plains ecoregion were significantly less than those in
the other two ecoregions (table 8).

In summary, base flow appears to be affected pri-
marily by the permeability of the deposits in the basin,
with higher flows occurring in areas of permeable
deposits than in areas of less permeable deposits. How-
ever, relatively high flows occur in streams in urban
areas regardless of the type of surficial deposits. These
conclusions are consistent with those based on data col-
lected at the Fixed Sites.

Total Phosphorus

Differences in concentrations of total phosphorus
measured at the Fixed Sites during base-flow conditions
appear to be related primarily to the differences in the
land use in their basins (fig. 8A). Concentrations at
Fixed Sites in agricultural areas were significantly
higher than those in urban and mixed agricultural/for-
ested areas, which in turn were significantly higher than
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Table 7. Comparison of water quality among surficial-deposit
categories for agricultural basins, Western Lake Michigan
Drainages

[Surficial-deposit categories with the same letter are not significantly
different at p < 0.05. Sand/S&G, sand and sand and gravel deposits]

Surficial-deposit category

Water-quality

characteristi Highest > Lowest
ristie values values
Streamflow Sand/S&G Loam Clay
A A B B
Total phosphorus Clay Loam Sand/S&G
A A A
Nitrite plus nitrate Sand/S&G Clay Loam
A A A
Kjeldahl nitrogen Clay Loam Sand/S&G
A A A
Suspended sediment Clay Sand/S&G Loam
A A A

those in forested areas. Concentrations measured at the
mixed agricultural/forested site were not significantly
different from those measured at the forested sites. If
concentrations just at the agricultural Fixed Sites are
examined, streams in areas with clayey surficial depos-
its (Agl and Ag23) appear to have slightly higher con-
centrations of total phosphorus than those in non-clayey
areas, although not significantly higher concentrations.

The pattern in concentrations of total phosphorus
measured at the Fixed Sites during the Applicability
Study was similar to that found using all of the data col-
lected during base-flow conditions (highest concentra-
tions in agricultural areas, moderate in urban areas, and
lowest in forested and mixed agricultural/forested
areas) (fig. 8A). Therefore, the variation in concentra-
tions of total phosphorus during the Applicability Study
should be representative of what typically occurs
among the Fixed Sites during base-flow conditions. The
concentrations in agricultural areas were among some
of the highest measured during base-flow conditions of
the 3-year period of study and coincided with the very
low streamflows. This indicates that as flow becomes
very low in these agricultural areas with different surfi-
cial deposits, concentrations of total phosphorus consis-
tently increase.

Concentrations of total phosphorus in all of the
streams in the RHU’s with a Fixed Site are shown in fig-
ure 8B. Variability in concentrations of total phospho-
rus was found within RHU’s; however, the variability
within the RHU’s is generally much less than among the

RHU’s. Concentrations measured at the Fixed Sites
were generally representative of a typical site in the
RHU except at the Pensaukee River, Ag2. During sum-
mer 1995, beavers constructed a dam just below the
sampling site on the Pensaukee River; as a result data
collected during this study represented a small pond
rather than a stream in Ag2. Concentrations in the Pen-
saukee River were normally lower than those at the
other agricultural Fixed Sites (fig. 8A) and similar to
those measured at other sites in Ag2 (fig. 8B). The dif-
ferences in concentrations of phosphorus among RHU’s
is similar whether only the data from the Fixed Sites or
the average concentration in the RHU’s is examined,
except in Ag2, where the concentration at the Fixed Site
was unusually high. Therefore, data collected only at
the Fixed Sites provide similar information to data col-
lected throughout these RHU’s.

Table 8. Comparison of water quality among ecoregions,
Western Lake Michigan Drainages

[Ecoregions with the same letter are not significantly different at

p < 0.05. NLF, Northern Lakes and Forest; NHF, Northern Hardwood
Forest; SWTP, Southeastern Wisconsin Till Plains]

Ecoregion
Water-quallty Highest Lowest
haracteristic Ighes
ehara : values — values
Streamflow NHF NLF SWTP
A A B
Total phosphorus SWTP NHF NLF
A B C
Nitrite plus nitrate NHF SWTP NLF
A B C
Kjeldahl nitrogen SWTP NLF NHF
A B B
Suspended sediment SWTP NHF NLF
A A B

Concentrations of total phosphorus at all of the
sites sampled during the Applicability Study are shown
in figure 9A. Concentrations at these sites are strongly
related to the land use in their basins (fig. 2). The lowest
concentrations were measured in northern and western
areas of the Study Unit, which are forested and not
intensively agricultural. The highest concentrations
were measured north of Lake Winnebago, where agri-
culture is extensive, and includes farms on poorly per-
meable, clayey deposits. Streams in areas with
agriculture on more permeable deposits had intermedi-
ate concentrations. To discourage excessive biotic
growth in flowing water, the U.S. Environmental Pro-
tection Agency (USEPA) has recommended that con-
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Table 9. Average water-quality characteristics for groupings of streams in the Western Lake Michigan Drainages
[Streams in each group are listed in table 10. Abbreviations: m/km?d, cubic meters per square kilometer per day; mg/L, milligrams per

liter; pg/L, micrograms per liter]

Dissolved Total
Fixed Suspended Total nitrite plus Kjeldahl
Number Sites in Streamflow sediment phosphorus nitrate nitrogen
Group  of sites group (m3/xm?/d) (mg/L) (ng/L) (ng/L) (ug/L)
A 10 Fl16 274 2.8 8 35 440
B 11 F22 92 55 15 47 600
C 7 None 295 39 17 201 230
D 7 None 908 10.0 26 806 200
E 13 AF20, U9 422 214 32 1,108 420
F 18 None 102 73 66 1,609 560
G 32 None 4 94.3 31 25 890
H Ag3 127 55.7 300 3,000 1,200
I 6 Agl 31 13.0 308 148 970
J Ag23, Ag2 15 86.0 638 260 1,830

cultural area. These groups had slightly higher concen-
trations of suspended sediment or dissolved nitrite plus
nitrate than those in Group A. The Fixed Site at the Pop-
ple River, FW22, was in group B. The one stream in
group B that is in an agricultural RHU, the East Branch
of the Milwaukee River, has part of its drainage within
the Kettle Moraine State Park and has only 56 percent
of its basin in agriculture, most of which is pasture.

Groups D, E, and F consist of streams having a
wide range in water-quality conditions; but, in general,
they have relatively high flow and high concentrations
of dissolved nitrite plus nitrate. Most of the streams in
these groups are in mixed land-use areas and agricul-
tural areas with permeable surficial deposits. The Fixed
Sites at the Tomorrow River (AF20) and Lincoln Creek
(U9) were in group E.

Groups G, H, I, and J consist of streams having the
worst water quality (high concentrations of nutrients
and suspended sediment and low streamflow, except for
group H, which had moderate streamflow). Group G
consisted of three streams in forested areas with very
low nutrient concentrations, very low flows, and high
concentrations of suspended sediment. There was a
great deal of logging activity in these areas, which may
have influenced the concentrations of suspended sedi-
ment. Further study is needed to clarify the relations
between land use and water quality for the streams in
group G. Streams in groups H, I, and J had generally the
worst water quality and were subdivided primarily on
the basis of flow. Group H consisted primarily of
streams in agricultural areas with high base flow. The

Fixed Site at the North Branch of the Milwaukee River,
Ag3, was in group H. Streams in group I had slightly
lower flows than the streams in group H. The Fixed Site
at Duck Creek, Agl, was in group I. Duck Creek is in an
area with extensive clayey deposits, but the stream
flows over areas of exposed bedrock. Two streams in
urban areas and one in a forested area were also in group
I. The stream in the forested area, Peshtigo Brook, was
the only stream sampled that was in a forested area on
clayey deposits, but just upstream from the sampling
site is an area of intensive cash cropping; therefore, this
stream may not represent a forested area with clayey
deposits. Group J consisted of streams with the overall
worst water quality (high concentrations of suspended
sediment, total phosphorus, and total Kjeldahl nitrogen
and very low streamflow). The streams in group J were
primarily in agricultural areas with poorly permeable
deposits. The Fixed Sites at the East River, Ag23, and
the Pensaukee River, Ag2, were in group J. The rela-
tively low concentrations of dissolved nitrite plus
nitrate measured in streams in this group may not be
very indicative of what is present most of the time. At
both the East River and Pensaukee River, these low
concentrations were quite unusual and only occur with
very low flows. The Pensaukee River seems to be out of
place in group J, and its water quality measured during
the Applicability Study appears to be greatly affected
by the beaver dam and the resultant ponding. Most of
the other sites in Ag2 were in group F; if the more typi-
cal water quality at the Pensaukee site had been used in
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Table 10. Composition of groups of streams in the Western Lake Michigan Drainages
[Each stream is listed by its abbreviation (full stream names are given in Appendix 1) and by the Relatively Homogenous Unit from which it was
chosen. Abbreviations of Fixed Sites are colored]

Groups A, B, C Groups D, E, F Groups G, H, |, J

Group A Group D Group G
W. Br. White FD6 Fence FD18 Black FDI16
Peshekee FD16 S. Br. Paint FD18 E.Br. Escanaba FD16
W. Br. Pesh FD16 N. Br. Paint FD Deer FWi13
Thunder FD17 Chaffee AF26
Waupee FD17 Mecan AF26
Cedar FW7 Neenan AF26 Group H
Hunters FW7 Pine(Sax.) AF26 Alder Creek AF2
Pine Fw22 Group E AU ASRIRN FRECH Nt
Popple (Long) ~ FW22 Evergreen FD19 N.Br. Milw. (8) v’
S. Br. Pesh. Fw22 L. W. Br. Wolf FD19 Silver Creek Sl
Group B S. Br. Oconto FD19 Kewaunee Agl
Dishno ED16 Comet AF20 Neshota Agl
W. B. Net FDi18 M. Br. Embarrass AF20 Root Agl
47 Mile FwW7 S. Br. Embarrass ~ AF20
10 Mile FW7 Tomorrow AF20 Group |
Chippeny Fw14 Widow AF27 Peshtigo Br. FW21
Popple FW22 Walla Walla AF28 Beaver Dam {88
Wolf Fw22 Podin e P L. Menomonee 'y
Days AF12 Mullet L. Suamico Ag?
Little Cedar AF12 Belle Fountain Ry Duck (H) Agl
Sucker AF28 S. Br. Beaver Ag24 Duck Agl
E. Br. Milw. (H Group J

Group F Sheboygan (5) AF5

Big Brook AF12 Sheboygan Al
Group C Little Wolf AF20 Pensaukee Ag2
Middle Inlet FD17 Big Slough AF27 Apple Agl
Wausaukee FD17 Good Earth AF27 Duck (S) Agl
E. Br. Net FD18 Oak Creek i East (32) Ag23
Rat Fw22 Cedar Creek East Ag23
Honey P W. Br. Milw. East (ZZ) Ag23
Kinnickinnic ty Tisch Mills Plum Creek Ag23
Lincoln Ly Fox S

Grand A

L. Suam. (C) Ag2

Suamico Ag2

Blake Creek Agls

Mill Creek Agl5

Kelly Brook Ag2d

Little Peshtigo Ag2d

Devils Agl

E. Br. Twin Agl
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this analysis, the Fixed Site may have been placed in
group F.

Relation of Water Quality During Base Flow to
That During Higher Flow

The Applicability Study was designed to examine
the variability in water-quality characteristics in
streams within and among RHU’s during one hydro-
logic condition—base-flow conditions during summer.
This condition was chosen to minimize hydrological
differences that may occur throughout the Study Unit
and to maximize compatibility of data with those from
other water-quality studies. This study was not designed
to examine the variability that occurs during runoff,
when most of the nutrient and sediment transport
occurs. An applicability study during high flow would
be very difficult to conduct because of the difficulty in
finding similar hydrologic conditions at all sites.

The results found in this study agree with those
from many previous studies. For example, Monteith and
Sonzogni (1981) state that the two most important fac-
tors affecting the chemical concentrations in rivers near
the Great Lakes are the texture of the soil material and
the land use on that soil. Other factors may affect these
water-quality characteristics during high runoff. Rob-
ertson (1996) found that the topographic gradient of the
basin was the primary factor influencing the transport of
suspended sediment during high runoff (and an impor-
tant factor influencing the transport of phosphorus) and
that the texture of the surficial sediments was the second
most important factor.

EVALUATION OF SAMPLING DESIGN

Representativeness of Data Collected at the
Fixed Sites

The primary goal of the surface-water sampling
design was to establish a network of sites (Fixed Sites)
to describe the variability in the flow characteristics, the
concentrations and loads of nutrients, major ions, and
suspended sediment, and the biological communities
that exist in the WMIC Study Unit. For practical appli-
cation, however, only eight Fixed Sites on small
streams could be chosen. Therefore, this study was
designed to determine (1) how adequate the data col-
lected at the eight Fixed Sites are to describe the vari-

ability in the water-quality characteristics in the specific
RHU’s from which they were chosen to represent and
throughout the Study Unit during base-flow conditions,
and (2) how applicable the interpretive results made
from the data collected at the eight Fixed Sites are to
streams throughout the Study Unit.

For each water-quality characteristic examined
during this study, the data collected at the eight Fixed
Sites represented the range that was measured through-
out the entire Study Unit and generally represented that
in the RHU’s from which they were chosen. There
were, however, two exceptions: First, concentrations of
dissolved nitrite plus nitrate measured during the Appli-
cability Study at three Fixed Sites were below the MDL,
whereas concentrations at these Fixed Sites were usu-
ally quite high (fig. 10A). These low concentrations
were associated with very low flows and may also occur
as very low flows are reached at other sites. The low
concentrations of nitrite plus nitrate may be due to the
reduction of the nitrates during times of low concentra-
tions of dissolved oxygen or due to denitrified ground
water being the main source of water during base-flow
conditions. Cluster-analysis results indicate several
sites where this may have occurred, specifically, sites in
groups I and J (tables 9 and 10). Therefore, the differ-
ence between groups I and J and group H may be due to
the extent of base flow and the extent of nitrate reduc-
tion. The second exception is that the data collected at
the Pensaukee River (Fixed Site in Ag2) were quite dif-
ferent from those that were previously collected at that
site and quite different from the data collected through-
out the RHU from which it was chosen. The unrepre-
sentativeness of this Fixed Site appears to be due to the
damming of the river by beavers. Most data previously
collected at the Pensaukee River were similar to what
were collected throughout Ag2 during this Applicabil-
ity Study; therefore, the data collected as part of the
NAWQA program (until just prior to the Applicability
Study) may be representative of other streams in this
RHU.

On the basis of the results of the cluster analysis,
streams in the WMIC Study Unit may be divided into
various types or groups depending on the value of the
relative distance chosen (fig. 17). To demonstrate how
many Fixed Sites were in each of these various types or
groups of streams, the number of Fixed Sites is indi-
cated at each subdivision along with the total number of
streams in each group (in parentheses). At the most gen-
eral subdivision (relative distance of 1.7 or greater),
four Fixed Sites were included in the streams to the left
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side of the figure with generally good water quality (66
total sites) and four Fixed Sites were included in the
streams to the right with generally poor water quality
(25 total sites). At a relative distance of “1,” there were
10 different groups of streams. One Fixed Site was in
group A (10 sites) and one was in group B (11 total
sites), groups that represent streams from the most pris-
tine areas of the Study Unit. These Fixed Sites were spe-
cifically chosen to represent minimally affected streams
and therefore were appropriate representatives. Four
Fixed Sites were in groups H, I, and J, representing
streams that were most influenced by agricultural activ-
ities (22 total sites). At first glance, these types of
streams appear to be overrepresented; however, one of
the initial thrusts of the NAWQA program was to deter-
mine water quality in agricultural areas. Therefore,
these sites do appear to represent the range in water
quality in agricultural areas. One type of agricultural
stream appears not to be represented, that being a
stream in a mostly agricultural area with mostly loamy
surficial deposits (group F, with a total of 18 sites). The
data collected at the Pensaukee River, Ag2, before the
construction of the beaver dam may, however, represent
this area. The two other Fixed Sites were on streams
with moderate water quality. These types of streams had
a Fixed Site in a mixed agricultural/forested area and a
Fixed Site in an urban area. The water-quality charac-
teristics during base-flow conditions in urban areas is
quite variable. Streams in urban areas were grouped
along with those in forested areas (group C), mixed
areas (groups E and F), and intensive agricultural areas
(group I). It is difficult to choose a single stream in an
urban area that will describe the variability that occurs
in urban streams during base-flow conditions. There-
fore, these eight Fixed Sites represent the different types
of streams in the WMIC Study Unit very well.

Implications for Study-Unit
Stratification Design

To improve the general understanding of how envi-
ronmental factors affect water quality, the WMIC Study
Unit was divided into RHU’s, areas each dominated by
one unique combination of three specific environmental
factors thought to be important in affecting water qual-
ity: land use, surficial deposits, and bedrock type. On
the basis of the results of the Applicability Study, land
use and surficial deposits are crucial factors in any strat-
ification design; however, bedrock type added very lit-

tle information. Therefore, to describe the variability in
streamflow and concentrations of total phosphorus, dis-
solved nitrite plus nitrate, total Kjeldahl nitrogen, and
suspended sediment in the WMIC Study Unit, differ-
ences in bedrock types do not appear to be very impor-
tant and RHU’s that differ only by bedrock type can be
combined. For example, the mixed agricultural/forested
RHU’s, AF20 and AF26, can be combined into one
RHU.

Differences in bedrock types were included in the
stratification design not only for examining the distribu-
tion of nutrients and suspended sediment but also for
major ions and for examining the distribution of
ground-water quality. The chemical character of ground
water entering streams may be affected by the bedrock
with which it was in contact. For example, higher con-
centrations of calcium were found at Fixed Sites with
carbonate bedrock than at Fixed Sites on other types of
bedrock (Richards and others, 1998). Therefore,
although bedrock was not required to be considered for
the characteristics examined in this study, it may be
important for other properties and constituents sampled
for at the Fixed Sites.

Water-quality characteristics in streams in a few of
the RHU’s were found to be quite variable; for example,
streams in U9 (urban areas with clayey surficial depos-
its) and Ag3 (agricultural areas with relatively perme-
able surficial deposits). The variability in water-quality
characteristics in these areas may have been caused by
variations in the physical structure of the stream or vari-
ability in an environmental factor used in the stratifica-
tion design. One factor not included in the stratification
design was the bottom type of the streams. During base-
flow conditions, streams flowing over extensive areas
of cement or bedrock appear to have better water quality
(lower concentrations of suspended sediment) than
streams flowing over unconsolidated material. This
may in part explain the variability in urban areas and
also the better quality measured in a few of the streams
in Agl that commonly flow over extensive bedrock out-
crops. Part of the variability in the water-quality charac-
teristics in Ag3 may be due to the position of the
transition from clayey surficial deposits to the north to
sandy surficial deposits to the south. On the basis of
water-quality characteristics in the northern areas of
Ag3, the clayey surficial deposits would seem to extend
further south on the eastern side of Lake Winnebago
than depicted in figure 3.

Two general approaches have been used to design
schemes for defining boundaries to subdivide various
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environmental factors. One is the explicit, rule-based
approach that partitions the landscape into RHU’s on
the basis of differences in the factors thought to control
the characteristics being examined; each factor is
equally weighted in defining the RHU’s (Bailey, 1996).
This approach was used to subdivide the WMIC Study
Unit and select the Fixed Sites. The other is the more
commonly used qualitative, ecoregion approach, in
which expert judgment is used to integrate the various
factors thought to be important in influencing various
response variables and used to partition the landscape;
each factor is not equally weighted or used indepen-
dently in defining the ecoregions (Omernik, 1995). Dif-
ferences in each water-quality characteristic were
measured among ecoregions; therefore, patterns can be
described using the ecoregion approach. However, the
differences measured among ecoregions could not be
attributed to differences in specific environmental fac-
tors because each environmental factor was not equally
weighted or used independently in defining the ecore-
gions. In addition, because each environmental factor
was not equally weighted, each ecoregion contained
areas with quite different environmental and water-
quality characteristics. For example, water-quality
characteristics in the clayey regions of the Southeastern
Wisconsin Till Plains ecoregion around Lake Win-
nebago were quite different from those in other more
permeable areas of the ecoregion. If just ecoregions are
considered, water-quality characteristics in these two
quite different areas are averaged together, obscuring
the patterns observed by use of the RHU approach.
Therefore, dividing the WMIC Study Unit into RHU’s
and selecting Fixed Sites within specific RHU’s
enabled differences in water-quality characteristics to
be measured and related to the differences in specific
environmental characteristics.

SUMMARY AND CONCLUSIONS

Water quality in streams throughout the Western
Lake Michigan Drainages Study Unit during base-flow
conditions was primarily influenced by the land use and
the types of surficial deposits in their drainage basins.
These two factors explained approximately 40 percent
of the total variability observed during this Applicabil-
ity Study. Each of these two general types of environ-
mental factors appears to be of similar importance, each
independently explaining about 11 percent of the total
variation. General basin characteristics, including bed-

rock information, independently explained only about 4
percent of the total variation. Therefore, factors that
cannot be altered (surficial deposits and other basin
characteristics) appear to be as important in influencing
water-quality characteristics as factors that can be
altered (land use).

In general, streams in agricultural areas had the
poorest water quality, exhibiting the highest concentra-
tions of total phosphorus, total Kjeldahl nitrogen, and
suspended sediment. Streams in forested areas had the
best water quality, exhibiting the lowest concentrations
of total phosphorus, dissolved nitrite plus nitrate, and
suspended sediment. Streams in urban and mixed agri-
cultural/forested areas had moderate water quality and
were usually not significantly different from one
another. Within a specific land-use type, streams in
areas with poorly permeable clayey deposits had the
poorest water quality, exhibiting the highest concentra-
tions of total phosphorus, total Kjeldahl nitrogen, and
suspended sediment and lowest flow. In general, water-
quality characteristics in areas with sand/sand and
gravel deposits had the best water quality, exhibiting the
lowest concentrations of total phosphorus, total
Kjeldahl nitrogen, and suspended sediment and the
highest streamflow.
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