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State and Regional Water-Quality Characteristics and
Trophic Conditions of Michigan’'s Inland Lakes, 2001-2005

By L.M. Fuller and R.J. Minnerick

Abstract

The U.S. Geological Survey and the Michigan Depart-
ment of Environmental Quality are jointly monitoring selected
water-quality constituents of inland lakes through 2015 as part
of Michigan’s Lake Water Quality Assessment program. Dur-
ing 2001-2005, 433 lake basins from 364 inland lakes were
monitored for baseline water-quality conditions and trophic
status. This report summarizes the water-quality characteristics
and trophic conditions of those monitored lake basins through-
out the State.

Regional variation of water quality in lake basins was
examined by grouping on the basis of the five Omernik level
I11 ecoregions within Michigan. Concentrations of most con-
stituents measured were significantly different between ecore-
gions. Less regional variation of phosphorus concentrations
was noted between Northern Lakes and Forests (50) and North
Central Hardwoods (51) ecoregions during summer possibly
because water samples were collected when lake productivity
was high; hence the utilization of the limited amount of phos-
phorus by algae and macrophytes may have resulted in the
more uniform concentrations between these two ecoregions.

Concentrations of common ions (calcium, magnesium,
potassium, sodium, chloride, and sulfate) measured in the
spring typically were higher in the Michigan southern Lower
Peninsula in the Eastern Corn Belt Plains (55), Southern
Michigan/Northern Indiana Drift Plains (56), and Huron/Erie
Lake Plains (57) ecoregions. Most ions whose concentrations
were less than the minimum reporting levels or were non-
detectable were from lakes in the Michigan northern Lower
Peninsula and the Upper Peninsula in the Northern Lakes and
Forests (50) and North Central Hardwoods (51) ecoregions.
Chlorophyll a concentrations followed a similar distribution
pattern. Measured properties such as pH and specific conduc-
tance (indicative of dissolved solids) also showed a regional
relation. The lakes with the lowest pH and specific conduc-
tance were generally in the western Upper Peninsula (Northern
Lakes and Forests (50) ecoregion).

The Michigan Department of Environmental Quality
classifies Michigan lakes on the basis of their primary biologi-
cal productivity or trophic characteristics using the Carlson
Trophic State Index. Trophic evaluations based on data col-

lected from 2001 through 2005 indicate 17 percent of the lakes
are oligotrophic, 53 percent are mesotrophic, 22 percent are
eutrophic, 4 percent are hypereutrophic, and less than 5 per-
cent are classified into transition classes between each major
class. Although the distribution of lakes throughout Michigan
or between Omernik level 111 ecoregions is not uniform, about
85 percent of the lakes classified as oligotrophic are in the
Northern Lakes and Forests (50) or North Central Hardwoods
(51) ecoregions. Nearly 28 percent of all the lakes in each of
these two ecoregions were classified as oligotrophic.

Historical trophic-state classes were compared to the
current (2001 through 2005) trophic-state classes. Approxi-
mately 72 percent of lakes remained in the same trophic-state
class, 11 percent moved up a partial or full class (indicating a
decrease in water clarity) and 18 percent moved down a partial
or full class (indicating an increase in water clarity).

Introduction

Michigan has more than 11,000 inland lakes. These
resources provide numerous recreational opportunities and
are a major tourist and recreation attraction that supports a
recreational industry in Michigan valued at 15 billion per year
(Stynes, 2002). Knowledge of water-quality characteristics in
these lakes is essential for the effective management of this
resource.

Historically, the U.S. Geological Survey (USGS) and
the Michigan Department of Environmental Quality (MDEQ)
have jointly monitored water quality in Michigan’s lakes and
rivers. During the 1990s, however, funding for surface-water-
quality monitoring was greatly reduced, and funds devoted to
monitoring inland lakes through the Federal Clean Water Act
(CWA) Clean Lakes Program (Section 314) were eliminated.
In 1998, citizens of Michigan passed the Clean Michigan
Initiative (CMI) to clean up, protect, and enhance Michi-
gan’s environmental infrastructure. Because of expanding
water-quality data needs, resulting in part from the new CMI
program, MDEQ and USGS jointly re designed and imple-
mented the Lake Water-Quality Assessment (LWQA) monitor-
ing program (Michigan Department of Environmental Quality,
2001).
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Through the LWQA monitoring program, all Michigan
lakes larger than 25 acres and with public boat launch access
will be monitored by 2015 (fig. 1A and 1B). New field studies
and data-acquisition activities were developed in accordance
with current MDEQ water-quality monitoring activities. The
LWQA monitoring-program design incorporates the water-
shed-management units and 5-year rotational cycle currently
being used by the MDEQ Ambient Surface Water Chemistry
Monitoring Program (Michigan Department of Environmental
Quality, 2000) to assess Michigan’s rivers, Great Lakes con-
necting channels, and bays (fig. 2).

The 5-year basin-monitoring cycle identifies 45 water-
shed-management units on the basis of statewide drainage to
the Great Lakes. Each year, 7 to 10 of the major watersheds in
Michigan are monitored and assessed. This is done to ensure
that specific watersheds are monitored in the 5-year cycle
to assist in (1) statewide water-quality assessments, (2) the
National Pollutant Discharge Elimination System (NPDES)
permitting process, and (3) resource-management decisions.
The monitoring emphasizes data collection to classify each
lake by its primary biological productivity and document its
general chemical characteristics.

History of Monitoring on Inland Lakes

In 1973, the Michigan Department of Natural Resources
(currently MDEQ) began systematically monitoring the qual-
ity of Michigan inland lakes under Section 314 of the CWA.
In previous years, few water-chemistry data had been col-
lected on Michigan lakes, which hampered documentation of
changes in lake water quality. Initially, it was expected that the
“significant” lakes, defined as public lakes greater or equal to
50 acres, could be sampled every 5 years. However, by 1979,
more than half of the significant lakes were not yet sampled.
The U.S. Environmental Protection Agency (USEPA)
increased funding under the CWA to assist states in assessing
the quality of lakes. Also, a one-time grant from the USEPA
was awarded to the State of Michigan in June 1980 for the
purpose of inventorying and classifying unsampled lakes.

Carlson’s Trophic State Index (TSI) was chosen to clas-
sify lakes, for five reasons: (1) the index works well over a
broad range of trophic conditions; (2) lakes can be classified
by total phosphorus, transparency, and chlorophyll a; (3) the
index is well suited for Michigan because it was developed by
use of using data from Michigan and Minnesota lakes; (4) the
index is a continuum with divisions to distinguish general
categories; and (5) total phosphorus, transparency, or chloro-
phyll a data previously collected could be evaluated. Because
TSI may underestimate the trophic condition in lakes domi-
nated by macrophytes, the relative abundance of submergent
macrophytes were observed and noted in the lakes to assist
with the TSI classification.

Data evaluated for the classification project were col-
lected by the USEPA National Eutrophication Survey (1972),
the Northeast Michigan Council of Governments (1979), and
the Michigan Department of Natural Resources (1973-81)
(Michigan Department of Natural Resources, 1982). Sampling
during this period was generally done in August or September
in the deepest basins of each lake. Lakes were classified into
three trophic classes on the basis of TSI values of 0 to 100:
less than 39 was oligotrophic, 39 to 52 was mesotrophic, and
greater than 52 was eutrophic.

Starting around the 1980s, classification techniques were
enhanced by noting whether dense macrophytes were pres-
ent in lakes, and if present, the trophic class was adjusted one
class to account for the increase of water clarity resulting from
the utilization of available nutrients. Many lakes sampled
before 1980 (Michigan Department of Natural Resources,
1982) did not include a macrophytes assessment, and trophic
classification for some lakes may be underestimated by Carl-
son’s TSI. The Michigan Department of Natural Resources
(1988) reported newly sampled lakes, resampled lakes mainly
from pre-1975, and all other lake data through 1987 (includ-
ing data from the Michigan Department of Natural Resources
1982 assessment). The department subsequently published
data from 1988 through 1991 (Michigan Department of Natu-
ral Resources, 1992) and the remaining historical data used in
this report were published by the MDEQ (2002) and are listed
in appendix 1. The historical assessment date in appendix 1
notes the date of the report when the assessment was made,
which is an indicator of the range of years when the field
measurements were made. For the 1988 assessment, the TSI
classification criteria were reevaluated and modified to less
than 39 oligotrophic, 39 to 48 mesotrophic, and greater than
48 eutrophic. The hypereutrophic classification (greater than
61) was added for the 1994 assessment, and a slight change in
the oligotrophic/mesotrophic boundary value (shift from 39 to
38) was made starting with the 1996 assessment.

Purpose and Scope

This report summarizes the results of the initial 5 years
(2001-05) of the Michigan LWQA program. An explanation
of sampled constituents is provided, and sample-collection
methods used for the analysis are described. These constitu-
ents are summarized as a statewide dataset and split into the
level 111 ecoregions delineated by Omernik (1987) to deter-
mine whether spatial patterns exist and whether baseline
water-quality conditions correlate with the geographic settings
as defined by Omernik. Current TSI classifications are com-
pared to historical data to determine change. Omernik level
I11 ecoregions are used to determine whether spatial patterns
exist. Maximum lake depth and lake area also were analyzed
to determine whether these physical factors influence trophic
conditions.
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EXPLANATION

Monitoring cycle /)
[ Year1
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Figure 2. Watershed-management units and 5-year rotational
cycle for Lake Water-Quality Assessment in Michigan.

Physical Setting

Michigan’s geographic setting, which includes the
geology, hydrology, vegetation, climate, soils, and land use,
influences the water-quality characteristics of Michigan lakes.
Bedrock geology of the western Upper Peninsula is differ-
ent from that in the remainder of the State, being dominated
by Precambrian and Cambrian rock, much the same as the
Canadian Shield region to the north. Bedrock geology of
the eastern part of the Upper Peninsula and the entire Lower
Peninsula (as well as parts of southern Ontario, Ohio, Indiana,
Illinois, and Wisconsin) are dominated by formations that are
much younger, ranging in age from Ordovician to Jurassic.
Bedrock of the western Upper Peninsula is largely metamor-
phic, although igneous and sedimentary rocks also are present.
All of Michigan’s metallic mineral resources are hosted in
Precambrian rocks. Collectively, these formations are known
as the Michigan Basin, which is roughly bowl-shaped and dips
gently toward the center, resulting in younger deposits toward
the center and older rock units toward the margins. Exposed
limestone, dolomite, and gypsum are found and mined in parts
of the Lower Peninsula and eastern Upper Peninsula. Although
bedrock outcrops are sporadic, most of Michigan is covered
by glacial- and lacustrine-derived sediments including clay,
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silt, sand, gravel, and boulders. Glaciers covered all of Michi-
gan several times during the relatively recent glacial period,
although only sediments attributed to the most recent episode
are known to exist at the surface. Most of the geographic and
topographic features—including Michigan’s 11,000 inland
lakes—were shaped by glaciers and glacial meltwater.

The Upper Peninsula and the northern Lower Peninsula
are forested, with coniferous and northern hardwoods growing
on nutrient-poor glacial soils. The northwest Lower Peninsula
consists of mostly forest; the southern Lower Peninsula is
predominantly agriculture with more organically rich soils.
The major manufacturing and population centers are in the
southern Lower Peninsula. Lakes in the northern regions are a
major source for Michigan’s recreational industry.

Five ecoregions make up Michigan, as shown in figure 3
(Omernik, 1987). Omernik level 111 ecoregions were created
on the basis of land use, geology, physiography, vegetation,
climate, soils, wildlife, and hydrology.

Northern Lakes and Forests (ecoregion 50), which is
the largest ecoregion in Michigan, covers approximately
28,000 mi?, including part of the northern Lower Peninsula
and all of the Upper Peninsula. This ecoregion is made up of
nutrient-poor glacial soils, coniferous and northern hardwood
forests, undulating till plains, morainal hills, broad lacustrine
basins, and extensive sandy outwash plains.

North Central Hardwoods (ecoregion 51) covers approxi-
mately 1,650 mi? in the northwest Lower Peninsula. This
ecoregion is a transitional zone between the forested region
to the north and the agricultural region to the south. The main
land uses/land covers in this region are forest, wetlands and
lakes, and agriculture.

Eastern Corn Belt Plains (ecoregion 55) is the smallest
ecoregion in Michigan, covering approximately 550 mi? in the
southern Lower Peninsula. The ecoregion is mainly a rolling
till plain with local end moraines. In the late 1980s, the main
land use/land cover for the region was agriculture, which has
affected stream chemistry and turbidity.

Southern Michigan/Northern Indiana Drift Plains (ecore-
gion 56) is the second largest ecoregion in Michigan. It covers
approximately 22,600 mi2 and is bordered by Lake Michigan
to the west. The ecoregion has many lakes and marshes, with
numerous landforms, soil types and textures, and land uses.
Land-use/land-cover types in this region are forests, swamp
forests, agriculture, quarries, recreational use, and urban areas.

Huron/Erie Lake Plain (ecoregion 57) is split into two
areas in the eastern Lower Peninsula and combines to cover
approximately 4,900 mi2. This ecoregion is a fairly flat plain
with sand dunes, beach ridges, and end moraines. Most of
this region had been cleared and drained for agriculture and
urban and industrial use. Stream quality has been degraded by
channelization, ditching, and agricultural activities (Omernik,
1987).
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EXPLANATION
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(Omernik, 1987)
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Figure 3. Omernik level Il
ecoregions for Michigan.
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Water-Quality Data-Collection
Methods

The sampling methodology was designed to replicate
the methods and techniques used historically by MDEQ to
sample inland lakes. Care was taken to minimize deviation
from past sampling methods, locations, or laboratory-analysis
methods that could create variability in the data due to change
in techniques or methods rather than an actual change in lake
water quality.

Lake and Site Selection

Lakes sampled in a given year were selected randomly
from 7 to 10 major watersheds throughout Michigan. Specific

watersheds were monitored in a 5-year cycle in conjunction
with current MDEQ water-quality activities to help sup-

port (1) statewide water-quality assessments, (2) the NPDES
permitting process, and (3) resource-management decisions
(Michigan Department of Environmental Quality, 1997). The
LWQA monitoring program incorporated the watershed-man-
agement units and 5-year rotational cycle currently being used
by the MDEQ Ambient Surface Water Chemistry Monitoring
Program (Michigan Department of Environmental Quality,
2000) to assess Michigan’s rivers, Great Lakes connecting
channels, and bays.

Lakes targeted for monitoring under the LWQA monitor-
ing program were 25 acres or larger with public boat access.
Each watershed is sampled on a 5-year rotation until all lakes
meeting these criteria are sampled. After the first 5-year rota-
tion (2001 through 2005), all 45 major watersheds in Michigan
had a selection of lakes sampled.



The sampling site in each major lake basin was as close
as possible to the known historical sampling location in the
deepest basin of each lake. Geographic coordinates for each
sampling site was established with a handheld Global Posi-
tioning System (GPS) unit. Once the sample site was located
with a GPS unit, the site was verified by comparing the depth
measured with a electronic depth finder to depths from previ-
ous Visits.

Site Identification

All previously sampled lake basins were identified with a
USEPA Storage and Retrieval (STORET) number. Data stor-
age in the USGS National Water Information System (NWIS)
are referenced with a USGS station number, which is the
latitude-longitude (Lat-Long) of the location where the sample
was collected. A sequence number, indicating the depth at
which a sample was collected, was then incorporated in the
station number as the last two digits. The lake station number-
ing system is summarized below:

Lat-Long-01 Vertical profile data.
Lat-Long-02 Sample collected 3 ft above lake bottom.

Lat-Long-03 Depth-integrated sample through the
photic zone.

Lat-Long-05 Sample collected 3 ft below lake surface.

Lat-Long-06 Sample collected at mid-depth or
metalimnion.

Sampling Strategy

All lakes selected for monitoring within a given year
were sampled once during spring turnover (usually April)
and again in late summer (August or September), when they
typically are thermally stratified. Samples collected during
spring turnover, when water is well mixed, represent average
water quality in the lake. Samples collected in late summer,
when water is warmest and aquatic plant growth is at its peak,
represent water-quality characteristics when productivity is the
greatest.

Discrete lake-water samples were collected at several
depths from a single vertical water column at the deepest basin
of each lake. Additional sample locations were used for those
lakes that had multiple deep basins where complete interbasin
mixing was unlikely.

Before sample collection, vertical profiles of dissolved-
0Xxygen concentration, water temperature, specific conduc-
tance, and pH were measured to determine stratification. Water
clarity was measured with a Secchi disk. During late-summer
sampling, a qualitative macrophyte evaluation was made in the
littoral zone of each lake, to refine the trophic-state evaluation.

Water-Quality Data-Collection Methods 7

Field and Laboratory Methods

Standard MDEQ and USGS field methods were used to
collect and preserve samples. During spring sampling, three
discrete samples were collected. One sample was collected 3 ft
below the surface, another 3 ft above the bottom, and the third
at mid-depth. Summer sampling used the same sample depths
except in stratified lakes, where the mid-depth sample was col-
lected from the center of the metalimnion. Water samples col-
lected near bottom, near surface, and mid-depth were analyzed
for nutrients; samples to analyze for all other water-quality
characteristics were collected only from mid-depth in the
spring. All water samples except for the chlorophyll a sample
were collected with a Van Dorn-style sampler. Water samples
for chlorophyll a analysis were depth-integrated samples col-
lected by lowering a bottle sampler through the photic zone
(considered twice the depth of the Secchi disk measurement
for this study). On those lakes where the photic zone extended
to the lake bottom, the bottle sampler was lowered to about
1 ft above the lake bottom with care taken to not disturb bot-
tom sediments.

During spring sampling, only mid-depth samples were
collected on shallow lakes when depth prohibited collection
of three discrete samples. Samples were collected 3 ft below
the lake surface at these same shallow lakes during the sum-
mer. The data collected from spring and summer sampling
for shallow lakes were associated with the appropriate lake
stratum that would allow for data analysis and lake-assessment
calculations.

Water samples for nutrients were preserved with sulfuric
acid (H,S0O,) to a pH of less than 2, and water samples for
selected ions (calcium, magnesium, sodium, potassium) were
preserved with nitric acid (HNO,) to a pH of less than 2.
Chlorophyll a samples were filtered onsite through a 0.45-pum
combination acetate, nitrate cellulose filter (filter type HAWP
047 00). The filter was then placed in a vial containing 10 mL
of 90 percent acetone. All samples were then shipped chilled
to the MDEQ laboratory for analysis of chlorophyll a and
ions. Nutrient analyses were completed either by the MDEQ
or their contract laboratory. Properties and constituents,
laboratory analytical methods, and reporting levels are listed
in table 1.

Trophic-Status Evaluation

A biologically productive lake is desirable for many
activities such as fishing and maintaining a healthy wildlife
population; however, a lake can be overly productive (hypere-
utrophic). Eventually, if excessive plant and algal growth goes
unchecked, the lake may become impaired.
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Table 1.

Properties and constituents of water-quality data collected from Michigan’s lakes sampled 2001-2005.

[MRL, Minimum Reporting Level; mg/L, milligrams per liter; pg/L, micrograms per liter; USEPA, U.S. Environmental Protection Agency]

Property or constituent Units MRL1 Method Reference
Alkalinity, water, unfiltered mg/L as CaCO, 20 310.1 USEPA, 1983
(acid neutraling capacity)
Calcium, total recoverable mg/L 1 7140/215.1 USEPA, 1983
Chloride, dissolved mg/L 1 325 USEPA, 1983
Hardness, total mg/L as CaCO, 5 Calculated SM 2340 B Clesceri and others, 1998
Magnesium, total recoverable mg/L 1 7450/242.1 USEPA, 1983
Sodium, total recoverable mg/L 1 7770/273.1 USEPA, 1983
Sulfate, mg/L 2 375.1 USEPA, 1983
Potassium, total recoverable mg/L 0.1 7610/258.1 USEPA, 1983
Nitrogen, ammonia + organic total mg/L i 351.2 USEPA, 1983
Nitrogen, ammonia total mg/L .01 350.1 USEPA, 1983
Nitrogen, nitrate plus nitrite, total mg/L .01 353.2 USEPA, 1983
Phosphorus, total mg/L .005 365.4 USEPA, 1983
Chlorophyll a na/L 1 SM 10200 H Clesceri and others, 1998

!Established reporting levels for various analytical procedures from Oblinger-Childress and others (1999).

MDEQ classifies lakes on their level of primary biologi-
cal productivity or trophic state. A lake with low productivity
is classified as oligotrophic. A lake moderate in productivity
is classified as mesotrophic. A biologically productive lake is
classified as eutrophic, and an excessive biologically produc-
tive lake is classified as hypereutrophic. The trophic state of
lakes can be compared and tracked over time to help evaluate
eutrophication resulting from nutrient enrichment that may
reflect changes in land-use practices.

The primary biological productivity in each lake basin
was evaluated by MDEQ with Carlson’s TSI (Carlson, 1977).
Carlson’s TSI was developed for use with lakes that have few
rooted aquatic plants and little non-algal turbidity (U.S. Envi-
ronmental Protection Agency, 2007). Late-summer sample
data were used in this evaluation because primary biological
productivity was assumed to be near its peak. Carlson’s TSI
as modified by MDEQ was computed from the total phospho-
rus (collected near the surface), chlorophyll a concentrations
(collected in the photic zone; fig. 4), and Secchi-disk measure-
ments (fig. 5).

The Carlson’s TSI is a numerical scale ranging from
0 to 100. The low end of the scale represents low primary
biological productivity (oligotrophy). The middle of the
scale represents moderate biological productivity (mesotro-
phy). The high end represents a very biologically active lake
(eutrophy), and the highest end of the scale represents exces-
sive biological productivity (hypereutrophy). Carlson and
Simpson (1996) suggest TSI ranges for north temperate lakes
where a TSI value less than 40 represents oligotrophic condi-
tions; 40-50, mesotrophic; 50-70, eutrophic; and greater than
70, hypereutrophic.

Although the concept of TSI ranges is simple, the inter-
pretation can be complex because of their interdependency.
The TSI values computed from any of the three indicators
(chlorophyll a, total phosphorus, and Secchi-disk transparency
(SDT)) will not necessarily be the same. There is a chemical
and physical environment that can influence particular indica-
tors and the interrelation with one another (Wetzel, 2001).

The MDEQ has adopted a modified scale and interpreta-
tion of the three indicators to account for regional character-
istics (Michigan Department of Natural Resources, 1982).
TSI values less than 38 represent oligotrophic conditions;
38-48, mesotrophic; 49-61, eutrophic; and greater than
61, hypereutrophic.

Walker (1979) proposed that averaging the TSI values
from all three indicators would provide a means of reducing
the effects of individual sampling and measurement errors,
thus developing a robust estimate of the index. Carlson’s TSI
may underestimate the trophic state of lakes dominated by
macrophytes. The relative abundance of submergent mac-
rophytes was used to indicate more productive conditions
than indicated by TSI values. Walker assumed that “moder-
ate” and “dense” growths of macrophytes were indicative of
mesotrophic and eutrophic conditions, respectively. There-
fore, if the TSI indicated mesotrophic conditions but “dense”
growths of macrophytes were present, the lake would then be
classified as eutrophic. For lakes with multiple basins, the TSI
values from the primary sampling station (deepest basin) were
used to determine the trophic state of these lakes.



Figure 4. U.S. Geological Survey technician filtering water for
chlorophyll a analysis.

Figure 5. Secchi disk, which is lowered into the water attached
to a measuring tape to determine the Secchi-disk depth (depth at
which the Secchi disk disappears).

Water-Quality Data-Collection Methods 9

The following equations were used to calculate the TSI
value for lakes presented in appendix 1 and summarized in
table 2:

TSI secchi = 60 - 14.41 * In (Secchi-disk depth, in meters) (1)

TSI chlorophyll a = 9.81 * In (chlorophyll a,
in micrograms per liter) + 30.6 2)

TSI total phosphorus = 14.42 * In (total phosphorus,
in micrograms per liter) + 4.15 (3)

Table 2. Lake trophic state and classification ranges for Trophic
State Index for total phosphorus, Secchi-disk transparency, and
cholorophyll a.

[Based on Michigan Department of Natural Resources (1982) and modified
by the State of Michigan to account for regional characteristics. TSI, Trophic
State Index; SDT, Secchi-disk transparency; Chl-a, chlorophyll a; TP, total
phosphorus; m, meters; pg/L, micrograms per liter; mg/L, milligrams per liter;
<, less than; >, greater than].

Lake trophic Carlson SDT Chl-a TP
state TSI (m) (pg/L) (mg/L)
Oligotrophic <38 >4.6 <22 <0.010
Mesotrophic 38-48 2.3-4.6 2.2-6 .010-.020
Eutrophic 49-61 9-2.2 6.1-22 .021-.050
Hypereutrophic >61 <.9 >22 >.050

Data Quality Assurance, Treatment of Censored
Data, and Data Access

Per USGS policy, analytical laboratories that provide
chemical, radiochemical, and biological analyses are regularly
reviewed and evaluated to ensure that data quality is appropri-
ately maintained (U.S. Geological Survey, 1998). During the
review process for the Michigan lake-sample analyses, any
samples that did not follow prescribed processing protocol
were excluded from the database. In a few instances, sample
bottles leaked and were not processed. For these reasons, some
samples from various constituents were removed. The tables
in this report note the number of samples analyzed for the
respective constituents.

In addition to the laboratories’ actual measurement for
each constituent, some data were also censored—that is,
reported as “nondetect” or “less than (<)”—or estimated (E).
Nondetects result when analysis for a specific constituent
yields no evidence of the constituent’s being present in the
sample. Less-than data result when a constituent is detected
but the concentration is less than the minimum reporting level
for that constituent; for example, less than 0.01 milligrams per
liter (< 0.01 mg/L). This occurs when an exact value can-
not be assigned to a constituent but can be assigned various
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ranges less than reported detection limits. Estimated values are
assigned for a variety of reasons where the analysis deviates
from strict protocol or ideal analytical conditions (extrapola-
tion, minor loss of sample during preparation, and so forth).

The MDEQ laboratory and their private contract labora-
tory provided analytical results with associated data-qualifier
descriptions. All analytical methods used were matched
with the appropriate USGS constituent codes and methods,
in addition to the remark codes for less-than and estimated
data, before the data were stored in NWIS. Both laboratories
participated in the USGS Standard Reference Sample pro-
gram. The laboratories were evaluated by using performance
evaluation samples, called Standard Reference Samples (SRS).
The SRS were submitted to the laboratories semiannually
for performance-comparison purposes. Statistical evaluation
of the results provides information to compare the analytical
performance between laboratories and to determine possible
analytical deficiencies and problems. Although the SRS proj-
ect is not a certification program, participation is required for
all laboratories that provide water-quality data for the USGS.
Any analyte measured by an individual laboratory that did not
receive marginal or higher ratings during the evaluation period
was not used in the data analysis for this report. Laboratory-
evaluation results can be found at http://bgs.usgs.gov/srs/ .

With regard to treatment of censored data, the Helsel and
Cohn (1988) method of adjusted maximum likelihood was
used to create the summary statistics for constituent datasets
that contained more than 5 percent nondetect or less-than
data values. For all other constituents, zero was entered for
nondetects, and the detection limit was entered for less-than
data. This approach was chosen to minimize skewed sum-
mary statistics when a large percentage of values for particular
constituents were nondetects or less-than data values. The
rationale for this approach is given in appendix 2.

All LWQA monitoring data were archived in the USEPA
data-management system (STORET), as well as in the USGS
National Water Information System (NWIS) database. These
data are available to the public at http://mi.waterdata.usgs.gov/
nwis/qw and at http://www.michigan.gov/miswims.

Statewide Water Quality of Inland
Lakes

From 2001 through 2005, selected lakes were sampled in
all of Michigan’s 45 watershed management units and 5 ecore-
gions. Of the 364 lakes sampled, 52 were lakes with more
than one major basin. In all, 433 lake basins were assessed and
used in the analysis for this report. A summary of the number
of lakes, basins, and lakes with multiple basins monitored by
sample year is given in table 3.

A statistical summary of statewide lake-basin water-qual-
ity data collected during the study period from selected sample
depths is presented in table 4. The data used for analysis were

collected from sample depths and during the seasonal period
that would be used for trophic classification and characteriza-
tion of baseline water-quality conditions. Summary data were
created for (1) chlorophyll a (depth-integrated water sample
collected from the photic zone during late summer), (2) nutri-
ent constituents—ammonia plus organic nitrogen, ammonia,
nitrite plus nitrate, and total phosphorus (collected from the
epilimnion during late summer about 3 ft below the lake sur-
face), (3) Secchi-disk measurements made in late summer, and
(4) selected chemical properties—hardness, calcium, mag-
nesium, potassium, sodium, alkalinity, chloride, sulfate, and
nutrients, ammonia plus organic nitrogen, ammonia, nitrite
plus nitrate, and total phosphorus (collected during the spring,
before thermal stratification, from mid-depth).

Table 3. Number of Michigan lakes, basins, and lakes with
multiple basins sampled from 2001 through 2005.

Number of Number of Number_of

Year . lakes with

lakes sampled basins sampled R .

multiple basins

2001 56 67 9
2002 64 75 7
2003 7 91 11
2004 83 103 14
2005 84 97 11

In about 75 percent of the lake basins sampled in Michi-
gan, trophic characteristics are associated with oligotrophic or
mesotrophic conditions. However, 13 percent of those lakes
would be characterized as oligotrophic if Secchi-disk trans-
parency were used as the sole trophic indicator, 33 percent if
only summer near-surface total phosphorus were used, and
29 percent if chlorophyll a were the sole indicator, on the basis
of ranges of constituents presented in table 2. Also noted was
that the total nitrogen to total phosphorus ratio was greater
than 15 to 1 in 92 percent of the lake basins in ecoregion 50,
97 percent in ecoregion 51, and 90 percent in ecoregion 56.
This finding indicates that most lake basins sampled in Michi-
gan are phosphorus limited (Lillie and Mason, 1983). The
concentrations of common ions ranged noticeably statewide.
Some constituents were non detectable in many lake basins,
and others exceeded their statewide average by several mag-
nitudes. Notably, the maximum reported concentrations for
chloride and sulfate were more than 28 times the state median
value, but the same constituents were reported at non detects
in some lakes. Alkalinity, which is a measure of the capacity
of lake water to neutralize acid and an indicator of its ability
to buffer the adverse effects of acid rain, ranged from less than
the minimum reporting limit (20 mg/L) to 246 mg/L. In more
than half the lakes, alkalinity was greater than 116 mg/L.
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Inland Lake Water Quality and
Ecoregions

Water-quality data were separated into the five Omernik
level 111 ecoregions mentioned previously. Lake-basin sum-
mary statistics by ecoregion are presented in table 5. The
majority of the measured constituents were within ecoregion
56; ecoregion 50 was a close second. Ecoegion 51 had about a
third as many measurements as ecoregions 56 and 50. Ecore-
gions 55 and 57 had two and one measurements, respectively,
and thus were excluded from further analysis because of an
inadequate number of measurements.

The Kruskal-Wallis rank-sum test (Schlotzhauer and Lit-
tell, 1997) was used to determine whether there was a statisti-
cally significant difference among the three tested ecoregions,
by constituent, at a p-value equal or less than 0.05 (indicating
statistically significant difference at the 95-percent confidence
level). To identify which ecoregions were statistically different
from each other, the Wilcoxon rank-sum test (Schlotzhauer
and Littell, 1997) was used, again with a p-value equal or less
than 0.05 (to indicate statistically significance differences at
the 95-percent confidence interval). Differences between each
combination of ecoregions are summarized in table 6.

The Kruskal-Wallis rank-sum test showed that all
constituents except ammonia were significantly different at
the 95-percent level among all ecoregions. (Ammonia could
not be analyzed because of the low number of samples from
ecoregion 51.) The Wilcoxon rank-sum test showed that all
constituents were significantly different at the 95-percent level
between ecoregions 50 and 56, and most constituents were
significantly different between ecoregions 50 and 51, and 51
and 56.

The summer chlorophyll a and nutrients, along with sum-
mer Secchi-disk transparency, spring ions, nutrients, and other
chemical properties, are summarized by ecoregion in table 5.
Appendix 3 (figs. 3-1 through 3-18) presents boxplots show-
ing percentiles by ecoregions and statewide summary, and
appendix 4 (figs. 4-1 through 4-18) shows statewide spatial
distribution by ecoregions.

The median summer chlorophyll a concentration was
the lowest in the northwest Lower Peninsula ecoregion 51,
followed by the northern Lower Peninsula and the Upper
Peninsula, ecoregion 50. Water clarity measured with a Secchi
disk had a similar regional distribution; the greatest transpar-
ency was in ecoregion 51, followed by ecoregion 50.

Comparison of spring mid-depth data (assuming that
mixing occurred and that values were similar to the near sur-
face value) to the summer near-surface data, there was a slight
increase in concentrations of ammonia plus organic nitrogen
from spring to summer in ecoregions 51 and 56. Ammonia and
nitrite plus nitrate decreased in concentration from spring to
summer uniformly throughout Michigan. The median phos-

phorus concentration changed little from spring to summer
in ecoregions 50 and 51 and decreased slightly in ecoregion
56. Ecoregions show the greatest range in concentration of
phosphorus during the summer, notably in southern Michigan
ecoregion 56, whereas lake basins in northwest Michigan
ecoregion 51 showed the greatest variation in concentration of
phosphorus during the spring (appendix 3).

Concentrations of common ions generally were higher
in the southern Lower Peninsula in ecoregions 55 and 56.
Most measurements that were less than the minimum report-
ing level or were nondetectable were from lake basins in the
northern Lower and the Upper Peninsula ecoregions 50 and
51. The highest median concentration for most common ions
by ecoregion was in southern Michigan ecoregion 56. The
highest measured concentration in a given lake basin for a
common-ion constituent was also in ecoregion 56, except for
potassium and sulfate, which were highest in ecoregion 50.
A limnological explanation of the importance of water-quality
characteristics and constituents examined in this report is
given in appendix 5.

Specific Conductance and pH

The ranges of pH and specific conductance shown in
figures 6 and 7, respectively, were measured at approximately
mid-depth during spring sampling. Lake water during spring
turnover is generally well mixed and fairly uniform throughout
the water column and is used to define baseline water-quality
characteristics. Although the water column is generally well
mixed in the spring, slight variations of measured properties
can exist throughout the column and may vary slightly from
the data presented in these figures. These figures show the
geographic distribution of the measured properties of pH and
specific conductance in relation to the level 111 ecoregions.

In 14 lakes (noted in appendix 1) pH was less than 6.5,
and in no lake was pH greater than 9.0. Twelve lakes with pH
less than 6.5 were in ecoregion 50, and two were in ecoregion
56. Ten lakes with a pH of less than 6.5 were in the western
Upper Peninsula, one was in the eastern Upper Peninsula, and
three were in the Lower Peninsula. Generally, lakes with a pH
greater than 6.5 and less than 9.0 were distributed somewhat
evenly throughout the State and ecoregions.

The specific conductance of waters (indicative of dis-
solved solids) in inland lakes in Michigan varied greatly.

In several lakes in the western part of the Upper Peninsula,
recorded specific conductance was less than 25 puS/cm; in
some lakes in southeast Michigan, values exceeded

1,000 pS/cm. Specific conductance generally was highest in
the southern part of the Lower Peninsula, (ecoregions 55, 56,
and 57) decreasing farther north (ecoregions 50 and 51) and
especially toward the western Upper Peninsula.
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Table 6. Results of statistical tests comparing constituents between Omernik level lll ecoregions.

[*, statistically significant at the 95-percent confidence interval; NA, not available because of the lack of samples in
one or both categories; zero was used for nondetect values, and the detection limit was used for less-than values]

Omernik level Ill ecoregion
Constituent
50 & 51 50 & 56 51 & 56
Kruskal-Wallis
Summer photic zone rank-sum test Wilcoxon rank-sum test p-value
p-value
Chlorophyll a 0.00 * 0.33 0.00 * 0.00 *
Summer near surface
Secchi-disk transparency .00 * .52 .00 * .00 *
Ammonia + organic nitrogen .00 * 01* .00 * 19
Ammonia NA NA .00 * NA
Nitrite + nitrate .00* .00 * .00 * .00*
Phosphorus .00 * 13 .00 * .00 *
Spring mid-depth

Hardness .00 * .00 * .00 * .28
Calcium .00 * .00 * .00 * .09 *
Magnesium .00 * .00 * .00 * 37
Potassium .00* .03* .00 * .02 *
Sodium .00 * .00 * .00 * .29
Alkalinity .00 * .00 * .00 * .69
Chloride .00 * .00 * .00 * .05 *
Sulfate .00 * .00 * .00 * .03 *
Ammonia + organic nitrogen .00 * .16 .00* .02*
Ammonia NA NA .02* NA
Nitrite + nitrate .00 * .00 * .00 * .02 *
Phosphorus .00 * .02 * .00 * .04 *
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basins during spring turnover for 2001 through 2005,
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Trophic State Index Class Compared to significant difference at the 95-percent confidence interval

. between maximum lake depth and TSI classes but not between
Maximum Lake Depth and Lake Area lake area and TSI classes. The distribution of lake depths

and areas within each TSI class is shown in figures 8 and 9,
respectively. The figures indicate that lake depth seems to vary
between TSI classes; lake area remains fairly constant across
classes.

Maximum lake depth and area were compared across
TSI classes to determine whether a relation exists between
these physiographic characteristics and trophic conditions.
The Kruskal-Wallis rank-sum test determined a statistically
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Comparison of Current Trophic
Assessment with Historical
Assessments

Current trophic evaluations by lake made by the MDEQ
reveal that nearly 17 percent are oligotrophic, 53 percent are
mesotrophic, 22 percent are eutrophic, 4 percent are hyper-
eutrophic, and less than 5 percent are classified into mixed
classes between each major class. About 85 percent of the
oligotrophic lakes are in ecoregions 50 and 51, where they
constitute nearly 28 percent of the lakes. Statewide, about
10 percent of all lakes evaluated from 2001 through 2005 were
adjusted up one trophic classification to account for nutrient
uptake by macrophytes (Walker, 1979).

Historical trophic evaluations made by the MDEQ reveal
that 16 percent are oligotrophic, 54 percent are mesotrophic,
24 percent are eutrophic, and 6 percent are hypereutrophic.
Even though the percentage of lakes classified in each trophic
class between current and historical data are similar, they are
not indicative of individual lakes. Seventy-two percent did not
change trophic class, 18 percent decreased a partial or whole
trophic class (indicating improved water clarity), and 11 per-
cent increased a partial or whole trophic class (indicating
decreased water clarity). None of the trophic evaluations for
lakes increased or decreased more than one trophic class.

Direct comparison between historical and current trophic
classifications are difficult to make because of changes to the
evaluation process and classification boundaries that evolved
with time. Trophic evaluations by the MDEQ evolved during
the collection of historical data with experience, knowledge,
and training. During the 1980s, the trophic class for a lake
was adjusted up one class if dense macrophytes were present.
For lakes assessed in 1993, the eutrophic class was split into
two classes, adding the hypereutrohpic class with a TSI value
greater than 61. For lakes starting in the 1995 assessment, the
TSI class ranges separating the oligotrophic and mesotrophic
classes were adjusted down one TSI unit. Although all histori-
cal lakes were reclassified, if necessary, using current trophic
class ranges (table 2) in appendix 1, not all lakes from the
1982, 1988, 1989 assessments (noted in appendix 1) had a
record of macrophytes being present or their density. Because
approximately 40 percent of the data are from these early-
assessment dates, it is difficult to draw exact comparisons
between historical and current data for lakes.

Summary and Conclusions

This 5-year compilation report summarizes the first years
(2001-2005) of lake water-quality data collected by the USGS
and MDEQ through the LWQA program. From 2001 through
2005, a total of 433 lake basins from 364 lakes 25 acres or
greater in size with public boat launches was sampled. Current
and historical lake trophic assessments provided by MDEQ
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are also presented. Variation of water-quality characteristics in
lake basins, spatial variations related to geographic influences,
and changes in trophic classifications were statistically evalu-
ated using the Kruskal-Wallis rank-sum test and the Wilcoxon
signed-ranks test. Data summarized in this report are used to
establish baseline water-quality characteristics and are used
for trophic classification.

The ratio between total nitrogen to total phosphorus
was greater than 15 to 1 in more than 90 percent of the lakes,
an indication that most lake basins sampled in Michigan are
phosphorus limited. Concentration of many common ions and
nutrients varied considerably throughout Michigan. Some con-
stituents (magnesium, chloride, sulfate, ammonia, nitrite plus
nitrate, and phosphorus) were nondetectable in many lakes but
exceeded their statewide median by several orders of mag-
nitude in other lakes. Maximum reported concentrations of
chloride and sulfate were about 28 times the statewide median.
Regional variation of water quality was noted statewide.

Omernik (1987) level 111 ecoregions were used to sepa-
rate the water-quality data into groups on the basis of their
origin of collection from regions with similar ecosystems.
Geographic setting, climate, geology, hydrology, vegeta-
tion, and land use all influence water-quality characteristics.
Concentrations of measured ions generally were higher in the
southern Lower Peninsula in Omernik ecoregions 55, 56, and
57 (Eastern Corn Belt Plains, Southern Michigan/Northern
Indiana Drift Plains, and Huron/Erie Lake Plains). Concentra-
tions of most ions that were less than the minimum reporting
levels or were nondetectable were from lakes in the northern
Lower Peninsula and Upper Peninsula in Omernik ecoregions
50 and 51 (Northern Lakes and Forests and North Central
Hardwoods). Chlorophyll a concentrations followed a similar
distribution pattern. The lowest chlorophyll a concentrations
were in ecoregions 50 and 51. Measured properties such as
pH and specific conductance (indicative of dissolved solids)
also showed a regional relation. The lakes with the lowest pH
and specific conductance were generally in the western Upper
Peninsula, in ecoregion 50 (Northern Lakes and Forests). The
lowest concentrations of most nutrients were also in ecore-
gions 50 and 51.

Data indicate that a slightly greater variation in nutrients,
particularly phosphorus, occurs in the spring between ecore-
gions. Less variation was noted during the summer, when lake
productivity is high and nutrient uptake by algae and macro-
phytes is the greatest. Lakes with dense macrophytes tend to
utilize most of the available phosphorus, which results in more
uniform concentrations among ecoregions and lake basins.

MDEQ classifies lakes on the basis of their primary
biological productivity or trophic characteristics and uses the
Carlson Trophic State Index to classify Michigan lakes. How-
ever, MDEQ has adopted a modified scale and interpretation
to account for regional characteristics. In the analysis of the
2001-2005 lake data, the MDEQ trophic index was adjusted
for nutrient uptake when substantial amounts of macrophytes
are present.
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Trophic evaluations made by the MDEQ of lakes
sampled from 2001 through 2005 reveal that nearly 17 percent
are oligotrophic, 53 percent are mesotrophic, 22 percent are
eutrophic, 4 percent are hypereutrophic, and less than 5 per-
cent are classified into mixed classes between each major
class. Historical trophic evaluations (appendix 1) made by
the MDEQ reveal that 16 percent are oligotrophic, 54 percent
are mesotrophic, 24 percent are eutrophic, and 6 percent are
hypereutrophic. Seventy-two percent of lakes did not change
trophic class, 18 percent decreased a partial or whole trophic
class (indicating improved water clarity), and 11 percent
increased a partial or whole trophic class (indicating decreased
water clarity). No lakes increased or decreased more than one
trophic class of the comparable current and historical lakes.
For approximately 40 percent of the historical data from early
MDEQ assessment dates (1982, 1988, and 1989), notation of
dense macrophyte presence may have been omitted; thus, for
these data, it is unknown whether dense macrophytes were
indeed present and whether the lake assessments should have
been moved up a trophic class. For this reason, it is difficult
to make comparisons between historical and 2001-2005 lake
trophic class.
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Appendix 2. Rationale for treatment of censored data

Censored data—those reported as “nondetect” or “less Table 2-1. Percentages of values for each constituent in the
than (<)”—are problematic for statistical analyses because 2001-2005 Michigan lakes dataset that were nondetects and
they do not represent reliable quantitative measurements. less-than values.

An inventory of the nondetect and less-than values for each
constituent examined in the datasets for this report is presented
in table 2-1. Various methods of handling censored data have
been developed to enable computation of summary statistics,

[N, number of lake-basin samples; ND, number of lake-basin samples with
nondetect values; <, number of lake basin samples with less-than values]

Constituent N ND < Percent

among which is the adjusted maximum likelihood described
by Helsel and Cohn (1988).
Even though summary statistics could be estimated with

Summer photic zone

the adjusted maximum likelihood method, some of the addi- Chlorophyll a 152 12 i 49
tional statistical comparisons presented in this report require Summer near surface
exact values to be entered for the nondetect and less-than Secchi-disk transparency 421 0 0 .0
data. Two approaches for substituting values for censored Ammonia + Organic 433 0 5 1.2
data are (1) entering zero or (2) entering the detection limit. Nitrogen
Nei_th(_ar a}p(g)_roqtk:)h i_s idgaldt_)ﬁfcause each can ai_"?_ectltlhe_:cesultir_]g Ammonia 348 3 45 13.8
statistical distribution in different ways; specifically, if zero is o .
entered for nondetect and less-than d;lta, tF;le media}r: and mean Nitrite + Nitrate 433 37 168 413
will be lower than if the detection limit is entered. Phosphorus 431 2 13 3.5
To examine the magnitude of differences in using one Spring mid-depth
approach or the other with the Michigan inland-lake data- Hardness 432 2 19
sets_, both approachgs were tried and compargble sets of Calcium 432 0 0
basic summary statistics computed for constituents where .
more than 5 percent of the data were nondetects or less-than Magnesium 432 12 ! 4.4
values. Results of the comparison are given in table 2-2. For Potassium 432 0 0 0
each constituent, variations in summary statistics for the two Sodium 431 37 13 11.6
approaches were noted, especially between the mean val- Alkalinity 430 19 9 6.5
ues; buF generally, the_ dlfferences_ in the summary statlst_lcs Chloride 429 17 0 40
were slight. It was ultimately decided to use a compromise
approach, entering zero for nondetect data and the detection Sulfate 430 29 14 10.0
limit for less-than data. Ammonia + Organic 432 0 9 2.1
Nitrogen
Ammonia 387 1 18 4.9
Nitrite + Nitrate 431 9 5 3.2
Phosphorus 432 7 13 4.6
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Table 2-2. Comparative statistical summaries of Michigan lake-basin data resulting from two censored-data treatments.

[mg/L, milligrams per liter; N, number of lake-basin samples; Min, minimum; Qu., quartile; Max, maximum; Std, Standard; Dev, deviation; *, zero entered for
all nondetect and less-than values; **, detection limit entered for all nondetect and less-than values]

Constituent Unit N Min 1st Qu. Mean Median 3rd Qu. Max Std Dev

Summer near surface

Ammonia* mg/L 348 0.000 0.004 0.027 0.010 0.034 0.640 0.062
Ammonia** mg/L 348 .001 .006 .028 .010 .034 .640 .061
Nitrite + Nitrate* mg/L 433 .000 .000 .054 .001 .007 3.100 242
Nitrite + Nitrate** mg/L 433 .001 .006 .059 .010 .010 3.100 241
Spring mid-depth
Sodium* mg/L 431 .0 2.3 8.7 4.8 8.1 136.0 14.4
Sodium** mg/L 431 1.0 2.3 8.8 4.8 8.1 136.0 14.3
Alkalinity* mg/L 430 .0 67.5 107.9 116.0 147.5 246.0 56.5
Alkalinity** mg/L 430 20.0 67.5 109.2 116.0 147.5 246.0 54.2
Sulfate* mg/L 432 .0 2.0 11.13 5.0 15.0 142.0 14.7
Sulfate** mg/L 432 2.0 2.0 11.33 5.0 15.0 142.0 14.6

References Cited

Helsel, D.R., and Cohn, T.A., 1988, Estimation of descriptive
statistics for multiply censored water quality data: Water
Resources Research, v. 24, no. 12, p. 1997-2004.
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Appendix 3. Water-quality constituents in Michigan lake basins from
2001 through 2005

(Helsel and Cohn (1988) adjusted maximum likelihood was used to create summary statistics for constituents with greater than
5 percent of the data with nondetect and less-than values; otherwise, zero was used for al nondetect values, and the detection
limit was used for all less-than values.)
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Figure 3-1. Distribution of chlorophyll a from the summer photic zone in Michigan lake basins for years 2001 through 2005.
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Figure 3-2. Distribution of Secchi-disk transparency from the summer near surface in Michigan lake basins for years
2001 through 2005.



40 State and Regional Water-Quality Characteristics and Trophic Conditions of Michigan’s Inland Lakes, 2001-2005

3.0 T T T T T T EXPLANATION
433 172 44 2 214 1
30 number of
values
0 X 0
25 I 8 0 | o upper detached
0 . X Upper outside
0 X .
ﬁ 0 ° 0 upper adjacent
20 [ 8 0 7
|_ .
= « « 75th percentile
o g median (50th percentile)
o
g 15 % 7 25th percentile
< X X X
e & lower adjacent
g X lower outside
= 10 7
= 0 lower detached
e individual sample
0.5 | 7
— L —+ —|— — l - — — — —l — — & —| DETECTIONLIMIT=01
0
ALL 50 51 55 56 57

SAMPLES OMERNIK LEVEL Il ECOREGION

Figure 3-3. Distribution of ammonia plus organic nitrogen from the summer near surface in Michigan lake basins for
years 2001 through 2005.
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Figure 3-4. Distribution of ammonia from the summer near surface in Michigan lake basins for years 2001 through 2005.
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Figure 3-5. Distribution of nitrite plus nitrate from the summer near surface in Michigan lake basins for years 2001 through 2005.

04 T T T T T T
431 172 44 2 212 1
03} -
o 0 0
]
E
-
x
]
o
0 L 4
S 0.2 0 0
<
% 0 0
|
=
0 0
ol 8 ) 0 _
: 8 8
8 ¢]
3 | g
0
5 i
! |
—_—— g == =T = = = = I X X N K K NN N K o —
ALL 50 51 55 56 57
SAMPLES OMERNIK LEVEL 11l ECOREGION

Appendix 3

EXPLANATION

0 Ve

0  upper detached

X Uupper outside
upper adjacent
75th percentile
median (50th percentile)
25th percentile
lower adjacent

X lower outside

0 lower detached

e individual sample

DETECTION LIMIT =0.01

EXPLANATION

30
0

X

number of
values

upper detached

upper outside

upper adjacent

75th percentile

median (50th percentile)
25th percentile

lower adjacent

lower outside

lower detached

individual sample

DETECTION LIMIT =0.005

Figure 3-6. Distribution of phosphorus from the summer near surface in Michigan lake basins for years 2001 through 2005.
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Figure 3-7. Distribution of hardness from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-8. Distribution of calcium from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-9. Distribution of magnesium from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-10. Distribution of potassium from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-11. Distribution of sodium from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-12. Distribution of alkalinity from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-13. Distribution of chloride from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-14. Distribution of sulfate from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-15. Distribution of ammonia plus organic nitrogen from the spring mid-depth in Michigan lake basins for years

2001 through 2005.
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Figure 3-16. Distribution of ammonia from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-17. Distribution of nitrite plus nitrate from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Figure 3-18. Distribution of phosphorus from the spring mid-depth in Michigan lake basins for years 2001 through 2005.
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Appendix 4. Spatial distribution of water-quality constituents in Michigan lake

basins from 2001 through 2005
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Figure 4-1. Concentration of chlorophyll a from summer photic
zone in Michigan lake basins from 2001 through 2005.
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Figure 4-2. Secchi-disk transparency from summer near surface
in Michigan lake basins from 2001 through 2005.

EXPLANATION
Ammonia + Organic Nitrogen
in milligrams per liter
O <05
O 05-09 nq
® 10-15
® >15

Omernik level Il ecoregions
(Omernik, 1987)

- 50 Northern Lakes and Forests o %

|:| 51 North Central Hardwoods 0@ o
I:l 55 Eastern Corn Belt Plains
®©

I:l 56 Southern Michigan/Northern Indiana Drift Plains

I 57 Huron/Erie Lake Plains & o
% &) %
)

0 50 100 MILES 0 50 100 MILES
|_|_I_I_I |_|_I_I_I °
0 50 100 KILOMETERS 42°1 0 50 100 KILOMETERS a2°N % © QBO
040P6p 0
Figure 4-3. Concentration of ammonia plus organic nitrogen Figure 4-4. Concentration of ammonia plus organic nitrogen
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2005. through 2005.
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Figure 4-5. Concentration of ammonia from spring mid-depth in

Michigan lake basins from 2001 through 2005.
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Figure 4-7. Concentration of nitrite plus nitrate from spring mid-

depth in Michigan lake basins from 2001 through 2005.
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Figure 4-6. Concentration of ammonia from summer near
surface in Michigan lake basins from 2001 through 2005.
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Figure 4-8. Concentration of nitrite plus nitrate from summer
near surface in Michigan lake basins from 2001 through 2005.
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Figure 4-9. Concentration of phosphorus from spring mid-depth
in Michigan lake basins from 2001 through 2005.
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Figure 4-11. Concentration of hardness from spring mid-depth in
Michigan lake basins from 2001 through 2005.
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Figure 4-10. Concentration of phosphorus from summer near
surface in Michigan lake basins from 2001 through 2005.

EXPLANATION
Calcium in milligrams per liter
O <5

O 25-49 s
® 50-75
® >75

Omernik level Il ecoregions
(Omernik, 1987)

[ 50 Northern Lakes and Forests o )

|:| 51 North Central Hardwoods o
I:l 55 Eastern Corn Belt Plains
D

I:l 56 Southern Michigan/Northern Indiana Drift Plains o)

I 57 Huron/Erie Lake Plains o

0 50 100 MILES
9
0 5 100 KILOMETERS o o | o

Figure 4-12. Concentration of calcium from spring mid-depth in
Michigan lake basins from 2001 through 2005.
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Figure 4-13. Concentration of magnesium from spring mid-depth
in Michigan lake basins from 2001 through 2005.
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Figure 4-15. Concentration of sodium from spring mid-depth in
Michigan lake basins from 2001 2005.
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Figure 4-14. Concentration of potassium from spring mid-depth
in Michigan lake basins from 2001through 2005.
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Figure 4-16. Concentration of alkalinity from spring mid-depth in
Michigan lake basins from 2001 through 2005.
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Figure 4-17. Concentration of chloride from spring mid-depth in

Michigan lake basins from 2001 through 2005.
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Figure 4-18. Concentration of sulfate from spring mid-depth in
Michigan lake basins from 2001 through 2005.
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Appendix 5. A limnologic explanation of water-quality characteristics and
constituents sampled in Michigan lakes, 2001-2005

Water-Quality Characteristics of Ponds, Lakes,
and Impoundments

The water-quality characteristics of ponds, lakes, and
impoundments are determined by a dynamic interaction
of physical, chemical, and biological factors. A lake is an
ecosystem comprising of living organisms that interact with
each other and the physical and chemical properties in that
aquatic system. Because of this interaction, physical, chemi-
cal, and biological properties can affect other properties. For
example, if the water temperature (physical property) of a
lake increases, the ability of the lake to contain dissolved
gases such as oxygen (chemical property) will decrease, thus
restricting the type of fish and other organisms (biological
property) that can survive in that environment. The shape and
size of a lake basin can affect physical, chemical, and biologi-
cal constituents of lakes. Shallow lakes allow light penetration
to the bottom, which can promote plant growth; sunlight may
not reach the bottom in deep lakes.

The source of water to a lake and its retention time in the
lake are important in determining the water-quality charac-
teristics. If precipitation is the major source of water, the lake
may be acidic and low in nutrients and can be susceptible to
acid rain. If ground water is the major source of water, the
lake is usually well buffered against acid rain and generally
contains low to moderate amounts of nutrients. Ground-water-
fed lakes may be susceptible to increased nutrient loading by
way of ground-water inflow from local septic systems, lawn
fertilization, or agriculture in the watershed. Lakes without
inlet streams, with their major source of water coming from
precipitation and/or ground water, have longer retention times
that allow nutrients to accumulate over a number of years;
these nutrients commonly are recycled with spring and fall
mixing. If streams are the major source of water to a lake,
nutrient levels commonly are influenced by the amount of
runoff and human activity in the watershed; these lakes gener-
ally have the most variable water-quality characteristics. Rapid
water-exchange rates allow nutrients to be flushed out of a
lake quickly but also allow for accelerated nutrient loading if
streams and rivers flow into the lake.

Interactions between physical, chemical, and biologi-
cal properties are numerous, generally complex, and in some
cases not fully understood. The following is a brief discussion
of some of these factors and their interactions and how they
are important in the understanding of lake-water quality.

Lake Productivity

A biologically productive lake is desirable for many
activities such as fishing and maintaining a healthy wild-
life population; however, a lake can be overly productive,

which can lead to eutrophication. Eventually, if the excessive
plant and algal growth goes unchecked, the overabundance
of aquatic growth may impair the lake. Dense aquatic plant
growth is shown in figure 5-1.

Figure 5-1. Dense aquatic plant growth (photograph by
R.J. Minnerick, U.S. Geological Survey).

Lakes commonly are classified on their level of biologi-
cal productivity, which is referred to as trophic level. A biolog-
ically productive lake is classified as “eutrophic,” and a lake
with low productivity is classified as “oligotrophic.” A lake
moderate in productivity is classified as “mesotrophic,” and
excessive biological productivity is classified as “hypereutro-
phic.” The trophic status of lakes can be compared and tracked
over a time to help evaluate changes in land-use practices and
their effects on water quality.

In Michigan, phosphorus is commonly the nutrient in
shortest supply and has a substantial effect on productivity; it
is considered the limiting element in many lakes. Phosphorus
can theoretically generate 500 times its weight in algal mat-
ter; nitrogen can generate 71 times its weight (Wetzel, 2001).
Excessive phosphorus in a lake commonly is associated with
increased loading from septic systems, fertilization of lawns,
and agriculture. Excess phosphorus stimulates plant growth
and is used by the plants and algae. Lakes with abundant
rooted aquatic plants and attached algae may have measured
nutrient levels during the summer months that are lower than
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other productive lakes with less aquatic plant growth (Walker,
1979). These plants use large amounts of nutrients from the
water during the growing season. As these plants mature and
die, they sink and become part of the organic matter on the
lake bottom, which then begins to decompose. If lake-bottom
water becomes anoxic, the phosphorus stored in the decom-
posing plant matter is released at a greater rate and becomes
soluble. During spring and fall turnover, the phosphorus that is
released from the bottom sediment becomes mixed throughout
the lake, where it becomes available again for plant and algal
growth. The recycling of these nutrients into the lake water
creates a potential for additional algal blooms, particularly as
additional nutrients continue to load the system.

How responsive the productivity of a lake is to the
introduction of excessive nutrients depends on many factors.
The geologic, hydrologic, and biologic components that make
up the watershed of a lake all interact and can affect how the
water quality may change with the introduction of nutrients.
The source of water for a lake and whether it has an outflow
will affect the retention or flushing time of the basin. The size
and depth of a lake will also determine how the chemical and
biological processes will respond to an increase of nutrients.
A deep lake with a steep shoreline gradient will limit light
penetration, which is needed for plant production and growth.
Shallow lakes that allow sunlight to reach their entire bottom
are susceptible to algal blooms and plant growth and usually
have eutrophic characteristics. Lakes with deep basins gener-
ally have oligotrophic characteristics (Cole, 1983).

Water Temperature and Thermal Stratification

Water temperature in lakes is important because of the
role it plays in lake stratification and its relation to chemical
and biological processes. Thermal stratification is a phenome-
non found in many Michigan lakes where a layer of less dense
warm water is isolated from mixing with a more dense colder
layer. The extent of thermal stratification in lakes depends on
the interaction between the size and depth of the lake basin,
water clarity, solar heating, and local wind characteristics.

In many lakes, the dominant cause of mixing or circula-
tion is wind. Wind-derived circulation is limited by the water
depth; thus, shallow lakes are usually well mixed by the wind.
In deeper lakes, only the upper part of the water column may
be affected by wind. The extent of wind-derived mixing is also
affected by the morphometry of the lake, orientation of the
lake to the prevailing wind, and the topography and land cover
of the surrounding area.

Once stratification occurs, the warmer upper layer of
water, the “epilimnion,” is isolated by a “thermocline” from
the colder deeper "hypolimnion.” The transition zone of rapid
temperature change at the thermocline is the “metalimnion.”
Water quality can vary substantially between thermal layers.
The thermal barrier will allow unique physical and chemical
processes to occur within each zone that will influence the
cycling of nutrients and other elements within the lake. These
layers can remain distinct until fall when the surface-water

temperature begins to cool and, assisted by wind action, the
lake water will mix (fall overturn). In the spring, this process
occurs again (spring overturn) when the ice first leaves the
lake and the cold surface water begins to warm to about 4.0°C.
As denser water sinks, aided again by wind, the lake water
mixes. The thermal layers develop again through the summer,
and the cycle continues.

Specific Conductance

Specific conductance is a measure of the ability of
water to conduct an electrical current and is an indicator of
the concentration of dissolved solids in water. Pure water is
a poor conductor of electricity; however, pure water has the
ability to dissolve many substances that dissociate into ions,
thus increasing the capability of the water to conduct electric-
ity. Conductance is temperature related so reported values are
normalized to 25.0°C and reported as specific conductance.
As the concentration of dissolved minerals increases, specific
conductance also increases. While a lake is stratified, specific
conductance generally is higher near the bottom because of the
release of dissolved materials (such as iron, manganese, and
phosphorus) from the bottom sediments under anoxic condi-
tions.

Water Clarity

Water clarity, or transparency, has two main components:
true color (materials dissolved in the water) and turbidity
(materials suspended in the water, such as algae and silt). The
color of lake water reflects the type and amount of dissolved
organic chemicals it contains (Lillie and Mason, 1983). Many
lakes possess natural, tan-colored compounds (mainly humic
and tannic acids) from decomposing plant material in the
watershed. Brown water can result from bogs draining into a
lake. Algae population is usually the largest and most variable
component that affects water clarity.

Water clarity is commonly measured with a Secchi disk.
Water clarity, in addition to atmospheric conditions, deter-
mines the depth to which sunlight will penetrate the lake.
Light is essential for the photosynthesis process by plants. The
slope of the lake basin, soils, bottom substrate, and available
nutrients, coupled with the maximum depth that light will
penetrate, will help determine the composition of rooted plants
and free-floating algae. Water clarity can be reduced by the
presence of suspended sediment, organics, free-floating algae,
and zooplankton. Algae are commonly the dominant influence
on the clarity of lake water. Therefore, Secchi-disk measure-
ments relate to free-floating algae concentrations in lake
water and are an important tool in determining the biological
productivity of a lake.

pH

The pH of a lake is a measure of the hydrogen-ion activ-
ity in the lake water. It is defined as the negative logarithm
of the hydrogen-ion concentration and varies over a 14-unit



log scale; a pH of 7.0 is neutral. Values less than 7.0 indicate
acidic conditions, and values greater than 7.0 indicate alkaline
conditions. The pH in most natural surface water ranges from
6.5 to 8.5, but pH values outside this range do occur. Many
chemical and biological processes, including photosynthesis,
nitrification, and calcium-carbonate dissolution, control pH

in lake water. Algae and aquatic plants produce oxygen and
consume carbon dioxide by the photosynthesis process during
the day and produce carbon dioxide when they respire at night.
Carbon dioxide then combines with water to form carbonic
acid, therefore creating a daily diurnal fluctuation of pH. This
fluctuation is important because it affects the solubility of
many chemical constituents and because aquatic organisms
have limited pH tolerances. It has been shown that pH values
greater than 8.5 will accelerate the release of phosphorus from
lake-bottom sediment (James and Barko, 1991).

Dissolved Oxygen

Dissolved oxygen (DO) concentration is a critical factor
in lake ecosystems and is a component of many chemical and
biological processes. It is critical to many organisms for res-
piration and is an important controlling factor on the diversity
of fish and other living organisms that a lake will support. DO
enters the lake water from the atmosphere and from produc-
tion by aquatic plants (photosynthesis). The concentration of
DO is dependent on water temperature. As water warms, it has
less ability to naturally absorb oxygen. Even though the deeper
water in lakes during the summer is typically colder than the
surface water, it usually holds less oxygen. This is because in
thermally stratified lakes, oxygen that enters the surface does
not reach the deeper levels of the lake because of the thermo-
cline. This barrier prevents circulation of water throughout the
lake. As a result, the consumption of oxygen in the hypolim-
nion by chemical processes and the decomposition of organics
found in the bottom sediments exceed the rate of replenish-
ment. If this condition continues, the demand for oxygen will
deplete all available oxygen near the lake bottom and can
cause a condition known as anoxia. If the oxygen demand
continues unabated, more oxygen will be used, and the anoxic
zone will increase in size and progress upwards through the
hypolimnion. Anoxic conditions can trigger another process
that will accelerate the release of phosphorus bound up in the
bottom sediments. This phosphorus then is circulated through-
out the lake when overturn occurs.

Nutrients

Phosphorus and nitrogen are required for plant growth.
The concentration of these nutrients will determine the quan-
tity of plants that a lake can support. The quantity and diver-
sity of the plant community in turn plays an important role in
the quantity and diversity of fish and other living organisms in
this environment. However, if excessive amounts of nutri-
ents are present, algal blooms and excessive growth of other
aquatic plants can occur. Accelerated introduction of nutrients
into a lake is usually a result of human activities in the water-
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shed. Poor agriculture practices, failing septic systems, and
increased runoff associated with residential development are
leading contributors to eutrophication.

Commonly, it requires only small additional quantities
of nutrients above those that are present naturally to increase
the productivity of a lake to the point where eutrophication
becomes a concern. The nutrient in shortest supply will tend
to be the limiting control on production of shoreline plants,
phytoplankton, and other algae (Hem, 1985). In Michigan,
concentrations of total phosphorus greater than 0.020 mg/L are
considered indicative of eutrophic conditions (Ralph Bednarz,
Michigan Department of Environmental Quality, oral com-
mun., 2003). Typically, phosphorus is considered the limiting
nutrient in lakes in this region, although increased phospho-
rus and nitrogen concentrations can have a greater combined
effect on plant growth than either nutrient alone in some lakes
(Elser and others, 1990). Lakes with a total nitrogen to total
phosphorus ratio greater than 15 to 1 near the surface are
generally considered phosphorus limited; ratios ranging from
10to 1 to 15 to 1 indicate a transition situation; and a ratio less
than 10 to 1 indicates nitrogen limitation (Lillie and Mason,
1983).

Chlorophyll a

Chlorophyll a is photosynthetic pigment found in algae
(Wetzel, 2001). Its concentration, therefore, is commonly
used as a measure of density of algal population in a lake. The
highest concentrations usually are measured during summer,
when the lake is the warmest. Algae are the primary food
producers in the food chain. A moderate concentration of algae
is necessary for a lake to be biologically productive; however,
excessive populations or algal blooms are undesirable and can
have profound effects on the water quality.

Acid Neutralizing Capacity (ANC)

Also sometimes referred to as alkalinity, ANC is a
measure of the capacity of water to neutralize acid. Alkalinity
usually is measured by titrating a water sample with an acid to
a predetermined pH value (fixed endpoint) or to a point where
the change in pH per unit of acid is greatest (incremental).
Alkalinity is a generalized measurement in that it does not
identify individual compounds; rather, it measures their total
effect. The lower the alkalinity of a lake, the more susceptible
it is to the influences of acid rain.
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