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ABSTRACT 
This report is the culmination of 14 years of extensive lake data collection 

conducted primarily by many individuals in the Bureau of Research Water 
Resources Section. 

Data gathered during this time span, supplemented by the data collected in 
1979 through a comprehensive random sample of 25% of all Wisconsin lakes 
and impoundments greater than 5 ft deep and 25 acres in size, allowed the 
evaluation and examination of generallimnological characteristics of Wiscon
sin lakes. 

Descriptions of ranges, medians, and means are provided for common water 
quality parameters (physical, chemical. and biological) on the basis of state
wide and regional distributions and also on the basis of general lake types. 

An apparent water qualit.y index for Wisconsin lakes has been developed 
based on the major parameters by which lake water quality andlor trophic 
classification are currently judged - water clarity, chlorophyll a, and total 
phosphorus concentrations. The many factors influencing this index and the 
parameters on which it is based are discussed in detail. 

General interrelationships between the many physical, chemical, and biolog
ical characteristics of Wisconsin lakes are presented in respect to both the 
total data set and several subsets based on lake types. 

Evaluations of historical trends in lake water quality are made insofar as 
possible based on this data set and the limited historical data available on Wis
consin lakes. 

The significance of the data base and the possible implications for lake man
agement applications and future lake water quality assessment are presented. 
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SUMMARY 

This report is primarily intended to serve as a 
technical reference for professionals in any of a 
number of water-related fields. The water quality 
data presented here therefore are largely of a specifi
cally technical nature. There is, however, consider
able information throughout the report which will 
be of a more practical value to other resource 
managers and users. To assist in locating particular 
results or discussions of the data, we have provided 
detailed contents and summaries for each chapter. 

Over a 14-year period, 1,140 lakes throughout 
Wisconsin were visited periodically (some only once, 
some seasonally for several years). Water samples 
collected during these visits were analyzed for phy
sical, chemical, and biological data which together 
with field notes and known morphometric character
istics formed the core of the data used in this study 
and subsequent report. 

All of the available data for each lake were con
densed into values representing seasonal or annual 
means for each parameter (e.g., summer total phos
phorus levels). This information, combined ~with 
classification data (e.g., seepage characteristics) and 
static data (e.g., depth, size, watershed size), was 
entered into computer storage and subsequently 
analyzed by a number of strategies (e.g., statewide, 
regional, lake type, season, etc.) to form the bulk of 
the data presented. 

While the following generalizations may or may 
not be "common" knowledge, many of them repre
sent the first time such statements have been 
accompanied by the facts to support them garnered 
from a large number of Wisconsin lakes, and in 
many cases, a wide variety of lake types. 

OVERVIEW 

Lakes are complex, dynamic ecosystems which 
are dependent upon a combination of external and 
internal influences. Direct precipitation on the 
lake's surface, overland surface runoff including 
channelized flows (streams, rivers, creeks, etc.), and 
groundwater inflows serve as the source of lake 
water. As a consequence, the chemical composition 

together with many physical (e.g., color, tempera
ture) and biological characteristics (e.g., plankton, 
bacteria) of the inflowing waters are influenced by 
anything and everything that the water comes in 
contact with while enroute to the lake. Therefore, 
the ionic composition and nutrient loading to any 
particular lake depend on its watershed (surface and 
subterranean) and climate. Such factors as geologic 
structure and composition, soils, vegetation, land 
use, geomorphology (e.g., slope and drainage pat
terns) and climatic patterns (e.g., precipitation form, 
amounts, intensities, etc.) undoubtedly have a great 
impact on the input of externally generated materi
als to a lake including not only the amounts and 
composition, but also the timing of these inputs. 

Upon reaching the lake proper, these externally 
derived inputs dilute or are in turn diluted to 
various degrees by the concentrations of materials 
and the volume of water already in the lake. For 
those lakes with no outlets, the nutrients are essen
tially trapped and such inputs are generally additive 
in nature (ignoring the output by harvesting or 
biological export). In the case of impoundments or 
drainage lakes, net loss or gain of materials is possi· 
ble and depends on the state of equilibrium between 
the chemical composition of inflowing waters and 
lake water. 

The response of any individual lake to this influx 
of nutrients (in terms of such water quality 
parameters as nutrient concentrations, water clar
ity, and standing crop of phytoplankton or macro
phytes) depends primarily on its physical conditions 
(size, depth, stratification, basin morphometry), pre
existing chemical state (ionic composition and 
nutrients), and the interaction of its biota with these 
factors. In many cases, the internal regeneration of 
nutrients within a particular lake may greatly 
exceed the externally generated input of materials. 
A number of complex interactions including the 
physical mixing and recycling of nutrient-rich sedi
ments, chemical complexing of iron or phosphorus, 
precipitation of calcium carbonate, and the impact 
of biota (i.e., macrophytes, bacteria, plankton, fish) 
upon internal nutrient recycling mechanisms act 
alone or in concert to affect the internal generation 



or retention of nutrients. Thus, lakes with currently 
low annual inputs of nutrients but with high inter
nal recycling rates may appear similar to lakes with 
currently high external inputs but low internal 
recycling rates. 

As a result of these varied external and internal 
influences, it is extremely difficult to characterize 
typical Wisconsin lakes. Lakes which may be quite 
alike based on some obvious feature such as depth 
(i.e., deep vs shallow) may be quite dissimilar in 
another respect (e.g., drainage vs seepage) which 
may have a much greater impact on existing water 
quality conditions than the first characteristic. In 
such cases, comparisons of water quality made be
tween the two classes or groups of lakes are greatly 
influenced by the proportion of lakes with the more 
critical characteristic. For example, thermal stratifi
cation may have greater impact on water quality 
than depth alone - thus while deep lakes have 
generally better water quality than shallow lakes, 
this distinction in water quality may simply be the 
result of having a greater percentage of deep lakes 
stratified than shallow lakes. This principle is one of 
the most important facts to be garnered from this 
investigation and report. While lakes can be categor
ized according to a large number of contrasting 
features or characteristics, and while certain gross 
generalizations can be made concerning their water 
quality, there will always remain a wide variance in 
the water quality conditions of any particular group 
of lakes. 

Selection of a 25% random sample of all Wisconsin 
lakes greater than 5 ft deep and greater than 25 
acres in size has provided a very adequate data base 
upon which the best generalizations can be made in 
regard to Wisconsin's lakes. The random data base 
best represents the natural distribution of lakes and 
lake types within the state. 

GENERAL CHARACTERISTICS 

1. The "typical" Wisconsin lake is not necessar
ily best described by the means or medians reported 
in the text. Rather, a more accurate characterization 
is achieved by describing the conditions (parameter 

ranges) which exist in the majority of the state's 
lakes. Under these constraints, the typical Wiscon
sin lake may be characterized as natural in origin, 
equally likely to be of seepage or drainage and 
stratified or mixed in basic lake type, and probably 
located in the northern half of the state. The lake is 
probably less than 100 acres in size, less than 30ft 
deep, and has a water clarity of less than 3m (10ft). 
Chlorophyll levels are likely less than 10 pgll, and 
macrophytes cover only 10% or less of the total lake 
area. Alkalinity and many ions generally depend 
upon geographic distribution, with northern lakes 
more apt to be lower in alkalinity and ionic concen
trations than southern lakes. Nutrient concentra
tions are quite variable and primarily depend upon a 
number of overlapping influences. 

2. Seepage lakes generally have lower concentra· 
tions of nutrients and ions and better water clarity 
than drainage lakes. No significant difference in 
phytoplankton standing crop as measured by chlo· 
rophyll a concentration occurs between seepage and 
drainage lake types. 

3. Natural lakes generally have lower concentra
tions of nutrients and ions and better water clarity 
than impoundments. There is no significant dif
ference in phytoplankton standing crop as measured 
by chlorophyll a concentration between natural 
lakes and impoundments. 

4. Deep lakes (based on either mean or maximum 
lake depths) generally have better water quality and 
lower nutrients than do shallow lakes. No signifi
cant differences occur between alkalinity, pH, chlo
ride, calcium, or magnesium. 

5. Thermally stratified lakes generally have bet
ter water quality and lower nutrients than do mixed 
lakes. Alkalinity, pH, chloride, calcium, and 
magnesium concentrations are not significantly 
different. 

6. There is strong evidence to suggest that ther· 
mal stratification is more important in determining 
the response of a lake to nutrient inputs than either 
mean or maximum depth alone. 

7. Lakes which appear "blue" and "clear" gener
ally have better water quality than lakes which 3 
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, appear "green" or "turbid", and always have chlo
rophyll a levels Jess than 15 ,ug/1 (95% have less than 
10 ,ug/1). 

8. Nutrient dynamics in lakes are highly depen
dent upon lake type. Phosphorus decreases from 
spring Lo summer in most stratified lakes while it 
increases in most mixed lakes. 

9. Phosphorus appears to be the critical nutrient 
limiting chlorophyll a standing crop in all but a very 
few Wisconsin lakes where nitrogen may be 
limiting. 

10. Regional analysis suggests that higher levels 
of some ions and nutrients exist in southern or 
southeastern lakes, probably resulting from a com
bination of existing geological differences and land 
use patterns. Lakes in the northern regions of the 
state generally are of better water quality and lower 
in nutrients although a great deal of these dif-

ferences may be attributable to the greater number 
of deeper, stratified, seepage lakes. 

11. The mean depth of natural lakes when 
unknown may be estimated to be roughly half the 
maximum depth. 

12. An equation is provided in the text for esti
mating a lake's retention time given its drainage 
basin and lake area dimensions. 

13. Deep stratified lakes generally have better 
water quality and are less likely to experience severe 
or moderate dissolved oxygen stress than shallow 
stratified lakes. 

14. Lakes experiencing low wintertime dissolved 
ocygen concentrations generally are richer in 
nutrients and exhibit poorer summertime water 
quality than do lakes which do not appear to 
winter kill. 

Water clarity, most 
often measured by 
Secchi disc, was one 
of the indicators 
used in this study 
for developing a 
water q"'ality index 
{or Wisconsin Jakes. 



WATER QUALITY-TROPHIC STATE 

1. An apparent water quality index is presented 
for Wisconsin lakes, incorporating water clarity, 
chlorophyll concentration, and total phosphorus. 
Preferably, all three parameters should be used in 
evaluating a particular lake. 

2. The relationship between water clarity and 
chlorophyll a depends on lake type and is affected 
by other parameters such as water color and turbid
ity. Chlorophyll a appears to have the greatest im· 
pact on water clarity when levels exceed 30 pg/1. 

3. Seasonal changes in water clarity depend on 
lake type and nutrient status. Greater variation was 
noted in stratified lakes than in shallow mixed lakes. 

4. The relationship between total phosphorus and 
chlorophyll a varies with lake type. Mixed lakes 
generally had a higher concentration of chlorophyll 
a per unit of phosphorus than did stratified lakes. 

5. Thirty pg/1 of total phosphorus appears as a 
more reliable predictor of visible chlorophyll a levels 
(10 pg/1 or greater) than 20 pg/1 total phosphorus. 

6. Phosphorus concentrations exhibit a greater 
relative degree of variability in lakes than do nitro· 
gen concentrations. 

7. Total phosphorus concentrations tend to 
decrease from spring to summer in stratified lakes. 

8. Spring concentrations of inorganic nitrogen 
and inorganic phosphorus in excess of 30 pg/1 and 10 
pg/1, respectively, tend to produce visible amounts 
of phytoplankton during the following summer in 
natural lakes. Lower spring nutrient levels may pro
duce visible concentrations of phytoplankton the 
following summer in impoundments. 

9. A lake's biological community has a great 
impact on the cycling of nutrients and thus may 
greatly affect the lake's perceived water quality or 
trophic status. 

INTERRELATIONSHIPS 

Strong relationships exist between a great 
number of measured parameters. Physical charac· 
teristics appear to have significant impacts upon 
many chemical characteristics, e.g., strong inverse 
relationships between mean depth and nutrients. 
Many parameters are closely associated, e.g., lakes 
with high nutrient levels are also high in ionic com
position. 

On the other hand, a considerable amount of scat
ter occurs in plots of the various interrelationships, 
which suggests that caution must he used in apply
ing linear regression formulae derived from these 
associations for predictive purposes. 

HISTORICAL TRENDS 

1. Assessment of trends in water quality data on 
Wisconsin lakes is restricted by an insufficient 
number and/or frequency of samples and differences 
in sampling and/or analytical methodologies. 

2. There is no conclusive evidence that would 
indicate any Wisconsin lake has experienced per
manent change in pH or alkalinity since early this 
century. 

3. Chlorides have increased significantly in many 
southern Wisconsin lakes. 

4. While increases in nitrogen and phosphorus 
may be occurring in some Wisconsin lakes, data are 
insufficient to document nutrient increases other 
than in those lakes which are known to receive 
point-source sewage discharges. 

5. Although water clarity is one of the most im
portant water quality indicators, it is one that 
generally shows great variability and we were not 
able to pinpoint long-term changes. 5 
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BACKGROUND 

Wisconsin has nearly 15,000 lakes of 
such great diversity in origin, configur
ation and chemical and biological com
position that they almost defy catego
rization and classification. Natural or 
man-made lakes are found in every 
county in the state, but greatest num
bers lie across the north and eastern 
parts of the state while very few exist in 
the driftless area of southwestern Wis
consin (Fig. 1). Wisconsin inland 
lakes range in size from less than an 
acre to 137,000 acres, and in depth 
from a few feet to 230 ft. Only about 
one-third have been named, and almost 
two-thirds are less than 10 acres in sur
face area (Fig. 2). Lakes 25 acres in 
size or larger constitute over 93% of 
the nearly million acres of lake surface 
area in the state, although only 20'Yo of 
the lakes are in this size category. 

It is a foregone conclusion that lakes 
comprise one of the state's most impor
tant natural resources and economic 
assets. They are the basic ingredient 
for a host of water-based recreational 
activities and serve as one of the major 
attractions in the state's multi-billion 
dollar tourism industry. In addition, 
these lakes constitute an immeasurably 
valuable aesthetic resource, and in 
some cases are very important for spe
cialized uses such as drinking water 
supply and industrial cooling. Because 
of these values, it was inevitable that 
the lakes in Wisconsin would be prime 
attractorsof people, which has been the 
case historically and still is today. As a 
result, settlement and development of 
the shorelines of many Wisconsin lakes 
have proceeded rapidly, and the use of 
lakes for recreational pursuits began 
early and continues to flourish. 

HISTORY OF WISCONSIN 
LAKE STUDIES 

Not only the settlers, developers, 
and recreationists recognized the value 
of Wisconsin's lakes and were attracted 
by them, but scientists at the Univer
sity of Wisconsin also became inter-

ested in them at a very early date. Lake 
studies were initiated by E. A. Birge 
at the University of Wisconsin (UW) in 
the late 1800's and were carried forth 
under the auspices of the Wisconsin 
Geological and Natural History Sur
vey, established in 1897. In the years 
that followed, Birge and his co-worker 
Chauncey Juday conducted studies of 
Wisconsin lakes that became world re
nowned. In recognition of their pio
neering efforts in the field of limnology, 
the period of years beginning before the 

NAMED 
---·-~ 

UNNAMED 

turn of the century and continuing un
til the 1940's has become known as the 
"Birge and Juday Era" of limnology. 
The accomplishments and contribu
tions made by these two men are re
lated in detail by Frey (1963); the data 
bank they and their associates com
piled on Wisconsin lakes has served as 
an invaluable source of information for 
later investigators. Further, their re
markable understanding and descrip
tion of limnological processes were such 
that in many cases lake studies made in 

FIGURE 1. Numbers of named and unnamed lakes in 
each Wisconsin county. 



later years were unable to provide any 
new information. 

Because of the impetus given to the 
study of lakes during the Birge and 
Juday Era, it is not surprising that in
terest in Wisconsin lakes has remained 
high among both scientists and citizens 
of the state. At the University of Wis
consin, the traditions in limnological 
research established by Birge and 
Juday were carried forward by their co
workers and proteges. Many different 
Departments (Zoology, Botany, Geol
ogy, Soils, Bacteriology, Water Chem
istry, Engineering and others) and 
branches of the University were in
volved directly or indirectly in lake re
search, and a variety of studies dealing 
with different aspects of the limnology 
of Wisconsin lakes has been published. 
However, chemical and biological data 
were not collected on large numbers of 
lakes in the state following the Birge 
and Juday Era, hence a considerable 
gap in the historical data base on Wis
consin lakes exists between the original 
Birge and Juday data and data col
lected in recent years. 

The Wisconsin Conservation De
partment and its successor agency, the 
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FIGURE 2. Frequency of lake numbers 
and total acreage for various size 
ranges of Wisconsin lakes. (After 
Lathrop et al. in prep.) 

Department of Natural Resources 
(DNR), also developed and have main
tained active programs for the study 
and management of lakes. Countless 
investigations of Wisconsin lakes have 
been conducted which have added to 
the knowledge of the physical, chemi
cal and biological characteristics of the 
state's lakes. Of special significance 
was the Surface Water Inventory and 
Classification program that began in 
1959. Through this program, all lakes 
in the state were inventoried by 
county, with data collected on physical 
characteristics, water quality, fish and 
wildlife resources, recreational use, 
problems limiting use, and various 
other subjects. Publications on surface 
water resources have been prepared for 
nearly all counties of the state. In ad
dition, lake use reports have been writ
ten for some individual lakes, and other 
miscellaneous publications on lake 
water quality were prepared as an out
growth of the inventory program (Poff 
1961, 1967, Sather et al. 1970-74). 

Other important studies relative to 
classification and trophic status of 
Wisconsin lakes have been made by 
Lueschow eta!. (1970), Uttormark and 
Wall (1975), and the U.S. Environmen
tal Protection Agency (EPA) (1972). 
Lueschow and co-workers sampled 12 
lakes of different type and trophic state 
and their ranking of these lakes based 
on various water quality parameters 
represented the first attempt to de
velop a trophic status classification 
system for Wisconsin lakes. Classifica
tion of the state's lakes according to 
trophic status was further explored by 
Uttormark and Wall when they devel
oped a Lake Condition Index (LCI) for 
1,150 lakes, 100 acres in size or greater. 
They later expanded their index to ad
ditional lakes and compared the Lake 
Condition Index with other trophic in
dexes of Wisconsin lakes. The EPA 
studied 46 Wisconsin lakes in 1972-73 
as part of the National Eutrophication 
Survey; a series of Working Papers 
were published assessing the trophic 
state of each sampled lake. 

Current ongoing programs of lake 
study are the remote sensing and in
land lake renewal programs. Studies to 
determine trophic status and classify 
lakes by remote sensing began in 197 4 
and are continuing through a coopera
tive project of the Wisconsin DNR, 
UW, and EPA (Martin and Holmquist 
1979). The inland lake renewal pro
gram, initiated in 1974 by legislative 
action, is a major effort to protect and 
rehabilitate Wisconsin lakes. Through 
this program, which involves the Wis
consin DNR, UW, EPA, and local 
units of government, funding has been 
provided to date for studies of more 
than 100 lakes in the state to determine 
the feasibility of various alternatives 
for protection or renewal. 

THE BUREAU OF 
RESEARCH LAKE STUDY 
AND THIS REPORT 

A 14-year study of Wisconsin lakes 
conducted by the Water Resources Re
search Section, Bureau of Research, 
will be covered here. This study began 
in 1966 after the Wisconsin Legisla
ture, recognizing the need for a pro
gram of research and data collection on 
the state's water resources, authorized 
the study through enactment of Chap
ter 502, Laws of 1965 ~ the Inter
agency Water Resources Research and 
Data Collection Program (6-S). Fund
ing of the 6-S program was not renewed 
after 1972, but the lake study was con
tinued through funding from other 
state sources. Data collection activi
ties were terminated in 1979, after a 
data file had been established with in
formation on 1,140 Wisconsin lakes. 

The Bureau of Research lake data 
file has already been widely used as an 
information source for many DNR pro
grams, and has likewise found use by 
many other agencies and individuals, 
but the data have not been previously 
integrated or analyzed in depth. For 
this report the lake data have been ex
tensively analyzed in order to meet the 
following objectives: (1) document ex
isting water quality conditions in Wis
consin lakes, (2) describe some physi
cal, chemical and biological 
phenomena which are characteristic of 
Wisconsin lakes, (3) investigate rela
tionships between various water quali
ty parameters and other factors which 
affect lake water quality, ( 4) evaluate 
changes in some water quality parame
ters which have occurred or may be oc
curring, and ( 5) relate findings to possi
ble management strategies, water 
quality objectives, and lake rehabilita
tion or protection efforts. 

In the historical overview, only 
some important Wisconsin lake studies 
have been mentioned, since these are 
considered to have the most signifi
cance relative to the work covered in 
this report. The great volume of litera
ture on lakes accumulated elsewhere in 
the United States and in other parts of 
the world could not possibly be refer
enced here. However, we are cognizant 
of the many limnological advances 
made elsewhere that are applicable to 
Wisconsin lakes, and have wherever 
possible applied current knowledge to 
data analysis and interpretation. 
Water quality characteristics and in
terrelationships for Wisconsin lakes 
have been examined in relation to the 
findings of other investigators when 
meaningful comparisons could be 
made. 

Although much of the information 
found in this document is believed to be 
of general interest, the report has been 
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prepared primarily as a technical refer
ence for professionals in the fields of 
limnology, lake protection and man
agement, fish management, water 
quality planning and management, and 
other related fields. Because of the vo)-

ume and nature of the material 
presented, an effort was made to group 
together information of special interest 
to different potential users. Some re
capping and cross-referencing between 
sections of the report were necessary 

University of Wisconsin researchers E. A. Birge (U!ft) and C. Juday (right) 
on Lake Mendota in about 1917. Their pioneerin{{ work in the limnology of 
Wisconsin lakes became world renowned. 

using this organizational format in or
der to make each section as nearly a 
separate entity as possible. To facili
tate use of the report, subheadings are 
liberally used to identify the subject 
material found in each section. 
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SELECTION OF LAKES 

The Bureau of Research lake study 
program underwent many changes and 
varied consideral)'ly in scope and direc
tion throughout. its 14--year history. 
During this period, several different 
approaches ~o lake selection and sam
pling were taken. Originally, lakes 
were selected by Bureau of Research 
personnel on the bas.is of their impor
t.auce a~ a resourcf•, size, public use. 
aestl'\etic or scientific value, and poten
tial for degradal.ion . Thus, many of the 
sta.te's largest and moot heavily used 
lakes wt•re atnoTJg the first to be sam
plPd. As interest. in lake water quality 
expanded within the DNR, a selection 
system was initiated that allowed all 
interested persons within the DNR to 
nominate lakes for inclusion in the pro
gram. District and Bureau staffs were 
solicited biennially for names of lakes 
on which they wished to have water 
quaJ!ity data '=ollected. Under this se
lection system, which was in effect un
til spring 1979, many "problem" lakes 
were sampled - lakes with weed and/ 
or algae problems. use problems, or 
other management problems. As a re
sult, the data file on the 661 lakes sam
pled from 1966 to early 1979 shows a 
bias toward lakes in the following cate
gories: eutrophic, weedy, algae blooms 
experienced, imponndments, large size, 
easily accessible, and located in more 
heavily populated parts af the state. 
Although these data provide a set of 
water quality information on lakes of 
great importance and interest, it is one 
that is not a repre>:elltalive cross-sec
tion of lake types existing in all parts of 
Wisconsin. 

1 n order to compensate for the bi
ases in the existing •lata file and pro
vide a more complete base of informa
tion on various Wisconsin Jake types, a 
set of lakes was selected randomly by 

the Bureau of Research for sampling in 
the summer of 1979. This was a one
time data collection effort geared to 
provide information on a representa
tive cross-section of all lake types 
found statewide. Lakes included in the 
program were selected randomly by 
county from a list of lakes 25 acres in 
size or larger and greater than 5 ft max
imum depth. Water bodies less than 5 
ft deep were eliminated from the selec
tion process because they were consid
ered to be rleep marshes rather than 
lakes. and river backwaters and artifi
cially flooded cranberry marshes were 
also eliminated as not being true lakes. 
A total of 2.802 Jakes were on the list 
for possible selection, and 700 (25%) 
were selected (Table 1). In order to 
ensure a geographically diverse sample, 
the 25% random selection process was 
carried out on a county-by-county ba
sis. A number of the lakes (86) selected 
for sampling in 1979 had been previ
ously sampled in 1976-78 and the sum
mer data on these lakes were used in 
the random sample analyses. Also, 54 
of the randomly selected lake~ were 
sampled by the North Central District 
of the D N R in 1979 as part of their lake 
s-ampling program . 

Tbe random sampling program fell 
slightly short of the planned 25 % sam
ple - the actual sample was 24% 
(661 1. Also, a certain number of substi
tutions had to be made in the field, he
cau~ some lakes could not be sampled 
due to access problems. In these cases 
( 40 ), a nearby lake was chosen tha.t. was 
similar in area and depth to the lake 
originally selected. 

In addition to the randomly selected 
lakes, ail lakes over 1,000 acres in size 
which had not been previously sampled 
were sampled in 1979. The data file, 
therefore, contains information on the 
127 largest lakes in Wisconsin, which 
have a combined area representing 

54% of the total Jake surface area in the 
state. 

LAKE SAMPLING 

The sampling program as it was car
ried out through spring 1979 became 
known as the ''quarterly lake sampling 
program" because lakr:s were routinely 
sampled in winter, spring. summer and 
fall. Attempts were made to c.ollect 
spring and fall samples at a time when 
the lakes were completely mixed, al
though sometimes it was not. possible 
due to short duration of the mixing pe
riod. Winter and summer sampling 
trips were usually made late in the sea
son in order to document the most se
vere conditions of stagnation. The 
number of sampling trips made to each 
lake on the monitoring list varied con
siderably depending on the need for in
formation: most lakes were sampled 
each season for two years, but some 
were only sampled once, and others 
were sampled quarterly for as long as 
five years. 

The 1979 random sampling program 
involved sampling of each lake only 
once during the period of ma..'<imum 
summer stratification in the months of 
July, August and early September. 

Lakes were sampled at the point of 
maximum depth or at some other loca
tion considered to he best representa
tive of the water body. Temperature 
and dissolved orygen profiles of the 
water column were made, and wate.r 
clarity was measured with a Secchi disc 
('l'able 2) . At least two water samples 
were always collected for laboratory 
analysis from each lake sampled before 
summer 1979 - one from near the sur
face and one from near the bottom. 
fvFd-depth samples were also taken 
f:rGm the lower thermocline when lakes 9 



were stratified. Chlorophyll a mea-
TABLE 1. 1979 random lake sampling program for lakes 25 acres or larger in size surements represented surface samples 
and greater than 5 ft maximum depth. only. During the summer 1979 random 

survey, a composite was made from 
Total No. No. samples drawn from 0-, 3- and 6-ft 
No. 25% Substitutes Sampled Total depths for laboratory analyses and 
in Random No. SamJ:!led Sampled by NCD No. Percent chlorophyll a determinations. In strat-Code County County Sample 1976-78 1979 1979 1979 Sampled Sampled 

1. Adams 17 4 1 2 3 18 
ified lakes an additional water sample 

2. Ashland 44 11 9 1 10 23 was taken from the middle of the hy-
3. Barron 67 17 1 15 1 17 25 polimnion for laboratory analysis. 
4. Bayfield 147 37 1 32 3 36 25 From 1966 through spring 1979, bio-
5. Brown 1 0 0 logical samples were collected as time 
6. Buffalo 1 0 0 permitted and interest dictated. Infor-
7. Burnett 140 35 2 34 36 26 mation was collected on aquatic macro-
8. Calumet 1 0 0 phytes, phytoplankton and zooplank-9. Chippewa 46 12 2 10 12 26 

10. Clark 6 2 1 1 2 38 ton in various types of lakes 
11. Columbia 18 3 3 3 23 throughout the state. Zooplankton 
12. Crawford 0 0 0 samples were taken during each season 
13. Dane 16 4 2 2 4 25 of the year from 190 lakes statewide in 
14. Dodge 9 2 2 2 22 1973-74 and later examined by Torke 
15. Door 6 2 2 2 38 (1979). 16. Douglas 71 18 1 16 1 18 25 
17. Dunn 5 1 2 2 40 Chlorophyll a samples were filtered 
18. Eau Claire 6 2 1 1 2 38 at the end of each collecting day, and 
19. Florence 50 12 3 8 1 12 24 the filters were placed in 4 ml of 90% 
20. Fond duLac 10 3 3 3 30 acetone and kept in a freezer for later 
21. Forest 82 21 1 16 2 19 23 extraction. Water samples were cooled 
22. Grant 0 0 0 in ice chests in the field after collection 23. Green 8 1 1 1 33 
24. Green Lake 9 2 2 22 until they could be put into cold stor-
25. Iowa 5 1 1 20 age. The large numbers of water sam-
26. Iron 98 24 19 4 23 24 pies generated by the lake sampling 
27. Jackson 13 3 2 2 15 program greatly exceeded the labora-
28. Jefferson 16 4 4 4 25 tory's capacity to analyze them imme-
29. Juneau 16 4 1 2 3 19 diately, necessitating cold storage for 
30. Kenosha 17 4 4 4 24 
31. Kewaunee 4 1 1 25 many of the samples up to three 
32. La Crosse 1 0 0 months. However, extensive compari-
33. Lafayette 1 0 0 son of these data with lake data col-
34. Langlade 59 15 3 9 1 13 22 lected and analysed by others has 
35. Lincoln 52 13 1 3 1 6 11 21 shown that sample storage did not seri-
36. Manitowoc 12 8 1 2 3 25 ously affect analytical results (Mason 37. Marathon 35 9 1 4 1 6 17 
38. Marinette 63 16 1 13 2 16 25 1980). 
39. Marquette 26 6 1 5 6 23 
40. Menominee 26 6 5 6 23 
41. Milwaukee 0 0 0 
42. Monroe 27 6 5 5 19 
43. Oconto 76 19 4 13 17 22 LABORATORY ANALYSIS 
44. Oneida 271 68 3 24 1 33 61 23 
45. Outagamie 1 0 0 Nearly all of the lake samples col-46. Ozaukee 6 2 2 2 33 
47. Pepin 3 1 1 l 33 lected during this study were analyzed 
48. Pierce 0 0 0 at the Bureau of Research Laboratory, 
49. Polk 107 ?:7 5 19 25 23 Delafield, Wisconsin. The few that 
50. Portage 34 8 2 6 8 24 were not analyzed at Delafield were 
51. Price 75 19 16 3 19 25 sent to the State Laboratory of Hy-
52. Racine 10 3 2 1 3 30 

giene or analyzed at the Nevin Labora-53. Richland 3 1 1 1 33 
54. Rock 9 2 1 2 22 tory, both in Madison. Analytical re-
55. Rusk 34 8 2 5 7 21 suits of these laboratories were 
56. St. Croix 19 5 5 5 26 compared and found to be compatible 
57. Sauk 12 3 1 2 3 25 within acceptable limits (Mason 1980). 
58. Sawyer 120 30 4 23 3 30 5 Methods used by the Delafield Lab-
59. Shawano 28 7 1 6 7 25 oratory in the analysis of lake water 60. Sheboygan 13 3 1 2 3 23 
61. Taylor 28 7 1 5 6 21 samples and their source are shown in 
62. Trempealeau 6 2 2 2 33 Table 2. Since these methods are all 
63. Vernon 4 1 1 1 25 standard techniques used by other lab-
64. Vilas 358 90 13 48 5 14 80 22 oratories and are fully covered in the 
65. Walworth 28 7 7 7 25 reference listed, they will not be further 
66. Washburn 173 43 1 38 5 44 25 discussed. Description of the opera-67. Washington 16 4 4 4 25 
68. Waukesha 45 11 2 7 1 1 10 22 tional procedures followed at the Dela-
69. Waupaca 49 12 1 11 12 25 field Lab and confidence limits for the 
70. Waushara 37 9 1 7 8 22 analyses performed can be found in 
71. Winnebago 5 1 1 1 20 other publications (Wisconsin Depart-
72. Wood 11 3 1 ~ 18 ment of Natural Resources 1973-74, 

TOTAL 2,802 700 86 481 40 54 661 24 1974-75) and also will not be given 
here. 



TABLE 2. Analytical methods used in the lake sampling program. 

Field 
Temperature 
Dissolved oxygen 
Transparency 
Chlorophyll a 

Electric thermistor thermometer 
Modified Winkler 

(1) 
(2) 
(1) 
(5) 

Secchi disc 
Filtration and extraction 

Laboratory 

pH 
Alkalinity 
Conductance 
NitriteN 
Nitrate N 
AmmoniaN 
Organic N 
Total N 
Reactive P** 
Total P 
Chloride 

Glass electrode meter (1) 
(1) 
(3) 
(3) 
(3) 
(3) 
(4) 
(3) 
(6) 
(6) 
(2) 
(4) 

Acidibase titration using pH meter 
Wheatstone bridge 
Colorimetric N -( 1-napthyl )-ethy lenediam 
Colorimetric brucine sulfate 
Distillation-Nesslerization 
Digestion, distillation, Nesslerization 
Sum of all nitrogen forms 
Molybdate colorimetry (unfiltered sample) 
Acid digestion-molybdate colorimetry 
Mercuric nitrate titration 

Metals (calcium, 
magnesium, 
sodium, 
potassium) 

Atomic absorption spectroscopy 

Turbidity 

*References cited are as follows: 

(1) Lind (1974). 

(3) 

(2) American Public Health Association (1975). 
(3) Environmental Protection Agency (1974). 
(4) U.S. Geological Survey (1970). 
(5) Strickland and Parsons (1968). 
(6) Eisenreich, Bannerman, and Armstrong (1975). 

**Referred to in text as inorganic P. 

DATA HANDLING 

The Bureau of Research lake data 
file contains different data sets. For 
this report these data sets were utilized 
for different purposes, and were ana
lyzed separately and in combination as 
follows: 

1. The 1966-79 quarterly sampling 
data (561 Jakes): Used for analysis of 
seasonal variations in lake water quali
ty and for gaining insight into the 
meaning and significance of seasonal 
changes. Hereafter in this report the 
data collected from 1966 through 
spring 1979 will be referred to as the 
quarterly data file. 

2. The summer 1979 random sample 
data (661lakes): Used to describe lake 
types and characteristics statewide and 
in different geographic regions, and to 
determine relationships between vari
ous water quality parameters. 

3. The large lake data (127 lakes): 
Analyzed to show the water quality 
characteristics of the largest (1,000 ac
res+ ) lakes and impoundments in the 
state. 

4. The combined (total) data set 
(1,140 lakes): Used for distributional 
mapping of various water quality pa
rameters, analyzing historical trends in 

water quality, assessing management 
implications and considerations, and 
describing water quality characteris
tics and interrelationships wherever 
the bias inherent in the data set did not 
preclude its use. 

The amount of raw lake water quali
ty data available made it necessary to 
condense and code some of the data in 
order to expedite analysis. This section 
of the report will clarify these manipu
lations and explain the use of codes and 
key terminology. 

In order to make comparisons be
tween and within certain geographic 
areas of the state, some basis for aggre
gation andjor separation was required. 
Based on a consensus of several experi
enced limnologists with knowledge of 
Wisconsin lakes, five lake regions were 
delineated (Fig. 3). The selection of 
these lake region boundaries was cho
sen to: ( 1) group lakes of similar na
ture or apparent characteristics, 
(2) provide sufficient numbers of lakes 
of various lake types in each region to 
provide for adequate statistical analy
sis, and (3) separate lakes on the basis 
of regional means. 

The five lake regions selected resem
ble the "hydro-chemical lake regions" 
described by Poff (1961), which were 

based on bedrock and glacial geology 
and generalized soil cover typology. 

Three stratification classifications 
were used to code the lakes. Thermal 
stratification of each lake during the 
summer period was evaluated for the 
summer sampling dates. The number 
of summer sampling dates for each lake 
varied from one to several, but usually 
the stratification conditions remained 
the same from one year to another. If a 
lake was stratified during one sampling 
period but mixed or weakly stratified 
at another, careful examination of per
tinent data was made to estimate what 
classification best represented the sum
mer thermal stratification condition. 
Lakes distinctly stratified during each 
summer sampling period were labeled 
"stratified" while lakes that were not 
thermally stratified were labeled 
"mixed". If the stratification status of 
the lake was questionable (weakly 
stratified at best), or if the data were 
inadequate for determining its status, 
the lake was labeled as such. For most 
analyses involving stratification, only 
those lakes clearly "mixed" or "strati
fied" were used. In a few cases lakes 
classified as "questionable" were in
cluded in the "mixed" category. 

The designation of "impoundment" 
vs "natural lake" is based on the origin 
of the lake. An "impoundment" refers 
to a lake created by man through 
whatever action to impound or impede 
the flow of a stream or river. A "natu
ral lake" refers to lakes formed by nat
ural events. In Wisconsin this is practi
cally synonymous with glaciation, as 
the large majority of lakes here were 
formed or created during the glaciation 
periods. In all areas except the driftless 
region of southwestern Wisconsin, the 
glaciers had direct or indirect influence 
upon the formation of lake basins or 
upon the character of their watersheds. 
For this analysis, a lake formed natu
rally with a controlled water level was 

FIGURE 3. Generalized Wisconsin lake 
regions. 11 
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classified as a "natural lake". The use 
of the tenn "lakes only" throughout 
the remainder of this report refers to 
all "natural lakes" exclusive of 
impoundments. 

Separation of "seepage" vs "drain
age" refers to the presence or absence 
of an outlet flow of water. This infor
mation was obtained from the county 
surface water resources publications 
(Wisconsin Department of Natural 
Resources 1960-80) or through exami
nation of topographic maps to deter
mine the presence or absence of an out
let flow. 

Available dissolved oxygen (D.O.) 
data consisted of profiles taken at vari
ous selected depths to within 1 ft of the 
lake bottom. Sample sites were usually 
at or near the point of maximum lake 
depth but not always. Due to differ
ences in sample collection or depth se
lection methods, particularly in rela
tion to the selection of sampling depths 
within and close to the thermocline, it 
was sometimes impossible to ade
quately assess the D.O. status of the 
hypolimnion. Because of this problem, 
and the fact that sampling dates varied 
from early to Ia te summer, it was neces
sary to report only general D.O. condi
tions. In the system used, lakes with 
less than 1 mg/1 D.O. present in the en
tire hypolimnion were labeled "severe" 
D.O. depletion; lakes with D.O. less 
than 1 mg/l at some position in the hy
polimnion were rated "moderate" de
pletion; and lakes with D.O.'s greater 
than 1 mgjl throughout were rated "no 
problem". If more than one set of sum
mer data was available, the most se
vere conditions observed were used to 
rate the lake. 

Secchi disc or water clarity readings 
reported may represent either seasonal 
means or individual discrete values. 

Secchi disc data used for comparisons 
with other water quality parameters 
consisted entirely of single discrete val
ues taken at the same time as the chlo
rophyll a samples, but in the case of the 
quarterly data set, the other water 
quality parameters represent seasonal 
or annual means. This is an important 
distinction that will be stressed again 
later. Also of importance is an inherent 
bias that may exist within the Secchi 
disc data. Because discs that were visi
ble on the lake bottom or that disap
peared in beds of aquatic vegetation 
were coded as missing data or were in
cluded as such in the computation of 
seasonal means, some of the best water 
clarity readings were lost from the data 
base. Although the majority of such 
cases occurred in shallow lakes, it is 
possible that this bias may have ob
scured some details of the analysis, par
ticularly in reference to some of the sea
sonal analyses. 

In the quarterly data set all water 
quality parameters except chlorophyll 
a represent annual or seasonal means of 
epilimnetic water samples. The 
number of samples varied from only 
one in a few cases to as many as 20 or 
more in others. Epilimnetic data were 
chosen over other possible combina
tions of samples including metalimnion 
and hypolimnion because they best 
represented or reflected the water qual
ity as observed by the public. Further, 
early in the analysis epilimnetic and 
metalimnetic data were .:_..:,mbined to 
determine if the resulting number 
would better represent the total in-lake 
value at the time of sampling. How
ever, this method did not prove to be 
feasible, since a representative meta
limnetic sample sometimes was not col
lected. The "middle" sample collected 
often was from below the bottom of the 

metalimnion and thus represented the 
upper hypolimnion. At this depth, 
lakes were quite often anoxic with ex
tremely high nutrient concentrations, 
which, when combined with the lower 
values for the epilimnion, resulted in 
inordinately high values. Also, the 
metalimnion or hypolimnion quite 
often represents a very small portion of 
the entire lake volume. For these rea
sons, we decided that the epilimnetic 
data alone best represented the water 
quality of sampled lakes. 

The summer random sample data 
represent single date, matching data 
points, which permit accurate correla
tion-association analysis of various 
parameters. 

COMPUTER ANALYSIS AND 
OAT A STORAGE 

All data were transcribed and en
tered via a remote computer terminal 
into the University of Wisconsin
Madison Academic Computing Cen
ter's Sperry Univac 1100/80 using 
NEAT, an interactive text editor
processor. 

Data analysis was performed using 
MINITAB, a statistical computing 
system designed by Ryan, Joiner, and 
Ryan (1976) (copyright 1980 - Penn 
State University 1980). 

Raw data are on file at the DNR 
Bureau of Research, Water Resources 
Research Section, 3911 Fish Hatchery 
Road, Madison, Wisconsin 53711. Ac
cess to the computerized file may be 
made available to the public. Further 
information may be obtained by con
tacting the above address. 



ERRATA DHEET 

<Please make the following changes to this copy of Technical Bulletin# 138.) 

Page ~ Under Water Quality-Trophic State #·8: 

Change 30 ug/1 to 300 ug/1. 

Page ~ In Figure# 1; number of named lakes in Rusk County: 

Change 173 to 73. 

Page 47 

Page 77 

Page 103 

Page 111 

In first paragraph: sentence should read "Another factor to consider 
is that the presence of toxic materials, high inorganic turbidities, 
or humic color may inhibit maximum algal production, ••.•••• M 

Formula in 3rd paragraph: change FR to Jnr and 

Table 37: change FR to ~. 

In 2nd line of 3rd paragraph: change <> 10 ug/1), 65% to 35'l.. 

In PNortheast" matrix: parameter headings should be the same as 
shown for other matrixes. 
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Approximately half oj the state's lakes over 25 acres in size are 
landlocked seepage lakes while the other half are drainage lakes 
with outlets. 

Impoundments make up 16% of the state's lakes ouer 25 acres in 
size and have several distinct water quality characteristics. 

About 40% of Wisconsin 's lakes h.aue brown color of some degree, 
usually due to humic stain derived from bog surroundings. 

INTRODUCTION 

The physical, chemical and biologi
cal qualities of Wisconsin's lakes and 
impoundments a1·e highly variable and 
are influenced by many factors, both 
external and internal to the lakes. Wa
tershed, or drainage basin, features 
such as climate, geology, topography, 
soils, vegetation, and man's cultural 
activities (i.e., land use ) play impor
tant roles in determining the quantity 
and quality of t he water entering a 
lake, while internal factors such as lake 
basin morphometry and composition 
and complex biological interactions ac
count for many of the differences in 
water quality in lakes with similar wa
tershed features. 

These factors, together with the 
widespread geographical distribution 
of Wisconsin lakes (Fig. 4 ), greatly 
limit the extent to which generaliza
tionscan be made. However, some pat
terns exist and these will be briefly dis
cussed as they apply to all lakes in 
Wisconsin. 

STATEWIDE DESCRIPTIONS 
OF ALL LAKES 

The typical Wisconsin lake (greater 
than 25 acres in size and more than 5 ft 
maximum depth) may be best de
scribed by the means and medians de
rived from the random survey data 
(Table 3 ). These values represent sum
mer water quality conditions which are 
considered to be very important be
cause summer is the season of maxi
mum lake usage and summertime con
ditions most strongly influence the 
public perception of lake water quality. 
Furthermore, summer water quality 
generally has been the primary basis 
for categorizing and assessing the 
trophic status or lakes. Since some 
physical and chemical properties of 
lake waters do not change appreciably 
throughout the year in certain types of 
lakes, summer values are also repre
sentative of year-round conditions. 
Seasonal variations in water quality 
characteristics of Wisconsin lakes and 
their sign•ficance are described in a 
later section. 

Ranges of values for different char
acteristics of Wisconsin lakes ( Ta
ble 4) were determined from the total 
data set collected over the 14-year his.
tory of the lake sampling program. 
Lakes are categorized according to var
ious important physical, chemical and 
biological traits in Table 5 and Fig. 5. 
Most of this information will not be 
discussed in detail but is provided for 
reference purposes. 



FIOt:RE 4. Di.~tr•ib!ttion of 661 randomly sampled 
lake.~ 1 > '2!i acres arld > 5 jt maximum depth) shown 
j,, ,·espccl ID the oeuerdliud concentrations of /he ma
jorily of natnrufly occurring lakes (shaded areas ). 
M osl tluts on/side lhe shaded areas represent 
im]JOunrlments. 

TABLE 3. Statistical S'ltmmary of major c/wracle-r-istics of random data set. 

No. S~ndard 
Pa.r;irrit:>L~J r Value Lakes Mean Deviation Minimum Maximum Median 
Area acres 660 247 1.104 2.5 22,218 73 
Mean <lett1 h fl. 3\4' 12.2 7.9 2 40 10 
Max,im nm depth rt (;59 25 18 5 105 20 
Color units 560 30 40 I 320 25 
Tt·ansparency m 595 2.3 l.4 0.1 9.5 2.0 

de-p t!\ 
Chlomphyll a Jlg/1 643 14.8 39.1 0.5 706.1 7.5 
Chlori d~~ llil! I GO(j 4 7 I 57 2 
Calcium mg,tl 604 12 13 I 71 8 
Magnesium mg 'l 604 8 II I 49 2 
pH on its 660 7.15 0.85 4.3 9.G 7.2 
Alkalinity n·tg.'l 660 52 59 I 291) 30 
Turbldit1• JTUs 645 3.1 4.6 0.5 72.0 2.1 
Organic- N mg,l 659 0.60 0.36 0.10 2.77 0.53 
Total N mgj' l 659 0.86 0.57 O.H 6.50 0.73 
1 norg:unc P m •fl 658 0.013 0 .036 0.001 0.570 0.004 
Total P mg/1 659 0.031 0.051 0.003 0.720 0.019 

-
•oniy 311. ia'k es in lhe random data seL had hydrological ~aps available. 

Physical Features 

Lake Type 

Lake origin and drainage type are 
important major features affecting 
water quality. The majority of lakes in 
Wisconsin (85%) are of natural origin 
rather than man-made. Their distribu
tion is closely associated with glacial 
act!vity. The lakes are evenly divided 
between seepage and drainage types 
and wit.h regard to summer thennal 
stratification {stratified and mixed). 
Detailed descriptions and comparisons 
of the characteristics of these different 
lake types will be presented later. 

Area 

Lake area or size plays an important 
rol~> in conjunction with a number of 
other physical factors in a lake's energy 
and nutrient budgets. However, t here 
is an overall general lack of correlation 
between lake area and most water qual
ity parameters (see Interrelationships, 
p. 7 9 ). The average size of the ran
domly selected lakes was 247 acres with 
a median size of 73 acres, while the av
erage size of all Wisconsin Jakes is 
known to be less than 10 acres . Ap
proximatelY 61% of the sampled lakes 
were in the 25-100 acre range with only 
about 15% exceeding 250 acres in size. 
The largest Wisconsin lake is 137, 70S
acre Lake Winnebago, a shallow lake 
created by the natural damming of the 
Fox: River in east central Wisconsin. 
No apparent pattern can be found in 
the distribution of large lakes within 
the state (Fig . 6) . 

Depth 

[t is very difficult to differentiate 
between the significance of mean and 
maximum lake depth since the two pa
rameters are highly associated (Ap
pend . A ). 1'he establishment of a per
manent thermal stratification in 
summer is dependent upon a lake's 
ma:.:imum depth, among other Cactors. 
while mean depth together with lake 
area detennine lake volume and thus 
the resulting nutrient and ion dilution 
capacity. The importance of mean 
depth in influencing lake water quality 
is well recognized (Rawson 1952 and 
1955, Sakamoto 1%6, Vollenweider 
1968, Ryder et a!. 1974, and Schneider 
1975 ). 

The average mean depth of the 229 
randomly sampled lakes with com
puted mean depths was 12.2 ft (me
dian = 10 ft ). Seventy-four per·<:ent 
of the lakes had mean depths between 5 
and 20 ft. Big Green Lake, a natural 
lake- formed by damming of a preglacial 
valley with mora. in ic materials (Hutch-
in son 1975 ), has the greatest mean 15 
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TABLE I. Ru111Je of oa/1tes for various characleri.~lics of all takes sa-rn)Jled dur·ing 
n -year ~;tndy perioa' ( total data set ). 

Pill'ameter Range (min.-ma.x.) Measurement 

/Ire a 3 - 137,708 acres 
!'vi ~an dPpth 1.1 - 104 fl 
Max·Jmum depth 2 - 236 {l 
Color <1 - 320 unils 
Transparency (summer) 0.1 9.6 m 
Chorophyll a <0 .5 333 IJS/1 
Chlorides < I 269 mg' l 
Calc•ium <I 90 mgl 
Magnesium <l - 58 mg, l 
pH 4. .3 9.6 pH units 
Alkalinity J - 317 mp: il 
Turbidity 0.4 72 .JTU:-; 
Organic N ( w)• 0.06 - 4.25 mg·l 

(spJ O.lO 2.19 mg/1 
(s) 0.02 - 3.21 mgfl 
(f) 0.03 - 3.158 mg/1 

Total N (II' I 0.18 - 6.55 il1g,'l 
(sp 1 0.12 - 5.06 mg .. I 
(.<; ) 0.05 8..46 mgil 
(f ) 0.08 5.52 mg/1 

Jnorgank P (wl 0.003 0.828 mgjl 
(sp ) 0.003 - 0.41·0 mg/1 
(s) -:::: 0.001 - 0.7<!6 rogjl 
(() <0.001 - 0.4-15 mg/1 

Tot~l P (w) <. 0.009 - 1.074 m~;l 
(sp ) -.:.0.009 0.70 mgiJ 
(s ) ,<( 0.003 - 1.02 mg, l 
(fi < 0.009 0.57 mgjl 

• w = winU>r; sp ; spring; s = summer: ( "' fall. 

•Lni<G5 

.o. Jmpo u oor~>ents 

Fl G ll U 8 li. Location of inland lakes and i mpoundmenls orea.lf r 
/.han 1,000 acres i n size. 

No. 
Lakes 

1.302 
807 

1,309 
G3o 

1.192 
7'29 

1.252 
1.250 
1,250 
1.309 
1,309 
1.217 

495 
507 

1,287 
513 
495 
507 

1.287 
513 
494 
507 

1,285 
513 
·195 
507 

1.286 
5l3 

depth (104 ftl and maximum depth 
(236 rt) of any inland lake in 
Wiseomin. 

The average maximum dr?pth of the 
surveyed lakes was 25 ft. (median = 
20 ft ) with a range from 5 to 236 ft. 
Most lakes (68 %) were less t.han 30 ft 
deep I maximum depth ) with onJy 10% 
d~eper than 50 ft. 

The ratio of mean depth to maxi
mum depth is oft!'n related to the shape 
of a cone in which the ralio of mean to 
maximum depths would equal 0.33. 
While the ratio in lakes varies consider
ably wi t h the shape o[ the late, the ma
jority (81 '',;, l of Wisconsin's Jakes with 
both known mean and maximum 
depths lie within the range of 0.30-0.70 . 
The average ratio for Wiscc·nsin lakes 
- 0.455 (which represents selected 
lakes and impoundments) - is very 
similar lo the 0.464 value correspond
ing loan elliptic sinusoid ( Wetzel1975) 
and the 0.467 reported by Neumann 
(1959) for 107 worldwide lake;; . The 
same calculation for only L1e natural 
lakes in the random data set provides a 
value of 0.496 . This value may be used 
to estimate a lake's mean depth given 
it<> maximum depth; in the case of Wis
consin's natural lakes, mean depth may 
be simply estimated Lo be half the 
lake's maximum depth. 

Thermal Stratification 

The significance of stratification 
may be presently underestimated (see 
discussion under Nutrient Concentra
tions , p . 71) . Stratification appears 
to be more important than depth alone 
in affecting summertime lake water 
quality. Approximately equal percent
ages of lakes were either mixed or strat
ified (Table 5 ). The impact of large 
lake area or size and the resulting fetch 
on stratification of Wisconsin lakes is 
discuSS£~d in detail by Lathrop and Lil
lie (1980). An extreme e>.:ample of ther
mal stratification was observed in 
Third Lake, Trempealeau County, 
where a 19 C (34 F) change in water 
temperature was recorded within an 8-
ft depth gradient (DNR Bureau of Re
search Files, 22 July 19"75 ). 

Watershed lo Lake Area 
Ralio and Retention Time 

The ratio of the size of a la ke's wa
tershed to its surface acreage (drainage 
basin:lake area = OB:LAJ and the 
volume of a given lake are important 
fadl">rs in determining the lake's reten
tion time (RT). A lake with a large 
D B:LA woold theoretic.ally be ex
pected to have a greater vo\u me of sur
face runoff and/or groundwater influ
encing it than a lake of simi:ar surface 
acreage but smaller drainage basin. 
The lake's RT is considered to be the 



length of time required for the lake to 
undergo a complete exchange of water. 
Two lakes of similar size with equal size 
drainage basins might be expected to 
have similar volumes entering them. 
Under these circumstances, the lake 
with the greater mean depth, and thus 
the greater volume, would have a 
longer RT. These factors have an im
portant function in nutrient dynamics 
within the lake system and vary con
siderably with lake type. The com
bined mean DB:LA for the random 
data set was 110 and the RT averaged 
1.35 years (16.2 months). The median 
RT for lakes in the random data set 
was 0.89 years (10.7 months). 

Color 

Color is an important characteristic 
affecting water transparency, and heat 
absorbance and transmission in lakes. 
The random sample includes data on 
both measured and perceived water 
color' as recorded during field observa
tions. Many factors can affect per
ceived color, such as concentrations of 
dissolved and suspended.materials, 
depth of the water, weather and light 
conditions, and the angle of observa
tion. Actual or measured water color is 
primarily dependent on the amount of 
dissolved substances present; humic 
materials that contribute various con
centrations of organic acids to lake 
water usually are the cause of the mea
sured brown color found in Wisconsin 
lakes. 

Mean measured water color was 39 
units (median = 25); however, color 
was quite variable (Fig. 5) and showed 
no clear geographical gradient 
(Fig. 7). Thirty-nine percent of the 
lakes had color levels greater than 40 
units (Fig. 8). The Rice River Flow
age, Oneida County, had the highest 
color recorded (320 units), which was 
close to the maximum of 340 units ob
served during a survey of 518 north
eastern Wisconsin lakes by Juday and 
Birge (1933). A large number of lakes 
in the southern areas of the state with 
high measured water color had a yel
lowish-green color rather than brown, 
which may have been associated with 
phytoplankton or related decomposi
tion byproducts. 

Thirty-eight percent of the lakes in 
the random data set were perceived by 
field crews to some degree as "brown" 
(Table 5), while 32% were "clear" or 
"blue", and 20% were "green". Most 
"brown" lakes were located in the 
northern half of the state, as shown in 
Fig. 9. 

Water Clarity or Transparency 

Good water clarity is a most impor
tant recreational and aesthetic attrib-

TABLE 5. Categorization of Wisconsin lakes by some 
tanl types and characteristics (random data set). 

or Characteristic No. Lakes 

Origin or Type* 

Impoundments 100 15 
Natural lakes 558* 84 

Stratification 

Stratified 283 43 
Questionable 40 6 
Mixed 261 39 
Unidentified 77 12 

Drainage Type 

Seepage 332 50 
Drainage 329 50 

Regions 

Northeast 243 37 
Northwest 283 43 
Central 44 7 
Southeast 61 9 
Southwest 30 4 

% Macrophyte Cover 

<10% 388 70 
10-25% 96 17 
25-50% 34 6 
50-75% 26 5 
>75% 9 2 

pH 

<5.0 7 1 
5.0-5.9 53 8 
6.0-6.9 183 28 
7.0-7.9 322 49 
>8.0 95 14 

Total Alkalinity 

<15 mg/1 227 34 
>15<30 mg/1 106 16 
>30<90 mgjl 183 28 
>90 mg/l 144 22 

Summer hypolimnetic dissolved 
oxygen 

No stress indicated 351 60 
Moderate stress indicated 94 16 
Severe stress indicated 141 24 

Apparent Color 

Green 113 20 
Brown 211 38 
Turbid 21 4 
Clear or blue 177 32 
Green and brown 9 2 
Brown and turbid 18 3 

4 1 

*Three lakes were considered sloughs and were not included. 

ute of lakes. Only 27% of the lakes ran
domly selected had water clarity in 
excess of 3 m in depth when sampled 
(Fig. 5). Mean water clarity was 
2.3 m (median 2.0 m) (Table 3). A 
maximum summer water transparency 
measurement of 9.6 m was recorded on 
Sparkling Lake, Vilas County, on 27 
July 1976 (Table 4). The greatest 
Secchi disc reading ever observed dur
ing the 14-year sampling program was 
13.7 m from Thunder Lake, Marinette 
County, on 25 February 1976. Water 

clarity showed no well-defined geo
graphical pattern other than a general 
trend towards better transparency in 
the northern lakes. 

Turbidity 

Turbidity is another factor which 
affects water transparency. Levels of 
turbidity between 0 and 2 Jackson Tur
bidity Units (JTUs) were recorded in 
44% of the lakes in the random data 19 
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J.'IGURE 7. Distribution of Wisconsin lakes with high 
measured color ( >40 unilsj (random data set). 

.-----·············--

ALL RANDOM LAKES 

IMPDS LAKES MIXED 
(309) (77) (480) (259) 

lh :h ih 
0·10 10··40 •40 ·40 0-10 i0~4Q •40 o~1o 10·40 •40 

94 141 74 30 79 140 2 22 53 122 197 161 40 98 91 

set, while only 17% of the measure
ments exceeded 4 JTUs (Fig. 5). The 
mean turbidity of the randomly se
lected lakes was 3.1 JTUs (2.1 JTUs 
median)(Table 3). Highest turbidities 
were almost always associated with im
poundments or shallow lakes where 
high levels of suspended materials were 
present. 

Chemical and Biological 
Features 

Chforophyll a Pigment 
Concentration 

The chlorophyll a pigment is widely 
used as an estimation of phytoplankton 
biomass, and as such it is a very useful 
parameter by which to compare lakes 
and lake types. Lakes which appear 
clear or blue to the eye generally have 
chlorophyll a levels less than 10 11g/l 
(see later discussion of color, p. 29). 

While the reported mean chloro
phyll a concentration for the random 
lakes was 14.8 ~1g/l and the median 7.5 
j.lg/l (Table 3), 65% of the lakes had 
chlorophyll a levels less than 10 ~1g/l 
and only 9% had levels greater than 30 
11g/l (Fig. 5). The highest chlorophyll 
a concentration recorded during the 
entire 14-year study - 833 11g/l ac
companied a massive algae bloom on 
Lake Sinnissippi, Dodge County, a 
shallow and fertile body of water cre
ated by an impoundment of the Rock 
River (Table 4). No definite geo-

......... --~·-······-~-------------, 

STRATIFIED ALL 
(228) (560) 

ih COLOR CATEGORY 

0~10 10-40 •40 

50 101 77 124 220 216 No. LAKES IN 
SUBSET 

~24% ct56% (;169% ~34% ~35% ~34'% ~39% %COLOR >40 

FIGURE 8. Comparison of numbers of lakes in various 
color ranges by lake type. 



graphical patterns exist for chlorophyll 
a, but higher proportions of the lakes in 
the southern areas of the state have 
high levels. 

Macrophytes 

Aquatic macrophytes can greatly 
influence lake water quality; interrela
tionships between plants and other bio
logical and chemical lake characteris
tics have been well documented 
(Wetzel 1975, Carignan and Kalff 
1980). Many factors such as 
morphometry of the lake, light pene
tration, and nutrient availability affect 
the extent of macrophyte growth, spe
cies composition, and density. Dense 
growths of macrophytes in strategic 
areas of a lake's surface can hamper 
recreational activity and influence cer
tain predator-prey interactions. On 
the other hand, moderate growths of 
macrophytes are considered to he bene
ficial to the well-being of the aquatic 
ecosystem. Lakes in the random data 
set were classified by field sampling 
teams according to the percent of the 
total lake surface with macrophytes 
present. Seventy percent of the lakes 
had little (10% or less) macrophyte 
coverage, while over 12% had macro
phytes covering more than 25% of the 
total lake surface area (Table 5). Only 
7% of all sampled lakes could be con
sidered totally macrophyte dominated 
(greater than 50%, macrophyte cover
age). These values do not necessarily 
represent discrete boundaries corre
sponding to nuisance conditions since 
dense stands of submersed macro
phytes or marginal beds of vegetation 
in relatively small areas sometimes cre
ate localized lake use problems. Fur
ther, observations in the study were 
made only once during the summer and 
species composition and density of 
macrophyte beds often can vary con
siderably over the course of the grow
ing season. 

Alkalinity 

Alkalinity, reported as mgjl CaC03 
equivalents, is an index of a lake's buf
fering capacity (capacity to absorb and 
neutralize acidic loadings). The alka
linity measurement is primarily depen
dent on the levels of bicarbonate, car
bonate, and hydroxide ions present, 
which for most Wisconsin lakes reflect 
the soils and bedrock of the watershed. 
One half of the lakes in the random sur
vey had alkalinities less than 30 mg/1, 
while 34% had alkalinities less than 15 
mgjl (Table 5). The mean alkalinity 
(52 mgil) for the lakes in the random 
survey was very similar to the mean al
kalinity for Precambrian Shield lakes 
of Canada (Ryder 1964), but consider
ably lower than that reported by Poff 

FIGURE 9. Generalized distribution of "brown lakes" 
(perceived color J, summer 1979 (random data set). 

(1970) for another set of Wisconsin 
lakes. The inclusion of a high number 
of low alkalinity northern Wisconsin 
lakes in the random survey accounts 
for the relatively lower (and more accu
rate) statewide mean. Hooper (1956) 
reported a mean alkalinity of 132 mgjl 
for 241 southern Michigan lakes, while 
Moyle (1954) reported total alkalini
ties for various regions of Minnesota 
ranging from 33 to 201 mg/1. These 
midwestern values are relatively high 
compared to the 11 mg/1 mean reported 
for a set of Maine lakes (Davis et a!. 
1978). Collins Marsh, Manitowoc 
County, had the highest recorded alka
linity in this study (317 mgilJ 
(Table 4). 

Low alkalinity lakes are mostly con
fined to the northern half of the state 
(Fig. 10). The alkalinity map was 
designed to show where low and moder
ately low alkalinity lakes are most 
likely to be found. It differs somewhat 
from the other distributional maps 
presented in this report in that the out
lined areas contain some lakes with al
kalinity concentrations exceeding the 
value of the isopleth shown. Past 
events in Wisconsin's complex geologic 
and glacial history caused soil depths 

and composition to vary considerably 
within relatively short distances. 
These differences, together with nu
merous climatic and cultural influ
ences, contribute to the rather diverse 
distribution of relatively low and high 
alkalinity lakes within given geograph
ical areas. While alkalinity gradients 
are not apparent, it may be safely 
stated that the highest alkalinity lakes 
occur in the southeastern portion of the 
state. 

Hydrogen Ion Concentration 
(pH) 

The hydrogen ion concentration in 
lakes, expressed in terms of pH units, is 
largely dependent on the dissociation 
of acids or bases or their salts to their 
respective ions. The carbonate-bicar
bonate-carbon dioxide system func
tions as a buffering system which tends 
to restrict great fluctuations in the pH 
of lakes. As such, this effect is noted in 
the relationship of pH and alkalinity, 
where lakes with very low alkalinities 
generally have low pH values. pH 
levels have been shown to have impor
tant consequences in aquatic ecosys- 21 



terns. Numerous investigators have re
ported great differences in spt'rit' S 
compos1t i•.• n and divt•r.".ity of aqua tit· 
plan! and animal communit.iE:>.s w1thin 
diHerent pll ranges. 

Based on the random data set, 67% 
of the ..-tate's lakes have pH's ranging 
from fi.5 to 8 .0 pH units (Fig. 5 ). Only 
9" ,. of the lakes in the study had sur
face pH values below 6.0 units at the 
time of sampling. The mean pH of 
Wisconsin lakes wa.s 7.15 (median = 
7.2 ), or slightly abo1•t: neutral (Ta
ble 3). The luwesl surface pH value 
(4.3 units ) recorded was from Denton 
Lake, Oneida Counly. pH is adynamic 
parameter in many Wisronsin lakes 
(Juday, Birg(', and Meloche 1935, Lil
lie and Mason 1980) and is presently 
the topic oi much consideration due to 
t.he recent concern over the possible im
pact of acid deposition on both aquatic 
and terrestrial ecosystems. 

Calcium and Mag11esium 

Calcium and magnesium concentra
tions in Wisconsin lakes are known lo 
be closely related to the hedrock geol
ogy of the area tBirge and .Juday 1911. 
Poff 1961 ). Highest concent.ra.tions are 
associated with the limestone and dolo
mite deposits of southeastern Wiscon
sin (f"ig. 11 ). Calcium concentrations 
(mean = 12 rng/1, me<lian = 8 mg/l) 
geoerallv e.'weeded magnesium concen
trations (mean = 8 mg;l, median = 2 
mg1l .l(Table 3), except ror slightly 
higher magnesium in many southl:asl
ern Wisconsin lakes. Fifty-five percent 
of the state 's lakes had c.alc.ium levels 
less than 10 mg/1, while 77~'o had con
centrations less than 20 rngfl ( F'ig. 5 1, 

Magnesium levels wt>r•~ below 10 mg/1 
in '74'Yu t,f the state's lakes. 

Chlondes 

Chlorides, or natural urigio, may be 
found in smaU quantities in almost 
every Jake, and even occur in rainwa
ter. Tbe mean chloride concentration 
based on the. random survey data 
( 4 mg.' I. med ian = 2 m~/1 :11, Tahle 3) is 
nearly identi cal to th~ 4.1 mg 11 re
ported for a different set of Wisconsin 
lakf's (Po££ 19'70 .1 which was not ran
domly seleded. However, the fact that 
the earlier data set l Poff's 1970 data ) 
wa.s comprised of lakes with rela tively 
higher mean calcium (20.0 mg/1) and 
magncsi11 m ( 15.6 mg/1) concen t.ra tions 
than those found in our random data 
set (calcium = 12 mgj l, magnesium = 
8 mg;t) suggests that the chloride 
ll:'vels asso~iated with the relatively 
low('r calcium and magnesium of the 
random data set are higher than what 
might be expected . Further evidPnce 

22 supporting this supposition is pro:Jvidcd 

D >30 mg/1 

~ <30 mg/1 
0 <15 m!l/1 
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t1 

~'IGURE 10. Area.~ where 111111 ( < 1.5 mg,'l) and medium 
( <30 lli{J'! J alkulinitylake ~ are most tikdy to be 
f01t11d . 

in the Historical sect ion (see inere~:;c ;n 
chlorides). 

Ninety-one percent of the lakes in 
the r·andom sample had chlorid0 con
centrations less than 10 mg/l (Pig. 5'1. 
Upper Kelly Lake. Waukesha County, 
had the highest chloridE" concentration 
reported (269 mgili (Table 4). Chlo
rides demonstrated a geileral increase 
from north to southeast (Fig. 11 ). E:x
ceptions (concentration depressions) 
were found in the central sands areas of 
Waushara, Marquette and Adams 
counties and also in smaller pockets of 
Jefferson. Walworth and Rock coun
ties. Asid.:> from the natural weather
ing of chlorid(• from bedrock and soils, 
the major ~ourees of addit.ional chlo
rides are believed to result from man's 
activi\ie~, specifically the heavy appli
cations of salt in winter road de-icing 
operations and in cf£1uents from waste
water tr~<ltment plants a nd septic 
systems. 

Sulfate 

Sulfate, a. naturally occurring ion 
often associa tt=!d with heavy miner~;! 
deposits, is quite stable once Jissol ved 
in wate1· (Hem 1959) and tends to accu
mulate in Lhe lake ecosystem unkss re
moved . .Rainfall may be of ever-in-

creasing impr,r tance as a sou1·ce of 
sulrate due to the combustion of coal 
and the subsequent ~ddition of sulfur 
compounds to the almo~phere. Moyle 
(1956 l discusses the relationship of 
sulfate concentraLions and the distri
bution of aquat.ic plants in Minnesota. 

Sulfate concentrations were not 
measured during the 1979 random sur
vey: therefore, the quarterly dat" ~et 
was drawn upon as a source fur 
sui fate info m1atio n 

Suliate parallels calcium and mag
nesium in its statewide distribution 
(Fig. 11 ). Highest levels occur in the 
southeast region and coincidr w1t h high 
population densiti<'s and indu~L·rialized 
aretis. The small pockf't of hkr.s 
(mostly Wisconsin River impound
ment~ : in northern Adams and south
ern Wood counties with higher sulfate 
coneentrat.inns could possitJ ly lao a$SO· 

ciated with industrial at:tivitie~. 

Iron 

Wetzel (1975) reported total ir•Jil 
values ranging from 50 to ZOO flit'! ior 
the surface waters of hardwater lakes . 
with higher value~ •'Xpcctr~d in lake:-; 
with large concentrations of organic 
mat ter. I ron concentrat ions in Wis
consin bk0s rang~d from les~ than Je-
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tectable (80 11g/l) to as high as 
7,200 j..tg/1 in White Sand Lake (T42 
R7 See 26), Vilas County. There was 
no meaningful relationship between the 
presence of high levels of iron in the epi
limnetic (oxygenated) waters of Wis
consin lakes and other water quality 
parameters - even in respect to high 
color or high turbidity, which was ex
pected based on other studies. Most 
lakes with high iron concentrations in 
their surface waters also had high 
hypolimnetic iron content, but the 
reverse was not necessarily true. 
Hypolimnetic iron ranged from 10 
to 12,750 f.ig/1 (Pit Lake, Ozaukee 
County). 

Ratios of summer hypolimnetic iron 
(Fe) and phosphorus (P) have been 
used in trophic classification (Michal
ski and Conroy 1972) and are believed 
to be important indicators of the phos
phorus absorbing capacity of lakes. 
Lakes with high hypolimnetic Fe:P are 
generally relatively oligotrophic and 
thought to be capable of absorbing in
creased phosphorus loading without 
undergoing a change in trophic status 
better than lakes with low Fe:P ratios, 
due to the greater amount of Fe avail
able for precipitating added P. 

The latter group of lakes would be 
expected to have worse epilimnetic 
water quality than the first-mentioned. 
A detailed analysis of the Fe:P ratios of 
the lakes in this study revealed little in 
support of the theoretical association 
between Fe:P ratios and lake trophic 
status. No overall pattern was dis
cerned and values varied considerably 
within and between counties. 

Nutrients - Phosphorus and 
Nitrogen 

Nitrogen and phosphorus are two 
essential elements contributing to the 
fertility and growth of plants in lakes. 
Both elements exist naturally in vary
ing degrees. Nitrogen sources include 
weathering of bedrock, nitrogen fixa
tion by leguminous plants, the atmos
phere, and the natural decay of all 
forms of plant life. Important addi
tional sources which are attributable to 
man's activities include livestock 
wastes, sewage effluents, and applica
tions of agricultural fertilizers. 

Phosphorus also occurs naturally in 
soils and bedrock, but human activities 
in some watersheds have greatly in
creased the quantities of phosphorus 
available to the lake system. Phos
phorus sources are generally the same 
as those listed for nitrogen, with the ad
dition of soap and detergents. A tem
porary ban on phosphate detergents in 
effect in Wisconsin since 1979 expired 
in 1982 when the legislature failed to 
renew it. 

Total phosphorus is a highly vari
able lake water parameter (see discus
sion on phosphorus, p. 69 J with a wide 
range in reported values (Tables 3 and 
4, Fig. 5). Thermal stratification, set
tling of organic matter from the epilim
nion to the hypolimnion, and release of 
phosphorus from anoxic sediments 
within the hypolimnion may account 
for large differences in the vertical dis
tribution of phosphorus. Variations in 
epilimnetic phosphorus accompanying 
seasonal changes will be discussed in a 
later section. A high percentage ( 71%) 
of the lakes in the random data set had 
total phosphorus concentrations less 
than 0.03 mgjl (82% less than 0.04 mg/ 
1). The statewide mean total phos
phorus value of 0.031 mg/1 (median 
0.019 mg/1) was slightly higher than 
the 0.023 mgjl mean reported for 479 
northern Wisconsin lakes by Juday and 
Birge (1931), which would be expected 
since the generally more eutrophic 
southern lakes are included in our data. 
Highest phosphorus levels were 
recorded in shallow, turbid lakes or im
poundments. Mean total phosphorus 
for different regions of Minnesota 
ranged from 0.024 to 0.176 mgjl 
(Moyle 1954), while Hooper (1956) re
ported a mean of 0.014 mgfl total phos
phorus for eight Michigan lakes. In 
other areas, Deevey (1940) reported a 
mean total phosphorus concentration 
of 0.015 mg/1 for 49 Connecticut lakes 
(0.031 mg/1 for lakes of their central 
lowland region), and Davis et al. 
(1978) found the mean of 21 Maine 
lakes to be only 0.008 mg/l. 

Organic phosphorus content of Wis
consin lakes averaged 0.017 mg/1, with 
89% of the lakes having less than 0.03 
mg/l. Inorganic phosphorus averaged 
0.013 mgjl, with 88% of the lakes hav
ing less than 0.02 mg/1. Organic phos
phorus was the predominant form 
(greater than 50%) in over 72% of the 
lakes in the sample. 

The mean percentage of inorganic 
phosphorus for all randomly sampled 
lakes (39%) was very similar to the 
41% orthophosphorus reported by 
Omernik (1977) for streams draining 
watersheds of similar nature to Wis
consin's general land use. 

Total nitrogen is a relatively stable 
constituent as compared to phos
phorus, with much lower coefficients of 
variation (see discussion p. 69). 
Moyle (1954) reported total nitrogen 
means for different Minnesota lake re
gions ranging from 0.234 to 1.22 mg/1, 
with absolute values ranging from 0.06 
to 5.92 mgjl. Wisconsin values are 
very similar - the overall mean was 
0.86 mg/1 (median = 0.73 mg/1), and 
the range was 0.05 to 8.46 mg/1 
bles 3 and 4). Seventy-one percent of 
the lakes fell within the 0.30 to 
1.00 mg/1 total nitrogen range 
(Fig. 5). 

Inorganic nitrogen averaged 0.26 
mg/l with 70% of the lakes having less 
than 0.30 mg/1. Organic nitrogen aver
aged 0.60 mg/1 and 78°/., of the lakes 
had between 0.2 and 0.8 mg/1. Organic 
nitrogen exceeded the inorganic frac
tion in over 94%, of the lakes sampled, 
which would be expected during the 
summer. On the average, 74% of the 
nitrogen present was in the organic 
form. 

Some interesting comparisons can 
be made with Omernik's (1977) data on 
mean nutrient concentrations for 
streams draining various types of wa
tersheds throughout the United States. 
Omernik's reported means for streams 
draining 295 watersheds with over 50'% 
forest cover were: for orthophosphorus, 
0.014 mgjl; total phosphorus, 
0.034 mg;l; inorganic nitrogen, 
0.294 mg!l; and total nitrogen, 
0.839 mg/1. These values are very sim
ilar in both absolute value and percent
age to the means (0.013 mgfl, 
0.031 mg(l, 0.256 mgfl, and 0.86 mg/ 
I, respectively) reported for Wisconsin 
lakes, where forest cover makes up ap
proximately 45% of the state's land 
surface cover (Stone and Thorne 1961). 
Considering the fact that most of Wi..<>
consin's lakes are located in the more 
heavily forested "northwoods" coun
try, it is not too surprising that the 
mean nutrient values closely corre
spond to the reported means for 
streams draining watersheds with 
greater than 50% forested lands. 

Dissolved Oxygen 

Since dissolved oxygen plays a sig
nificant role in chemical and biological 
processes in lakes, the amount found in 
Jake waters is of great importance. Dis
solved oxygen is an especially critical 
factor affecting aquatic biota such as 
fish and aquatic insects; Wisconsin's 
water quality standards specify 3 and 
5 mg/l dissolved oxygen as required to 
support warm- and cold-water game 
fish species, respectively. Also, a biotic 
index has been developed in Wisconsin 
for rating water quality of streams us
ing empirical oxygen tolerance levels 
(relative abundance) of various species 
of aquatic invertebrates as a major 
consideration (Hilsenhoff 1982). 

In our study, several thousand dis
solved oxygen profiles were run on Wis
consin lakes during all seasons of the 
year. Lakes were generally saturated 
with oxygen throughout the water col
umn in spring and fall, with the excep
tion of a few lakes which did not experi
ence turnover. Likewise, oxygen 
concentrations in the epilimnetic wa
ters of lakes during summer were al
ways found to be adequate ( > 3 mg/ll 
for warm-water fish life. However, epi-



limnetic dissolved oxygen was mea
sured in the pelagic zone during 
daylight hours; dissolved oxygen deple
tion and summerkill of fish have been 
observed on rare occasions in highly 
productive lakes or stagnant bays 
where photosynthetic and respiration 
rates are high. 

Many Wisconsin lakes that ther
mally stratify in summer and winter 
lose some or all of their hypolimnetic 
dissolved oxygen before the end of the 
stagnation period. 'The amount of oxy
gen found in the hypolimnion at the 
time of sampling depends primarily on 
the oxygen depletion rate, the oxygen 
content of the lake at the end of the 
turnover period, and the volume of the 

\sypolimnion in relation to the influx of 
nutrients (Hutchinson 1938, Stewart 
1976). In the random survey, sampling 
did not begin until summer stratifica
tion had been in progress for a consider
able length of time (early July). Ap
proximately 50% of the lakes deep 
enough to thermally stratify, or 24% of 
all the lakes sampled (random survey), 
exhibited severe reduction of dissolved 
oxygen concentrations in the hypolim
nion (Table 5). 

Hypolimnetic dissolved oxygen de
pletion has often been associated with 
the eutrophication process in lakes 
(Hutchinson 1938, Deevey 1940, Has
ler 1947). Our study further demon
strated the association between oxygen 
content of the hypolimnion and trophic 
status; 87% of all stratified lakes with 
epilimnetic chlorophyll a levels over 
15 ~g/1 had low dissolved oxygen con
centrations in the hypolimnion. 

In winter, reduction of dissolved ox
ygen concentrations under ice cover to 
such low levels that fish die-offs occur 
is popularly referred to as "winter kill". 
The mechanisms involved in the devel
opment of conditions leading to winter
kill in lakes have been extensively in
vestigated (Greenbank 1945, Welch, 
Dillon and Screedharan 1976, Mathias 
and Barica 1980), and an excellent re
port on the problem of winterkill is 
presented by Schneberger (1970). A 
wide range of factors contribute to the 
conditions causing winterkill, but cer
tain factors appear more important 
than others: mean or maximum depth, 
lake trophic status (extent of weed and 
algae growth), sediment area:lake vol
ume ratio (Mathias and Barica 1980), 
and climatic conditions influencing ice 
and snow cover (Greenbank 1945). 

Our data reflect only the conditions 
existing in the surveyed lakes at the 
time of winter quarterly sample collec
tion, and may not represent "worst 
case" conditions. In many lakes, win
terkill conditions do not develop each 
year, or may develop only for short pe
riods of time in any given year; there
fore, low dissolved oxygen conditions 
could have been missed by sampling 

crews. Lakes which had dissolved oxy
gen levels less than 1 mg/1 in the entire 
water column were considered "se
vere" cases where winterkill was a pos
sibility (in most cases it was not deter
mined whether winterkill actually 
occurred). Eight percent of the 535 
lakes where winter data were collected 
had severe dissolved oxygen condi
tions, and another 18% had moderate 
stress conditions ( < 1 mgjl some
where in the water column). The char
acteristics of winterkill lakes are dis
cussed under Dissolved Oxygen 
Conditions, pp. 31-32. 

LAKE TYPES 

Characterization of individual lakes 
generally is not dealt with in this re
port, although data are shown for se
lected lakes to illustrate historical 
trends. Rather, this section will 
present general characteristics of 
groups of lakes which are considered to 
be of a similar nature. These lakes are 
grouped on the basis of one or two com
mon characteristics (e.g., all seepage 
lakes that are thermally stratified vs all 
drainage lakes that are completely 
mixed) for the purpose of (1) identify
ing "normal" or average water quality 
existing in each lake type, (2) making 
comparisons between different types of 
lakes, and (3) determining the geo
graphical distribution of particular 
lake types with certain water quality 
characteristics. 

The question of which factor or fac
tors are most important in determining 
the overall water quality of a lake is ex
tremely difficult to assess. While lakes 
may be grouped on the basis of a simi
lar physical or chemical characteristic, 
they may be totally different in many 
other respects. For example, all drain
age lakes have an outlet flow as a com
mon characteristic, but they vary 
widely in size, depth, shape and numer
ous other characteristics. These differ
ences among drainage lakes have 
profound and sometimes offsetting ef
fects on in-lake water quality. Thus, 
deep drainage lakes may more closely 
resemble deep seepage lakes than shal
low drainage lakes. 

Comparisons between lakes classi
fied according to one particular charac
teristic may be greatly influenced by 
the numerical composition of individ
ual lake types based on some other per
haps more important water quality 
characteristic within the sets. There
fore, in the case of the drainage lake 
subset used as an example above, the 
greater the number of thermally strati
fied lakes there are in the subset, the 
better the overall water quality will be 
and the less difference there will be be
tween the drainage and seepage sub
sets. Conversely, the greater the 

number of mixed lakes there are in the 
drainage lake subset, the poorer the 
water quality will be and the greater 
the differences between the drainage 
and seepage subsets. This impact is un
avoidable and "randomized" by the 
use of the random data set. Cluster 
analysis of the data was not carried out 
but could possibly give some further in
sight into the relative importance of 
various factors influencing lake water 
quality. 

Natural Lakes vs Impoundments 

Most water quality characteristics 
of natural lakes are quite distinct from 
those of impoundments (Table 6, Ap
pend. A). Lakes generally have lower 
nutrient concentrations than impound
ments and therefore generally have 
better overall water quality. Water 
clarity measurements were distinctly 
better in natural lakes than in im
poundments, but chlorophyll a levels 
(means) were not significantly differ
ent at the 95% C.L level (Append. A). 
However, at the 90% C.I. level, chloro
phyll a concentrations were generally 
lower in natural lakes. Lakes had lower 
total nitrogen levels than impound
ments but similar organic nitrogen 
levels, which may indicate that natural 
lakes more efficiently convert inor
ganic nitrogen to organic nitrogen. 
This apparently results from a wide 
combination of factors including differ
ent morphometry, smaller watersheds, 
generally longer retention times, and 
better water clarity. 

Clear distinctions were evident in 
total phosphorus concentrations be
tween lakes and impoundments (Ap
pend. A}. Differences in the inorganic
organic phosphorus fraction between 
lakes and impoundments were also 
found; organic phosphorus made up 
60% of the total phosphorus in lakes 
and only 46% of the total phospf\orus 
in impoundments. 

While impoundments can be charac
terized as generally having higher nu
trient content and poorer water quality 
than natural lakes, many Wisconsin 
impoundments, some large ones in par
ticular, are recognized as outstanding 
fish producers. 

Drainage Type 

While all impoundments by defini
tion have outlet flows, and are thus cat
egorized as drainage lakes, natural 
lakes may be of either drainage (outlet} 
or seepage (no outlet) type. Our drain
age classification system refers only to 
the existence of an outlet flow and does 
not consider the source of water enter
ing the lake. However, most drainage 
lakes also have inlet flows, while most 25 



TABLE 6. Statistical summary of major characteristics of natural lakes seepage lakes are fed primarily either 

and impoundments (random data set). by groundwater or diffuse overland 
surface flows. 

No. Standard Based on comparisons of means, 
Parameter Value Lakes Mean Deviation Median seepage lakes have generally better 
NATURAL LAKES water clarity and are less eutrophic 
Area acres 558 176 530 69 than drainage lakes (Table 7, Ap-
Mean depth ft 185 13.5 7.5 12.6 pend. A). While confidence intervals 
Maximum depth ft 557 27 19 22 of chlorophyll a means overlap, seep-
Color units 480 35 36 20 age lakes have somewhat lower levels 
Transparency m 505 2.4 1.4 2.1 
Chlorophyll a llg/1 541 13.4 40.8 7.1 (86% less than 15 f.lg/1) than drainage 
Chlorides mg/1 507 4 6 1 lakes (73% less than 15 f.Lg/1). Seepage 
Calcium mg/1 505 10 10 7 lakes also generally have lower color 
Magnesium mgjl 505 7 9 2 than drainage lakes (Fig. 11), which 
pH units 557 7.1 0.86 7.1 agrees with the earlier studies on the Alkalinity mg/1 557 45 50 26 
Turbidity JTUs 542 2.9 4.6 2.0 color of Wisconsin lake waters by 
Organic N mgjl 556 0.59 0.36 0.52 Juday and Birge (1933) (also see Schin-
Total N mgjl 556 0.82 0.57 0.69 dler 1971a ). Sixty-four percent of the 
Inorganic P mg/l 555 0.010 0.021 0.004 randomly sampled lakes with mea-Total P mgjl 556 0.025 0.031 0.018 

sured color values above 40 units were 
IMPOUNDMENTS of the drainage type (Fig. 13). Most 
Area acres 100 630 2,446 132 seepage lakes with high color were bog 
Mean depth ft 43 5.6 2.6 5.1 lakes. 
Maximum depth ft 99 15 9 12 

Mean and maximum depths of seep-Color units 77 65 52 55 
Transparency m 88 1.3 0.7 1.2 age and drainage lakes in this study 
Chlorophyll a llgfl 99 22.3 27.2 11.0 were not significantly different. How-
Chlorides mg/1 96 7 9 4 ever, considerable difference in water 
Calcium mgfl 96 22 18 16 chemistry was evident (Append. A). Magnesium mgjl 96 14 14 8 
pH units 100 7.5 0.7 7.5 Seepage lakes had significantly lower 
Alkalinity mgjl 100 92 79 64 levels of nutrients and lower mean pH 
Turbidity JTUs 100 4.2 3.9 3.0 and alkalinity than drainage lakes; 
Organic N mgjl 100 0.65 0.35 0.60 mean alkalinity ( 34 mgjl) of seepage Total N mgjl 100 1.06 0.54 0.94 
Inorganic P mg/1 100 0.035 0.077 0.010 lakes was the lowest for any subgroup 
Total P mgjl 100 0.064 0.100 0.035 of lakes. Seepage lakes also had much 

smaller drainage basin:lake area ratios, 
which might help account for the lower 
nutrient levels. 

TABLE 7. Statistical summary of ma)·or characteristics of seepage and 
drainage lakes, including impoundments (random data set). 

No. Standard 
Lake Morphometry and 

Parameter Value Lakes Mean Deviation Median 
Thermal Stratification 

SEEPAGE LAKES 
Lake morphometry has long been 

Area acres 332 93 142 51 
Mean depth ft 95 13.4 8.0 11.5 recognized as having important influ-
Maximum depth ft 332 26 18 21 ence on the dynamic processes within 
Color units 310 27 29 15 individual lakes (Birge and Juday 
Transparency m 288 2.7 1.5 2.4 1911, Deevey 1940, Hutchinson 1957, 
Chlorophyll a llg/l 319 11.3 34.3 6.3 Hayes 1963, Hayes and Anthony 1964, Chlorides mg:l 303 3 5 1 
Calcium mgjl 302 8 9 4 Schindler 1971a and 1978, Kerekes 
Magnesium mgil 302 5 9 1 1975). Mean depth is considered to be 
pH units 331 6.8 0.9 6.8 among the more important morpholog-
Alkalinity mg/1 331 34 48 11 ical factors influencing the water quali-
Turbidity JTUs 328 2.3 1.8 1.9 
Organic N mg/1 330 0.55 0.33 0.46 ty conditions in a lake (Rawson 1952 
Total N mg:l 330 0.76 0.57 0.64 and 1955, Sakamoto 1966, Vol-
Inorganic P mg;l 329 0.008 0.013 0.004 lenweider 1968, Ryder et al. 1974, 
Total P mgil 330 0.021 0.028 0.015 Schneider 1975). There is, however, a 
DRAINAGE LAKES general lack of agreement as to which 
Area acres 328 398 1,509 118 factors, if any, are of greatest signifi-
Mean depth ft 134 11.1 7.0 9.2 cance in determining overall water 
Maximum depth ft 327 25 19 18 quality. There are several important 
Color units 250 54 47 42 considerations which prohibit such an Transparency m 307 1.9 1.2 1.5 
Chlorophyll a llg/1 324 18.2 43.1 8.7 assessment. Fee (1979) has demon-
Chlorides mg;l 303 5 8 3 strated the importance of the epilim-
Calcium mg;l 302 17 14 12 netic volume in relation to in-lake nu-
Magnesium mg/l 302 10 12 4 trient recycling and resulting water 
pH units 329 7.5 0.7 7.5 quality. Differences in retention times, Alkalinity mg;l 329 71 63 48 
Turbidity JTUs 317 4.0 6.1 2.4 percentage of bottom area exposed to 
Organic N mg;l 329 0.65 0.37 0.58 epilimnetic recycling vs the total lake 
Total N mg;l 329 0.95 0.55 0.83 area, the volume of the hypolimnion 
Inorganic P mg/1 329 0.019 0.049 0.005 functioning as a temporary nutrient 

26 Total P mgjl 329 0.040 0.064 0.025 
trap, and perhaps most importantly, 



the differences in external nutrient 
loading to the lake (Schindler 1978) are 
alJ factors which limit the possibilities 
of comparing depth with in-lake water 
quality. 

Nevertheless, it may be generally 
stated that lakes with greater mean 
and maximum depths have signifi
cantlY better water quality than lakes 
with lower mean and maximum depths 
(Append. A). Further discussion con
cerning the relationship of depth to 
other water quality parameters may be 
found in the Interrelationships section, 
p. 79. 

Maximum depth, which is highly 
correlated with mean depth, becomes 
increasingly important to overall water 
quality when a lake is deep enough to 
thermally stratify. The maximum and 
mean depths, together with the shape 
and area of the lake basin, determine 
the volume and/or area of epilimnetic 
water exposed to bottom sediment con
tact and subsequent resuspension of 
nutrient-rich seston. These factors also 
control the volume of water in the hy
polimnion, which acts as a temporary 
nutrient trap for seston and particu
lates "raining" down from the epilim
nion. The epilimnetic water quality is 
highly dependent upon these physical 
features of the lake basin. 

Stratification is dependent upon 
several physical features in addition to 
maximum depth including: area, re
tention time, basin shape, water color, 
orientation to the prevailing winds, 
and surrounding topographical fea
tures. Hutchinson (1957) reviews the 
processes involved in stratification 
originally presented by Birge (1916). A 
model for predicting thermal stratifica
tion of Wisconsin natural lakes given 
surface area and maximum lake depth, 
developed from data obtained during 
the quarterly sampling program, is 
presented elsewhere (Lathrop and Lil
lie, 1980). 

Whether or not a lake thermally 
stratifies is of paramount importance 
in determining how it responds to the 
influx of nutrients. While it appears 
that loadings to both stratified and 
mixed lakes were not significantly dif
ferent (implied by the fact that mean 
alkalinities, calcium, magnesium, chlo
ride and pH were quite similar between 
mixed and stratified lakes - see Ap
pend. A), water transparencies, chlo
rophyll a and nutrient concentrations 
in the epilimnetic waters of stratified 
lakes were generally significantly lower 
than in mixed lakes (Table 8, Ap
pend. A). These similar differences in 
water transparencies, chlorophyll a 
and nutrients noted in the case of 
Lakes vs Impoundments and Seepage 
vs Drainage may simply be attributa
ble to differences in loadings as indi
cated by differences in alkalinities, cal
cium, magnesium, etc. 

TABLE 8. Statistical summary of major characteristics of mixed and thermally 
stratified lakes, including impoundments (random data set). 

Parameter Value 

MIXED LAKES 

Area acres 
Mean depth ft 
Maximum depth ft 
Color units 
Transparency m 
Chlorophyll a J.lg/1 
Chlorides mg1l 
Calcium mgll 
Magnesium mg;l 
pH units 
Alkalinity mgfl 
Turbidity JTUs 
Organic N mgjl 
Total N mg/1 
Inorganic P mg/1 
Total P mgjl 

THERMALLY STRATIFIED LAKES 

Area acres 
Mean depth ft 
Maximum depth ft 
Color units 
Transparency m 
Chlorophyll a Jlgll 
Chlorides mg;l 
Calcium mgfl 
Magnesium mg/l 
pH units 
Alkalinity mg;l 
Turbidity JTUs 
Organic N mg1l 
Total N mg;l 
Inorganic P 
Total P 

Lake Size: Wisconsin's Largest 
Lakes and Impoundments 

In Wisconsin, the 127 lakes that are 
1,000 acres in size or larger comprise 
54% of Wisconsin's total lake surface 
acreage and represent a very important 
asset in terms of their recreational and 
economic values. The water quality of 
this group of lakes is of considerable 
importance to a great many Wisconsin 
citizens, since these lakes receive very 
heavy public use. A great diversity of 
lake types and water quality character
istics are found within the 1,000-acre 
lake group, but because 36% are im
poundments and 55% are drainage 
lakes, they have generally poorer-than
average water quality as a group (Ap
pend. A). Average chlorophyll a levels 
(22.1 l!gfl), total phosphorus concen
trations (0.070 mg/1), and water clar
ity measurements (2.0 m) indicate 
somewhat poorer-than-average condi
tions, compared to all lakes sampled in 
the random survey (Tables 3 and 9). 
Although trophic classification levels 
of the larger Wisconsin lakes range 
from oligotrophic to highly eutrophic, 

No. Standard 
Lakes 

261 
113 
261 
229 
206 
249 
260 
259 
259 
260 
260 
258 
260 
260 
259 
260 

282 
156 
282 
228 
280 
278 
282 
281 
281 
283 
283 
280 
282 
282 
282 
282 

304 1.599 70 
6.6 3.4 6.0 
12 6 11 
41 40 25 
1.6 0.9 1.4 

21.7 60.2 9.2 
4 7 2 
13 15 8 
8 11 3 

7.2 0.8 7.2 
60 68 34 
4.2 6.6 2.6 

0.66 0.40 0.56 
1.01 0.72 0.84 

0.022 0.055 0.008 
0.043 0.074 0.021 

214 669 76 
16.9 8.0 15.4 
39 18 35 
33 30 20 
2.7 1.4 2.7 

10.4 13.3 6.1 
4 7 2 
12 11 9 
8 11 3 

7.2 0.8 7.3 
56 55 37 
2.4 2.2 1.9 

0.53 0.30 0.46 
0.74 0.41 0.65 

0.009 0.012 0.004 
0.023 

relatively high levels of nutrients, tur
bidities, alkalinities, calcium, magne
sium and chlorides are usually present 
(Table 9). 

Drainage Basin Size: Lake Area 
Ratio and Retention Time 

The ratio of a lake's drainage basin 
area to its surface acreage has a signifi
cant impact on water quality, reflected 
by differences in color, chloride, cal
cium, magnesium, pH, alkalinity, tur
bidity, total nitrogen, inorganic and to
tal phosphorus, and water clarity 
(Append. A). Generally, the larger the 
drainage basin:lake area (DB:LA) ra
tio the higher the concentration of 
these particular water quality parame
ters. This is believed to be primarily 
the result of increased input of materi
als to the lake basin on an areal basis. 
Impoundments and mixed drainage 
lakes generally have higher DB:LA ra
tios than seepage lakes or stratified 
drainage lakes (Tables 10 and 11 ), 
which is one of the reasons why they 27 
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TABLE 9. Characteristics of 1,000 +-acre lakes (total data set).* 

No. Standard 
Parameter Value Lakes Mean Deviation Median 

Area acres 127 4,087 12,398 1811 
Mean depth ft 93 17.5 13.4 14 
Maximum depth ft 127 42 33 36 
Color units 68 38 24 40 
Transparency m 122 2.0 1.4 1.5 
Chlorophyll a !lg/1 81 22.1 28.9 20.7 

(24) ( 17.1) (20.5) (7.6) 
Chlorides mg/1 126 7 10 3 
Calcium mg/1 126 18 12 13 
Magnesium mg/1 126 11 12 6 
pH mg;l 127 7.6 0.6 7.5 
Alkalinity mg/1 127 75 59 47 
Turbidity JTUs 117 4.3 4.5 2.3 
Organic N mgjl 127 0.71 0.49 0.62 
Total N mg/1 127 1.03 0.69 0.87 
Inorganic P mg/1 127 0.038 0.084 0.017 
Total P mg/1 127 0.070 0.125 0.036 
Drainage basin: lake area ratio 121 236 7 14 
Retention time in years years 88 1.9 2.6 0.9 

*Random data statistics in ( ). 

TABLE 10. Mean retention times and drainage basin 
size: lake area ratios ( DB:LA) for impoundments and 
natural lakes (total data set). 

Lake Type DB:LA 
Retention 

Time (years) 

Impoundments 
Seepage lakes 
Drainage lakes 

676 
8 

88 

0.12 
2.15 
1.42 

TABLE II. Comparison of mean drainage basin 
size:lake area ratios ( DB:LA) and retention times for 
mixed and stratified seepage and drainage lakes (total 
data set). 

Retention 
DB:LA Time (J:ears) 

Lake Type Mixed 

Seepage lakes 7 
Drainage lakes* 196 

*Includes impoundments. 

generally have poorer water quality. 
Lakes with large DB:LA ratios nor

mally have short hydraulic retention 
times and vice versa (Tables 10-12). 
Seepage lakes generally have smaller 
DB:LA ratios and longer retention 
times than drainage lakes. A linear re
gression equation was developed for 
307 lakes in our random data set that 
can be used to predict a lake's retention 
time given the DB:LA ratio (Fig. 12). 
This line is similar to that developed 
previously by Bartsch and Gakstatter 
(1978) for a number of northern U.S. 
lakes. Differences between the lines 

Strat. Mixed Strat. 

9 1.24 2.63 
39 0.51 1.92 

probably can be attributed to different 
runoff coefficients (which are depen
dent on climatic conditions, vegeta
tion, soils and topography of the water
shed) and to differences in lake basin 
morphometry (greater volumes per 
unit surface area) for Wisconsin lakes. 

The impact of retention time on 
water quality as expressed by total 
phosphorus concentrations can be ob
served through the close associations of 
retention time with DB:LA and mean 
depth (Table 12). Mean and median 
total phosphorus concentrations de
crease with increasing retention times, 

but it is not clear whether this effect is 
due to (1) retention, (2) the increase 
in mean depth, ( 3) the decrease in 
DB:LA, or (4) a combination of all 
three factors. Bartsch and Gakstatter 
(1978) emphasized that a long hydrau
lic flushing time functions to increase 
the proportion of incoming nutrients 
that will be removed from the lake sys
tem by sedimentation. They stated 
that in comparing two lakes of similar 
size and watershed acreage (and as
suming equal nutrient loadings), the 
deeper lake will have the greater vol
ume (greater dilution effect) and theo
retically the longer retention time 
(greater sedimentation rate), and 
therefore should have the better water 
quality of the two. 

The Bartsch and Gakstatter theory 
is that lakes with long retention times 
tend to accumulate a greater percent
age of incoming nutrients than lakes of 
similar size, drainage basin size and nu
trient loading but shorter retention 
times. This means some lakes reach a 
"saturation point" where, due to their 
physical morphometry and trophic sta
tus, undesirable water quality condi
tions are created. At that point, the 
nutrient loading in combination with 
the lake's morphometric characteris
tics (which control internal nutrient re
cycling) are such that a considerable 
deterioration of surface water quality 
occurs, as evidenced by poorer water 
clarity and increased chlorophyll a 
levels. 

Garn and Parrott (1977) have car
ried nutrient loading-retention time 
considerations further by computing 
the trophic response rate or lake "sensi
tivity" to changes in nutrient loading 
for a number of national forest lakes, 
based on initial trophic state and hy
drologic and morphologic characteris
tics. In general, lakes with short reten
tion times may be expected to have fast 
response rates, while lakes with long re
tention times should have slow re
sponse rates. This could be of great sig
nificance in lake management, because 
lakes with long retention times, while 
being the least sensitive to inputs of nu
trients, may also be the slowest to re
spond to a decrease in nutrient input 
(Dillon and Rigler 1975). 

Too many assumptions, variables 
and unknowns exist to adequately as
sess these theories based on our data. 
Most retention times used in this re
port were calculated based on areal 
runoff coefficients, watershed size and 
lake volume; therefore, there could be 
substantial error in estimates of reten
tion time for some lakes, especially 
seepage lakes where groundwater in
flow and outflow rates might be 
inaccurate. 

Also, important factors such as bio
logical interactions and climatic influ
ences preclude evaluation of these hy
potheses based on our data. 



TABLE 12. Selected characteristics of lakes within different hydraulic retention 
time ranges (total data set). 

Retention Time (da,ls) 
0-14 14-60 61-180 181-365 365-730 

Area (acres) 
No. 79 70 72 129 135 
Mean 558 1,547 504 1,507 306 
SD* 1,480 3,928 972 12,111 629 
Median 161 292 164 156 129 

Mean Depth (ft) 
No. 79 70 73 129 135 
Mean 5.7 8.0 10.6 11.0 13.4 
SD 3.0 4.8 6.5 6.3 5.7 
Median 5.2 7.2 9.0 9.6 12.4 

Maximum Depth (ft) 
No. 80 70 73 129 135 
Mean 15.6 21.1 25.2 27.1 35.3 
SD 10.4 15.7 16.7 18.0 19.0 
Median 12.0 17.0 21.0 22.0 32.0 

Total Phosphorus (mg/1)** 
No. 79 69 73 123 135 
Mean .094 .085 .056 .048 .033 
SD .079 .161 .119 .063 .037 
Median .075 .040 .030 .030 .024 

DB:LA Ratio 
No. 80 70 73 129 135 
Mean 1,166 142 42 15 8 
SD 1,352 134 32 13 6 
Median 666 119 29 11 6 

*Standard deviation. 
**Summer values. 
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FIGURE 12. Relationship of retention time and 
DB:LA ratios (307 lakes) (random data set). Note: 
Morphometric information for all lakes in the random 
data set was not available; thus, some bias may be 
present in the relationship. 
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Color 

All but 2 of the 124 lakes with mea
sured color less than 10 units were nat
ural lakes. By contrast, 97"/., of the 
randomly sampled impoundments had 
color levels in excess of 10 units 
(Fig. 8). A majority of Wisconsin 
lakes with high color were drainage 
lakes (Figs. 8, 13). In the plot of nu
merical distribution of lakes based on 
measured color (Fig. 13), a small sec
ond peak is observed in the frequency 
distribution similar to that reported by 
Juday and Birge (1933), but its signifi
cance is unknown. 

Chlorophyll a levels in highly 
colored lakes ( > 100 units) were no 
greater than those in lakes with low 
color ( < 40 units). While these low 
color lakes had slightly higher turbidi
ties than the high color lakes, water 
clarity was much reduced in the high 
color lakes suggesting that color was 
the principal factor involved in the re
duction (Table 13). Eighty-one per
cent of the highly colored lakes were 
perceived as "brown" by field observ
ers (Fig. 14). 

To many people, one of the most im
portant characteristics of lakes is aes
thetic appearance, or "how they look". 
Good scenery and clean water are high
ly regarded amenities of lakeshore 
property owners (Klessig 1973, Smith 
and Mulamoottil 1979). Smith and 
Mulamoottil (1979) found a strong re
lationship between length of ownership 
and the owners' perception of the im
portance of water color. Short-term 
lakeshore property owners indicated 
their lakes had poor water color, imply
ing either that lake frontage develop
ment progressed from clean, clear lakes 
to more highly colored lakes or that 
property on lakes with poor water color 
exchanged hands more frequently. 

The fact that perceived and mea
sured water color do not necessarily co
incide is indicated in the results of this 
study, since the mean measured color 
of lakes classified as "green" by field 
investigators (24 units) was identical 
to that for lakes labeled as "blue" 
(clear)(Fig. 15). 

Raman (1922) indicated that the 
green or bluish-green appearance of 
water may be due to the scattering of 
light caused by the presence of sus
pended matter. This appears to be the 
case with "green" lakes in our survey, 
as indicated by the high chlorophyll a 
means (27 llg/l) of the green lakes 
(Fig. 15). 

Green lakes can be characterized as 
having relatively poor water clarity, 
moderately high alkalinity, low mea
sured color, and high total phosphorus, 
pH, turbidity and chlorophyll a 
(Fig. 15). Low alkalinity ( < 15 mg/ 
I) green lakes have significantly higher 
pH values than clear or brown lakes 29 
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with similar alkalinities (Fig. 16). The 
majority of high chlorophyll a lakes 
were green in appearance; however, the 
majority of green lakes had chloro
phyll a levels less than 15 )lgil 
(Figs. 17 and 18). 

Turbid lakes have below-average 
water quality with high total phos
phorus, pH, measured turbidity, alka
linity, color and poor water clarity 
(Fig. 15). Chlorophyll a levels varied 
considerably, but averaged 13 flg(l. 

Brown lakes are characterized by 
their high measured color levels, mod
erate alkalinities, fairly low turbidities, 
low pH, moderate phosphorus and 
chlorophyll a concentrations, and gen
erally poor water clarity (Fig. 15 ). 
The few brown lakes with chloro
phyll a levels greater than 15 11gil 
may have been perceived as brown due 
to large concentrations of diatoms 
which often impart a cloudy brown ap
pearance to lake waters. 

All 177 lakes described as either 
clear or blue had chlorophyll a concen
trations less than 15 jlg/1, and 94% had 
chlorophyll a levels less than 10 j.tg/1 
(Figs. 17, 18). Most of the clear lakes 
with chlorophyll a levels between 10 
and 15 11g/l were quite shallow and 
therefore the color or composition of 
the lake bottom may have interfered 
with the perception of water color. The 
mean chlorophyll a concentration of 
clear lakes, 5 j.tg/1 (F'ig. 151, indicates 
that a majority of these Jakes are either 
oligotrophic or borderline between oli
gotrophic and mesotrophic classifica
tions (Table 28). The mean total phos
phorus value for "clear" lakes 
(0.015 mgjl) falls in the middle of the 
range of values used to separate lakes 
by trophic status on the basis of phos
phorus content. Clear lakes had mod
erate alkalinities and pH values, low 
turbidities and color levels, and very 
good water clarity (Fig. 15). 

The impact of color on water clarity 
is best illustrated by comparison of the 
relationship between color type and 
Secchi disc transparency. Brezonik 
(1978) computed theoretical maximum 
water clarities for lakes with various 
levels of organic color (Fig. 19). For 
Wisconsin lakes, the difference in water 
clarity between the clear lakes and the 
green and brown lakes is due to chloro
phyll a and/or inorganic turbidities 
which reduce water clarity. However, 
the divergence of our data from 
Brezonik's and from those reported by 
Juday and Birge (1933) at the lower 
color levels cannot be explained. The 
divergence appears to begin at color 

· levels at or below 75 units and is simi
lar for all three perceived color groups. 
Atlas and Bannister (1980) have shown 
that the mean spectral coefficient of 
waters may vary considerably both 
with the color of the water and the type 
of algae present. It is probable that the 

TARtE 13. Selected characteristics of lakes with different levels of measured color 
(random data set). 

Measured 
Color Secchi Chlorophyll Total 
Range Color Disc a 
(units) Statistic (units} (m) (Jlgjl) 

0-40 No. 365 319 356 
Mean 16 2.6 11.8 
SD 11 1.5 33.1 

40-100 No. 159 146 153 
Mean 69 1.7 16.5 
SD 15 0.9 20.9 

>100 No. 36 32 32 
Mean 146 1.0 12.7 
SD 42 0.5 7.4 

small volumes of phytoplankton 
present in the clear lakes, together with 
varying amounts of nonalgal light ab
sorption (background attention), could 
account for some of the differences ob
served (Lorenzen 1980, Megard et al. 
1980). 

Dissolved Oxygen Conditions 

Relationships between dissolved ox
ygen conditions and other physical and 
chemical characteristics of lakes have 
been previously reported (Hutchinson 
1938, Deevey 1940, Hasler 1947). Re
cently, Mathias and Barica (1980) 
found an inverse relationship between 
both winter oxygen depletion rate and 
mean depth and trophic status of Ca
nadian lakes. Welch et al. (1976) 
demonstrated that in lakes that strat
ify summer areal chlorophyll a and 
spring areal total phosphorus were 
strongly correlated with the oxygen de
pletion rates in the hypolimnion. 

Since our data were insufficient for 
the computation of oxygen depletion 
rates, an alternative method was de
vised for evaluating the association of 
various lake characteristics with sum
mer hypolimnetic dissolved oxygen 
conditions. By coding all lakes in the 
total data set according to their "worst 
case" dissolved oxygen condition, com
parisons of the means for the various 
characteristics associated with "se
vere" dissolved oxygen condition lakes 
and stratified lakes were made in order 
to estimate the association of each of 
the characteristics with summer dis
solved oxygen conditions in the hy
polimnion. The stratified lake data 
group contained lakes with severe oxy
gen depletion ( < 1 mgjl throughout 
entire hypolimnion), moderate oxygen 
depletion ( < 1 mg/1 somewhere in hy
polimnion), and lakes with dissolved 
oxygen concentrations greater than 1 

pH Alkalinity Turbidity p 
(units) (mgfl} (JTUs) (mgfl) 

364 364 361 363 
7.1 40 3.3 0.027 
0.9 49 5.6 0.044 

159 159 158 159 
7.1 55 2.9 0.026 
0.8 60 2.2 0.033 

36 36 33 36 
6.8 43 2.5 0.032 
0.6 63 1.0 0.029 

mg/1 throughout the hypolimnion; 
therefore, significant differences noted 
between all stratified lakes and lakes 
exhibiting severe dissolved oxygen 
conditions were deemed valid 
(Append. A). 

Wisconsin lakes exhibiting severe 
summer hypolimnetic dissolved oxygen 
conditions generally had slightly be
low-average water clarity; mean water 
clarity for all stratified lakes was 2.7 m 
while the clarity for lakes with severely 
stressed hypolimnia averaged 2.0 m 
(Append. A). Eighty-six percent of all 
stratified lakes with summer water 
clarity readings less than 2.0 m experi
enced severe dissolved oxygen stress in 
their hypolimnia (Table 14). The se
verely stressed lakes were generally 
shallower (both mean and maximum 
depths), had smaller hypolimnetic 
volumes, and had slightly higher or
ganic nitrogen and total phosphorus 
concentrations in the epilimnion than 
all stratified lakes. This is consistent 
with the findings of other investigators. 

Chlorophyll a levels in lakes with 
dissolved oxygen severe stress in the 
hypolimnion were significantly higher 
than those for all stratified lakes -
15 ~g/1 vs 10.5 )lg/1 (Append. Al. 
Seventy-eight percent of all stratified 
lakes with chlorophyll a concentra
tions greater than 10 Jlgfl had severe 
hypolimnetic dissolved oxygen condi
tions, while only 40% of the lakes with 
chlorophyll a less than 10 11g/l had the 
same conditions (Table 14). 

Although differences in mean total 
phosphorus concentrations between 
lakes with severe dissolved oxygen 
stress in the hypolimnion and all strati
fied lakes were not statistically signifi
cant (Append. A), progressively 
higher percentages of stratified lakes 
showed severe dissolved oxygen condi
tions at higher phosphorus levels (Ta
ble 14). Slightly higher color and total 
nitrogen levels also were observed in 31 
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lakes with hypolimnetic dissolved oxy
gen depletion (Append . A). No other 
significant differences were [ound be
tween the two groups of lakes. 

In order to best describe the associ
ated characteristics of lakes that expe
rience severe winter dissolved oxygen 
stress conditions, it is first necessary to 
separate the lakes on the basis of their 
drainage type. 

Summer chlorophyll a and total 
phosphorus (both winter and summer 
concentrations ) were considera bly 
higher in oxygen-stressed lakes than in 
lakes with no wintertime dissolved oxy
gen problems evident (Table 15). 

FIGliRE 16. Mean pH ( ± 95% 
C.!.) far lakes related lo color and 
alkali nity (random dala sel) . 
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Scidmore ( 1970) reported that most 
winterldlllakes in Minnesota had total 
phosphorus (assume winter) levels 
greater than 0.05 mg(l and total nitro
gen greater tban ·0.5 mg(l. Our data in
dicate that winterkill susceptible 
drainage lakes had considerably higher 
levels of winter total phosphorus 
( 0.12 mgj] J than seepage lakes 
(0.07 mg/1), but in both cases the nu
trient concentrations were much higher 
than in lakes not experiencing dis
solved oxygen st'ress. Seventy-nin.e per
cent of the lakes with poor winter dis
solved Oltygen conditions had summer 
water ctarity of 'less than 1.5 m. 

The inorganic-organic phosphorus 
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ratio differs slightly in waters with low 
dissolved oxygen in winter between 
drainage and seepage lakes, as does 
maximum depth (Table 16). Lakes 
where maximum depths range from 7 
to 10ft are reported by other investiga
tors to be generally susceptible to de
velopment of winterkill conditions 
(Schoenecker 1970, Nickum 1970). 
Schoenecker (1970) found that average 
mean depths of winterki\1 lakes in Ne
braska were generally less than 3.5 ft, 
whereas our data showed Wisconsin 
lakes with severe winter dissolved oxy
gen conditions had mean depths of 5.4 
ft and 6.0 ft lor seepage and drainage 
types, respeetively. However, our 
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mean depth data were significantly bi
ased in that very few lakes in our data 
set were shallower than 6 ft (maximum 
depth). lt is known that a high per
centage of Wisconsin lakes and mar
shes less than 6 ft deep develop severe 
dissolved oxygen conditions, and if a 
greater number of these had been sam
pled. the average maximum and mean 
depths of dissolved oxygen-depleted 
lakes would have been lower. 

On the basis of the Wisconsin data, 
it is evident that poor winter dissolved 
oxygen conditions are associated with 
shallow depth, high concentrations of 
nutrients, and high summer chloro
phyll a levels. 
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FIGURE 17. Number of lakeB with in 
dijjenml chlorophyll a ranges based 
on pcrre.i1~d water color (random 
data set). 

FIGURE 18. Pt·rc~:it•ed color group
ings accord·ing lo chlorophyll a wn
cen./raliom (random data set). 

FIGURE 19. Relationship of trans
paremy to measured color for three 
gmups of Wisconsin laJces 11•ith dif
fenml perce·it•ed water color (com
pam/to Brezonik 1971:1) . 
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TABLE 14. Comparative distributions of lakes exhibiting severe dissolved oxygen 
(D.O.) tkpletion (summer) and all stratified lakes within a series of selected 
parameter ranges (quarterly data set). 

Parameter 

Chlorophyll a 
(llg/1. 
epilimnion) 

Secchidisc 
(m) 

pH 
(units, 
epilimnion) 

Total 
Alkalinity 

(mg/1. 
epilimnion) 

Total P 
(llg/1. 
epilimnion) 

0-5 
5-10 

10-15 
15-25 
>25 
0-1 
1-2 
2-3 
3-4 
4-5 
5-6 
>6 
<5 

5.0-5.9 
6.0-6.9 

>7 
0-15 

15-30 
30-90 
>90 
< 5 
5-15 

15-25 
>25 

Experiencing Severe 
D.O. Stress* 

No. Percent 
Lakes of Total 

23 17 
59 43 
15 11 
17 12 
24 17 
24 17 
45 32 
47 34 
17 12 
5 4 
2 1 
0 0 
0 0 

10 7 
40 28 
91 65 
44 31 
23 16 
42 30 
32 23 
17 12 
50 35 
36 26 
38 27 

•n.o. < 1 mgil in entire hypolimnion. 

Percent of 
All Stratified Total Stratified 

Lakes Lakes with 

No. Percent Severe D.O. 
Lakes of Total Conditions 

107 38 21 
99 36 60 
25 9 60 
22 8 77 
25 9 96 

26 9 92 
54 19 83 
87 31 54 
66 24 26 
30 11 17 
11 4 18 
6 2 0 
0 0 0 

18 6 55 
74 26 54 

191 67 48 
86 30 51 
38 13 61 
86 30 49 
73 26 44 
52 18 33 

109 39 46 
64 23 56 
57 20 67 

TABLE 15. Comparison of characteristics of lakes which show 
severe dissolved oxygen stress during winter with those that 
do not (quarterly data set). 
~-----==----=···· :::::::::= 

Moder- All 
ate Severe Lakes 

Str~ss· Seven: Severt? Stres.''' Stress 

Chlorophyll a x 
{flgd) SD 20.5 

pH x 7.24 7.:!4 
SD 0.67 0.75 

Total P x 0.029 0.03 
\'&"inter/ SD 0.023 0.02 
{mg/J) 

Total!' x 0.027 0.03 0.089 0.039 0.058 0.037 
lsummerJ SD 0.025 0.03 0.128 0.029 0.036 0.049 

Drainage x 5.72 13.44 5.50 9.57 7.000 8.26 
basln:lake SD 6.47 29.'29 2.71 8.19 2.550 14.32 
area 

RHention time j( 2.79 2.92 0.89 1.87 0.93 2.38 
(yrs.) SD 1.94 1.77 0.38 1.08 0.09 1.71 

Total lakes 
8036 17 52 6 191 

~~~ 41.9 18.9 8.9 27.2 3.1 100.0 

Drainage Mean dt<pth x 13.2 13.2 6.04 16.3 6.7 13.4 
lakes SD 13.3 6.9 3.34 7.5 2.8 10.5 

Chorophyll a 34.4 27.1 50.8 23.0 119.2 :!4.9 
SD 52.4 31.3 70.4 25.3 251.7 08.5 

pH x 7.54 7.08 7.60 7.69 7.55 7.59 
SD 0.439 0.481 0.369 0.507 0.338 0.462 

Total P x 0.063 0.046 0.124 0.055 0.175 0.060 
twinter) SD 0.060 O.o46 0.237 0.051 0.259 0.100 

Total P x 0.089 0.061 0.163 0.047 0.215 0.073 
I summer) SD 0.074 0.069 0.267 0.039 0.237 0.109 

Drainage i 395.46 148.18 64.38 172.13 114.80 254.56 
basin: lake SD 836.48 285.91 90.32 835.57 227.79 729.93 
area 

Rett:•ntion tim~ x 1.16 1.03 0.04 1.13 0.57 1.06 
SD 2.19 1.28 0.38 1.33 0.46 1.72 

Total lakes 
151 59 2S 98 10 344 

hypolimnion. 

TABLE 16. Some characteristics of seepage 
and drainage lakes experiencing severe 
winter dissolved oxygen conditions ( quar
terly data set).* 

Maximum 10.8 14.4 
Depth (ft) 

Summer Secchi 1.5 1.3 
Disc (m) 

Alkalinity 105 99 
(mg/1) 

Organic N 0.91 0.88 
winter ( mg/1) 

Total N 1.76 1.80 
winter (mg/1) 

Inorganic P 0.038 0.081 
winter (mgjl) 

Inorganic P 0.059 0.900 

*All values represent means. 

35 



36 

REGIONAL DESCRIPTIONS 

There is a considerable amount of 
overlap in the ranges of many water 
quality values found in lakes through
out the state, and many of these values 
fail to show any distinctive geographi
cal gradient. However, by clustering 
lakes within designated geographic re
gions (Fig. 3), calculations of regional 
means can be made and compared for 
statistical significance. Average char
acteristics of lakes within these regions 
are to a considerable degree dependent 
upon the physical and chemical charac
teristics of the region ~ the watershed 
geology, soils, land use, topography, 
climate and the lake basin morphome
try. The number of lakes of various 
lake types (e.g., seepage vs drainage) 
found within each region had an impor
tant influence on the analysis of differ
ences between regions. 

Data on regional comparisons of 
various parameters, upon which the 
following discussions are based, may be 
found in Tables 17 and 18 and 
Figures 20-24. 

Northeast Region 

Most of the state's lakes (80%) 
larger than 25 acres and more than 
5 ft deep are located in the northern re
gions of the state. The Northeast Re
gion ~as 37% of the lakes in the state, 
of whtch 93% are natural in origin a 
higher percentage than in any other 
region. 

There are almost equal numbers of 
drainage and seepage lakes and mixed 
and stratified lakes in this region. A 
high percentage of the lakes are less 
than 250 acres in size but a large 
number of the state's lakes larger than 
250 acres are also found in the region. 
Mean surface acreage of Northeast Re
gion lakes greater than 25 acres and 
more than 5 ft deep is 198 acres. The 
Northeast lakes sampled in the random 
survey were generally deeper than the 
statewide average; mean depth was 
15 ft and maximum depth averaged 
28ft. Waterclarity(2.7 m) wasabove 
average and ranked best among the 
five regions. The relatively high mean 
water color (46 units) and low pH (6.9 
units) for the region is probably indica
tive of the large number of brown
stained lakes ( 39%) in the region. 
Sixty-seven percent of the state's lakes 
with pH below 6.0 were located in the 
Northeast Region, and 54% of there
gion's lakes had alkalinities less than 
30 mg/l. Northeast Region lakes gen
erally had low levels of calcium, mag
nesium, chlorides, turbidity, nutrients 
and chlorophyll a. Sixty-three percent 
of the region's lakes had total phos
phorus levels less than 0.015 mgfl, and 
72% had chlorophyll a levels less than 

10 llg/1. The regional mean for chloro
phyll a was low, 9 llg/1. 

Northwest Region 

In this region there is a slightly 
higher proportion of seepage lakes 
(56%) than drainage lakes, while 
mixed and stratified lakes are nearly 
equally divided. Northwest Region 
lakes in the random sample were 
mostly less than 100 acres in size and 
were slightly smaller (avg. size 
165 acres) than Northeast Region 
lakes. While 47% of the region's lakes 
greater than 25 acres and greater than 
5 ft deep were described as brown in 
color, mean measured water color (30 
units) was the lowest of the five desig
nated regions. Northwest Region lakes 
were generally low in calcium, magne
sium and chlorides and had near state 
average turbidities and total nitrogen 
levels. Sixty-two percent of the re
gion's lakes had alkalinities less than 
30 mg/1 and 40% had alkalinities less 
than 15 mg/l. Mean alkalinity was 
27 mg/1. The mean total phosphorus 
concentration (0.028 mg/l) for North
west Region lakes was about the same 
as the statewide average for randomly 
sampled lakes. While the majority of 
the Northwest Region lakes had low 
total phosphorus levels (47% less than 
0.015 mgjl), 44% of the state's lakes 
with phosphorus concentrations ex
ceeding 0.035 mg/1 were found here. 
Most of these were shallow eutrophic 
lakes located in Polk, St. Croix and 
Barron counties, which are not typical 
of the remainder of lakes in the North
west Region. Whether or not these 
counties should be included in this re
gion or some othe.r is a valid question 
that was considered in regional delinea
tions. Twenty-two percent of the re
gion's lakes had chlorophyll a levels 
above 15 IJ.gjl, representing 41% of the 
state total in that category. Water 
clarity varied considerably; the mean 
of 2.1 m was slightly less than the 
statewide average. The majority of 
lakes had water clarity ranging be
tween 1 and 3 m. 

Central Region 

Most of the Central Region lakes 
are located in the central plain geo
graphic province which is underlain 
with sandstone formations. The glacial 
deposits and soils in the region reflect 
this in that they generally contain a 
considerable amount of sand. Lakes in 
the central region are clustered in spe
cific locations and in a large part of the 
region there is a scarcity of lakes due to 
the nature of the underlying soils and 
bedrock (Martin 1965). 

Seventy-three percent of the sam
pled lakes in the region were of natural 

origin, divided equally between drain
age and seepage and mixed and strati
fied types. The majority (77%) of the 
lakes were smaller than 100 acres in 
size. Water quality was generally very 
good in Central Region lakes; water 
clarity was better than the statewide 
average. Mean total nitrogen 
(0.72 mg/1) was lower than in other re
gions except the Northeast. The total 
phosphorus content of the region's 
lakes (mean 0.020 mg/1 and median 
0.012 mgjl) was very low; total phos
phorus concentrations in 70% of the 
Jakes were below 0.015 mgjl. Mean 
chlorophyll a concentration was low
est of any of the five regions with 77% 
of the lakes having less than 10 flg/1. 
Turbidity was slightly below the state
wide average (2.6 JTUs). Water color 
was somewhat above the statewide av
erage, but most Central Region lakes 
were perceived as clear by sampling 
teams and only 10% appeared green at 
the time of field sampling. 

The Central Region had better 
water quality than might be expected 
for a group of lakes with such high al
kalinities; alkalinities closely resem
bled those of the southern regions, but 
nitrogen, phosphorus, chloride, turbid
ity, chlorophyll a and water clarity 
means were similar to those found in 
the northern regions. The reasons for 
this apparent disparity are uncertain, 
but may be related to the generally 
small lake size (mean 84 acres), rela
tively small watersheds, and long water 
retention times of the Central Region 
lakes. These factors result in lower nu
trient loading and lower levels of nitro
gen and phosphorus in the lakes. If, be
cause of high alkalinity, precipitation 
of marl was removing total phosphorus 
from the surface water, it might be ex
pected that the Central Region lakes 
would have significantly higher nitro
gen:phosphorus ratios than lakes in 
other regions, but this does not appear 
to be the case. Mean nitro
gen:phosphorus ratios were slightly 
higher, but not significantly. It is pos
sible that input of phosphorus was 
compensating for losses, but this would 
be expected to be accompanied by 
higher total nitrogen levels, which were 
not observed. Whatever the rea
son, the Central Region lakes form a 
rather distinct lake group with average 
characteristics significantly different 
than those of lakes in other regions. 

Southeast Region 

Limestone and dolomite deposits 
make up much of the underlying bed
rock of lake watersheds in the South
east Region. As a result, high alkalin
ity ( 173 mgjl) and calcium and 
magnesium levels (36 and 32 mg/1, re
spectively) were characteristic of lakes 



JJ the region. More than 95% of the 
.ret:Pon's Jakes had alkalinities in excess 
of 90 mg/1, and high pH (mean = 8.2 
units) accompanied the high alka
linities. 

Lakes sampled in the Southeast Re-
&ion exhibited great variability in their 
water quality characteristics. Sixty
one percent of the region's sampled 
lakes were drainage lakes, while 77% 
were of natural origin. Mixed lakes 
outnumbered stratified lakes, and 
mean depths (10 ft) were slightly less 
tban the state average. There were 
more large lakes (greater than 
1000 acres) in the Southeast Region 
sample than in other regions; as a 
result, the average lake size was 
582 acres. 

Water quality and clarity in South
east Region lakes were generally below 
average. Average water clarity was 
only 1.6 m, which is only fair, and may 
be attributed to a combination of rela
tively high turbidity (6.6 JTUs), 
above-average mean color (46 units), 
and high chlorophyll a levels (mean = 
43 J.lg/l). Thirty-four percent of the 
Southeast Region lakes had chloro
phyll a levels above 15 llg/1, while me
dian chlorophyll a was 10 J.lg/L Fifty
four percent of the lakes had total 
phosphorus levels above 0.025 mgjl, 
resulting in a very high phosphorus 
concentration mean of 0.079 mg/1. 
Mean total nitrogen ( 1.42 mgjl) was 
higher than that found in any other re
gion. The generally high trophic status 
of the Southeast Region lakes was quite 
apparent as 47% of the region's lakes 
were identified as green in appearance. 

Southwest Region 

Southwest Region lakes are best de
scribed as shallow, eutrophic drainage 
lakes and impoundments. Only 10% of 
the lakes sampled were of natural ori
gin and only 3% were seepage lakes. 
The scarcity of natural lakes is attrib
uted to the topography and geological 
history of the region, much of it in
eluded in the Driftless Area. The rela
tively shallow mean depths (avg. 
6.5 ft) of the region's lakes were re
flected in the fact that 87% of the lakes 
were thermally mixed. Average lake 
size was quite large (mean 915 
acres). Lakes of the Southwest Region 
have generally poor water quality, 
which is directly related to the fact that 
most of the lakes are impoundments. 
High levels of color (mean 68 units) 
and chlorophyll a (mean 32 J.l.gfl, 
median = 25 J.lg/1) contributed to the 
poor water clarity (mean 1.0 m). 
Fifty percent of the Southwest Region 
lakes had chlorophyll a concentrations 
exceeding 25 J.tg/1, while only 7% had 
water clarity readings over 2.0 m. To
tal phosphorus concentrations exceed-

TABLE 17. Various physical, chemical and biological characteristics of regional 
lakes (random data set).* 

Chloro[!h,i'il a ([!gill 
0-5 5-10 10-15 15-25 >25 0-1 1-2 2-3 3-4 >4 

Northeast 81 90 27 23 15 38 63 54 44 44 
Northwest 78 99 37 29 30 48 74 73 34 21 
Central 15 19 4 4 1 2 11 15 7 3 
Southeast 13 18 8 6 14 18 17 14 5 0 
Southwest 0 '1 5 6 15 17 9 2 0 0 

Color (units) 
<.005 .005- .015- .025- >.035 0-10 10-40 40-100 > 100 

.015 .025 .035 

Northeast 53 99 50 22 18 40 71 77 19 
Northwest 33 99 66 32 52 71 116 66 13 
Central 14 17 4 3 6 7 13 13 3 
Southeast 4 13 9 11 24 5 12 11 3 
Southwest 0 2 7 3 18 1 8 5 6 

[!H (units) 
0-15 15-30 30-90 >90 <5 5-6 6-7 >7 

Northeast 94 38 78 33 7 33 63 140 
Northwest 114 62 99 7 0 17 112 153 
Central 1 1 6 36 0 0 1 43 
Southeast 0 0 3 58 0 0 0 61 
Southwest 9 3 8 10 0 3 7 20 

Green Brown Turbid Blue or Clear 

Northeast 23 61 
Northwest 59 124 
Central 4 11 
Southeast 18 6 
Southwest 9 9 
• All values represent number of lakes. 

ing 0.025 mgjl were found in 70% of 
the region's lakes. 

Regional Summary 

Water quality varies considerably 
between and within the five regions, as 
shown by the wide rangt:>s in values and 
confidence intervals about the means. 
Generally, lowest levels of nutrients 
and the overall best water quality and 
clarity are coincidental, or occur to
gether. There is a higher percentage of 
good water quality lakes in the north
ern region of the state than in the 
southern region, but each region has 
some lakes with poor water quality. 

Differences in lake types, and the 
numerical distribution of the different 
types of lakes within geographical re
gions contributed to the difficulties in
volved in interpreting the data. The 
many factors which combine to deter
mine water quality characteristics of 

2 
5 
7 
5 
2 

72 
75 
18 
9 
3 

lakes cannot be completely separated. 
For example, mean levels of total phos
phorus, alkalinity and chlorophyll a 
vary considerably, depending on the 
number of seepage or drainage lakes 
within a region, since seepage lakes 
have lower alkalinities, total phos
phorus and chlorophyll a concentra
tions. While not shown, this same prin
ciple applies to stratified lakes vs 
mixed lakes. Therefore, when making 
regional comparisons of lakes it is im
portant to take into account the pro
portion of various lake types found 
within each region. While it would be 
preferable to make comparisons be
tween lakes with nearly identical phys
ical characteristics, such ideal situa
tions rarely exist. Because of the 
numerous subtle differences in the 
water quality of lakes in the five de
scribed regions, it is difficult and not 
justifiable to make further compari
sons, unless they are made between 
lakes with nearly identical physical 
characteristics. 37 
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TABLE 18. Summary of characteristics of Wisconsin lakes by region (random data set). 

Mean Max. 
Area Depth Depth Color 

Parameter (acres) (ft) (ft) (units) 

NORTHEAST 
No. lakes 243 46 243 207 

Mean 198 15.4 28 46 

Standard 297 7.1 18 46 
deviation 

Median 

Minimum 

Maximum 

NORTHWEST 

82 14.8 

25 6.0 

34.4 

No. lakes 282 125 

Mean 165 11.4 

Standard 369 6.7 
deviation 

23 33 

6 1 

98 320 

282 

24 
17 

266 

30 

31 

Median 67 9.6 18 20 

Minimum 25 2.7 5 2 

Maximum 3,227 40.0 105 140 

CENTRAl, 
No. lakes 

Mean 

Standard 
deviation 

Median 

Minimum 

Maximum 

SOUTHEAST 

44 

84 

77 

44 

25 

No.lakes 61 

Mean 582 

Standard 1,880 
deviation 

25 

13.1 

10.0 

10.2 

2.0 

23 

10.2 

8.6 

Median 

Minimum 

Maximum 

89 6.6 

25 2.4 

SOUTHWEST 
No.lakes 30 

Mean 915 

Standard 4,028 
deviation 

15 

8.1 

4.3 

Median 98 6.2 

Minimum 25 3.2 

Maximum 22,218 15.9 

44 
30 

22 

26 

6 

61 

25 

20 

16 

5 

29 

16 

11 

36 

42 

36 

28 

1 

31 

46 

40 

30 

3 

20 

68 

60 

10 60 

6 7 
44 220 

Chlo-
Secchi rophyll Chlo-
Disc a rides 
(m) (llg/l) (mgjl) 

225 236 189 

2.7 9.3 2 

1.6 8.3 2 

2.4 6.7 

0.5 1.0 

9.5 50.2 

250 

2.1 

1.2 

273 

12.4 

14.5 

2.0 7.6 

0.3 0.5 

6.0 100.7 

38 

2.4 

1.2 

2.1 

0.7 

43 
7.5 

4.8 

6.2 

1.9 

25.0 

54 61 

1.5 43.3 
0.9 116.0 

1.4 

0.1 

28 

1.0 

0.5 

9.9 

1.8 

30 

32.0 

27.4 

0.9 24.8 

0.5 5.8 

2.7 122.3 

2 

1 

11 

282 

2 

2 

1 

1 
19 

44 

4 

2 

4 

1 

10 

61 

19 

14 

30 

7 

4 

6 

1 

21 

Or- !nor-
Cal- Mag- Alka- Tur- ganic Total ganic Total 
cium nesium pH linity bidity N N P P 

(mg/1) (mg;IJ (units) (mgjl) (JTUs) (mg/1) (mg/1) (mg/1) (mgil) 

189 189 243 243 233 243 243 242 242 

10 

8 

7 

1 
51 

282 

7 

6 

5 
1 

35 

44 

24 

8 

22 
3 

59 

36 
16 

31 

8 

30 

16 

13 

12 

1 
49 

5 

6 

2 
1 

26 

282 

3 

3 

1 

16 

44 

20 

7 

21 

1 

59 

32 

9 

34 

2 

30 

9 

10 

6 

33 

6.9 

0.9 

37 

40 

7.1 22 

4.3 

8.9 224 

282 

7.0 

0.7 

282 

27 

25 

7.0 18 

5.4 

9.6 133 

44 
7.9 

0.4 

7.9 

6.7 

8.9 

61 

8.1 

0.5 

44 

122 

40 

124 

12 

190 

61 

173 

55 

8.0 160 

7.1 51 

9.4 290 

30 

7.2 

0.8 

30 

67 

65 

7.2 42 

5.7 2 
9.2 202 

2.0 0.52 0.66 0.006 0.019 

1.5 0.33 0.39 0.007 O.Q13 

1.5 0.42 0.55 0.004 0.016 

0.5 0.10 0.17 0.001 0.003 

10.0 2.17 2.52 0.048 0.092 

277 

3.4 

3.7 

282 

0.62 

0.32 

282 281 282 

0.89 0.011 0.028 

0.43 0.015 0.026 

2.4 0.55 0.79 0.006 0.020 

0.8 0.12 0.14 0.001 0.003 

34.0 2.28 2.84 0.132 0.173 

44 
2.6 

1.6 

2.0 

0.7 

8.4 

61 

6.7 

11.2 

43 

0.48 

0.23 

0.41 

0.19 

1.16 

61 

0.94 

0.49 

43 

0.72 

0.31 

0.69 

0.30 

1.56 

61 

1.43 
1.10 

44 44 
0.007 0.020 

0.011 0.021 

0.004 0.012 

0.001 0.005 

0.058 0.110 

61 61 

0.048 0.079 
0.104 0.136 

3.0 0.77 1.18 0.015 0.030 

1.1 0.31 0.43 0.001 0.008 

72.0 2.77 6.50 0.570 0.720 

30 

3.6 

2.9 

30 

0.54 

0.21 

30 

1.19 

0.69 

30 30 

0.036 0.067 

0.033 0.052 

2.7 0.52 0.92 0.022 0.050 

1.1 0.19 0.48 0.004 0.013 

14.0 1.02 3.49 0.126 0.224 
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0 IMPOUNDMENTS 

• LAKES 

REGION 

FIGURE 20. Distribution of natural lakes and im
poundments by region (random data set). 
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0 MIXED 

• STRATIFIED 

CENTRAL SOuTHEAST SOU THWEST 

REG ION 

FIGURE 22. Distribution oJ mixed and stratified lakes 
btl region (random dala set). 
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NORTHEAST NORTHWEST CENTRAL 

REGION 

SOUTHEAST SOUTHWEST 

fo'JGURE 21. Distribution of seepage and drainage lakes 
by region (random data set) . 
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Aquatic plants are 
considered to be very 
beneficial in some 
Wisconsin lo.kes, but 
they are a nuisance 
problem in others. 

Wisconsin 's "clear" 
lakes, found mostly in 
the northern and central, 
parts of the state, are 
popular for recreational, 
activities. 
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Lake water quality data are gener~ 
ally colleded with three major objec
tives in mind: ( l ) to a~se$5 existing 
water quality conditions fo r immediate 
management purposes suc.h as manipu
lation of fish populations or pollution 
control programs, (2) to document ex
isting condiLions as a basis for assessing 
changes in water quality with time. 
e.g., monitoring exp?cted improve
ments in water quality following con~ 
struction of wastewater treatment fa
cilities or determining Uw long-term 
impact of acid dt•position on lakP eco
systems, and ( 3 ) to gain a bet tcr under
standing of the factors and interrela
tionships which affect water quality in 
lakes . The data collected during this 
14-yea.r study, which involved 1,1<10 
different Wisconsin lakes, has already 
helped meet these ohjectivt•s and will 
continue to ad as a data base for future 
reference. 

The <J$~e:>..~nwnt of water quality of 
lake~ is bast!d on comparisons of vari
ou.~ t:haracteri~·tics which art> consid
ered tu be indicative. of "g-ood" or 
"poor" conditions. Tbe.re.for<!, the ac
tual assessment of the water quality of 
any particular lake is dependent on ( 1) 
the concl'ption of the mdividu eil mak
ing tlw assessruen t, !2) the 11ara meter 
sel.-cted for making the asse~sment, in
cluding its natural variability, (3) the 
accuracy and preei~ion inherent in 
mea~nring the selected parameler. and 
(4) the rC>liability of parameter values 
used in making qualitative delinea
tions. 

Individuals have different percep
tions as to what constitutes "good'' 
water qualit.y, a:; indicated by the 
number of differ~nt. parameters and pa
ramdc•r values 11.~ed Lo judge water 
quality conditions (Shapiro 1975 ). 
"Ideal" water quality depends upon 
the point of view of the individual ; for 
example, e..xtensiv•.' beds of macro
phytes may be a real nuisance to the 
water-skier, but to the risherrnen they 
provide shelter and hab itat for fish. 
Therefore, different individuals give 
different values lo various parameters 
in making an assessment of water 
quality. 

Water quality inrlic.ators thl'lt are 
chosen for making evaluations may be 
stable or may experience gre.at daily , 
seasonaltJr annual fluc tuaLions: the sig~ 
nificance of this fact. can not be overes
timated nor •Jverluuk,,,J. Sampling and 
analytical v;.~.riability or errors may 
also comp0und the problem of accu
rat;•ly assl':>sing water C:')Jality (e.g., see 
Tyler 1968). However, possihly most 
important of all is thf' tran::.lation of 
quant.i t<•tive measttremt·n ts to a quali · 
tativu statement or as.<:.es.~ment. This 
f11nct ion of catep;orization or cla~si r i~.a
tion is entirt!ly dependent upon tht' ~l'-

PERCEIVED WATER QUALITY 
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ledion of criteria o.r ''sta ndards" used 
for delinf'ation. Again, the, sdect10n or 
determination of these criteria gener
a lly res ts with the indiv iuual making 
t.he assr~~rnt>nt, since literature values 
suggested as dast".ific<.~tion boundaries 
vary cunsiderahly for individual pa
rameters. McClelland and Deininger· 
(1981) st:nimed up the situatinn hy 
~tating that "there is still no genrral)y 
acceptt:tl inde~: of waho.r quality for 
lakes.·· 

Numerous f'lassi f\calion systems 
have oae n developed I or assessing 
water f.!i.Jality of lake:". The simplest. 
lake classification systems are based on 
a single diiferentia ti nf!: characteristic. 
such as <.lraina~e type, stratific-ation 
status, dominant. algae species, fishery 
type, etc. An alternative cla~sil ication 
fol'm is based on ranking lakes along a 
continuous parameter (e.g., productiv
ity, biomass, t:hlorl)phylltJ., phosphorus 
concentration, total alkalinity. etc.l 
an<.l divi.~ion of the parameter scale to 
pnwide a varying number of classes. 
This form of classification is typified 
by the many param•' l.l' rs ust~d to rank 
lakes according to their trophic status 
( oligotrop:hic-mesotroph ic-eu trophic). 
The D1ajorily of tb~se trophic scales are 
ha~ed on some relafi on!>hip to the lake's 
biological proclnctivi t.y; hence, low val
ues are related to low productivity I oli
gut rophic • and high value~ ;1rE· relat<>t.l 

to high productivit.y (eutrophic). Vari
Ol.IS rno<.liiications and tran~formalion.~ 
of data have heen made in an atternpl· 
to dev<>lop an acceptable and rational 
trophic da~sifi(:ation ::;ystem ( CMlson 
1977 ). 

A third type of classification system 
includ es combinations of parameters, 
or rnulti[Jaramel>.>r cla.«sifit'ations. such 
as Ryder's ( 1965) Morphoedaphic In
dex, Brt!zonik and Sl1annon's (19711 
Multivariatr 'l'rophic State Index , 
Michalski and Conroy's (1972) Lake 
Evalual.il.ll l Index. and Utlormark and 
Wall's (1975b) Lake Condition Index. 

In addition. various h ierarch ial
type syst.ems ba;ged on methods s uch as 
principal componf~nl analysis, duster 
analy:>is, and complex ordinatl'-cum
munity structure analysis have been 
proposed. To be certain, a gre a t 
number .-,f lake elassifica.tion systems 
have been developed, and exc:ellenl re
views of this topic arc availabl(• in Shel
don ( 1972 ), Shapiro (1975), Ott (1977), 
and McClelland and Deininger ( 1981 ). 

Sheldon ( 1972) presented exeellen t 
argum r!nts against the develor>me nt of 
universal classilicat.ion systems. While 
splitting or lumping any ma.o:;s uf data is 
possible, quality of the resulting r: la .. "~i

fication system depends largely upon 
the purpose for which it was developed 
iSchneidcr 1975, Shapiro 1975). T hl' 
public's perc;;'ption of water qualit.y. 



which varies considerably depending 
on individual preferences, is primarily 
dependent on water clarity and color, 
fish production, and extent of 
macrophyte and algae growth (Fig. 
25). Unfortunately, water quality and 
trophic status are all too often equated 
without considering the dynamic na
ture of the water quality characteristic 
being observed; lakes tlassified as oli
gotrophic according to one parameter 
may in some cases be classified as eu
trophic on the basis of some other 
characteristic. 

We will summarize those water 
quality characteristics of Wisconsin's 
Jakes most often used to rank or clas
sify lakes according to trophic condi
tion, and will discuss relationships be
tween various trophic indicators and 
the factors affecting these relation
ships. In addition, a general classifica
tion system using apparent water qual
ity characteristics for Wisconsin lakes 
is proposed based on the results of this 
study (Table 21 ). 

TROPHIC CLASSIFICATION 

Numerous indicators have been 
used to calculate a lake's trophic state 
(Vollenweider 1968, Shapiro 1975, 
Bartsch and Gakstatter 1978, McClel
land and Deininger 1981 ). but most in
dices rely on water clarity, chlorophyll 
a concentrations, total phosphorus 
concentrations, or combinations of 
these three. Carlson (1977) contrib
uted to the popularity of Secchi disc, 
chlorophyll a and total phosphorus as 
key indicators by developing a numeri-

SECCHI DI SC EQUIVALENT 
DEPTH (m) T. S.l. 

cal scale, the Troph ic State Index, 
based on the interrelationships be
tween them. However, all trophic clas
sification systems have inherent weak
nesses, and none should be considered 
as the complete answer to the problem 
of classifying Ia kes. 

Water Clarity 

The U.S. Environmental Protection 
Agency has proposed Secchi disc read
ings of 2.0 and 3.7 m as dividing lines 
separating lakes according to their 
trophic state (1975). but these values 
have not yet become widely accepted. 
While the values suggested by the N a
tiona] Eutropication Survey ( N ES) 
study are undoubtedly as well-founded 
as any, it is recognized that many fac
tors other than water clarity influence 
judgment of trophic status or, more 
correctly, factors other than trophic 
status affect water clarity. The NES 
criteria can be applied to Wisconsin 
lakes: however, based on our data and 
experiences, water clarity for Wiscon
sin lakes can be categorized in more de
scriptive terms as follows: 

6 m = Excellent (2%)* 
3-6m == Very Good (24% ) 
2-3m == Good (27% ) 
l 1/2-2 m = Fair} (29% ) 
1-1 1/2 m = Poor 
< 1m == Very Poor (29%) 
~Percent of Jakes in random 
sample. 

The mean and median Carlson 
Trophic State Index (TSI) for all ran
domly sampled Wisconsin Jakes were 
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ity for 595 randomly 
sampled Wisconsin 
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skip to Carlson's 
( 1977) Trophic S tate 
Index (TSI). 

48 and 50, respectively (Fig. 26 ). 
These Carlson TSI's for Wisconsin 
lakes correspond to "fair" to ' 'good" 
water clarity categories under our clas
sification system. Categorization of 
statewide mean and median water clar
ity, however, has little significance be
cause of the great variability in water 
clarity of individual lakes. 

Impoundments, drainage lakes and 
mixed lakes generally have poorer 
water clarity than natural, seepage and 
stratified lakes (Fig. 27 ) and therefore 
would be ranked lower on the scale. 
The poorer water clarities of the former 
lake groups are undoubtedly associated 
with greater nutrient loading and inter
nal recycling rates, and generally shal
lower depths (Fig. 28). Among the 
stratified lakes, lakes experiencing low 
D.O. conditions in their hypolimnia 
have generally poorer water clarity 
than those which did not (Fig. 27). 

The Central Region had the lowest 
percentage of poor water clarity lakes 
(representing only 2% of the state to
tal), while the Southwest Region had 
the highest percentage (Fig. 27). Fifty
four percent of the state's lakes with 
very good c!ari ty ( > 3 m ) were found in 
the Northwest Region •. While these 
comparisons could be misleading due to 
the wide disparity of lake types found 
within and between the five Jake re
gions, regional differences in water 
clarity are nevertheless important for 
lake management. Perceptions of 
water quality are often based solely on 
water clarity, which may vary consid
erably depending on the range of ex:per
iences of the viewer. For example. indi
viduals residing in the Southwest 
Region, who may not have had exposure 
to lakes of other regions with excellent 
water clarity, may characterize their 
lakes with water clarity of 2-3 m as 
having excellent water clarity. On the 
other hand, someone from the North
east Re~on may consider these same 
lakes as having poor water clarity. 
These differences in perspective are a 
very important management consider
ation regardless of the wa ter qua lity 
parameter chosen for evaluating lake 
quality, and they must be considered in 
the development of any broad state
wide lake management program. 

Biological Production 

The traditional distinctions used in 
trophic classification of lakes are based 
on principles of biological productivity 
(Lindeman 1942). The rate of produc
tion of organic matter is not necessarily 
positively correlated to the total bio
mass. Very eutrophic. lakes can have 
low productivity rates on an areal basis 
while having high standing crop bio
mass levels and, conversely, oligotro-
phic lakes can have high relative pro- 45 



46 

IMPOUNDMENTS 

3 

NATURAL 
LAKES 

Water Transparency Scale 
bosed on 

Secchi Disc Depth (m) 

Do-1 
CJ 1-2 

02-3 
B3-6 

->6 

SEEPAGE 
3 

DRAINAGE 

REGIONS 

~ 
37o;. 8· ~~- -= 43~ o =:zs 

22 =::· NE 

STRATIFIED 
8 LOW D. 0. 

STRATIFIED 

FIGURE 27. Percent distrib1ttion of different classes of lakes based 011, water transparency. 

ductivity rates and low standing crop 
biomass. However. biomass, whether 
in terms of fish, insect, macrophyte or 
algae, has been used intermittently 
with various systems of indicator spe
cies or community structure indices to 
rank lakes acc.ording to their trophic 
statP. 

Chlorophyll a concentration in la.ke 
water has been widely used in trophic 
classification systems becausP. it is a 
relatively simple measurement of phy
toplankton biomass. However, there 
are several weaknesses inherent with 

the use and interpretation of chloro
phyll a data in classifying lakes includ
ing: ( 1) differing chlorophyll a cell vol
ume ratios among algal genera and 
species and among the same species de
pending on environmental conditions 
and time of the year, (2) differing ex
traction efficiencies among the groups 
of algae, and ( 3) interferences from 
various decomposition byproduct& in
cluding pheophytin . A further compli
cation is that a given chlorophyll a 
value is only indicative of the amount 
of algal biomass present in the lake 

r~o
5 5 

:29· .· ·:. c 
39 . 

7 

4~ 
~ sw 

water at the time and place of sam
pling: it sometimes may not be repre
sentative of a lake's average summer 
concentration due to the fluctuations 
in phytoplankton biomass common to 
Wiscoruin lakes. Also, in some lakes 
there is doubt about the rationale of 
evaluating a lake's trophic status on 
the basis of c.hlorophyll a when the lake 
may be dominated by macrophytes. 
Trophicclassifi~ation of a macrophyte
dominated lake based on water clarity 
or chlorophyll a c.oncentration alone 
generally results in underestimating 
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the lake's productivity and trophic sta
tus. In some of these takes, most avail
able plant nutrients are believed t.o be 
used by macrophytes, thus fimiting al
gal growth during the summer period. 
Another factor to consider iS that the 
inhibit maximum algai production, 
thereby great[y affecting water clarity 
and chlorophyll a concentrations. 
N evertbeless, categorization of lakes 
based on chlorophyll a canter. t is an ac
cepted procedure, and lakes have bee11 
and no doubt wiU continue to be com
pared on the basis of seasonal ot annual 

chlorophyll a concentrations. 
The chlorophyll a data presented for 

Wisconsin lakes, based on the random 
data set. represent only one srlm'mer 
sampling per lake, which limits the in
teriake comparisons that can be made. 
However,, the number and distribution 
of lakes within various concentration 
ra.nges1 according to lake types, give a 
general representation of the trophic 
state of Wisconsin lakes. Selection of 
chlorophyll a. concentration ranges ap
propriate to use in discussing water 
quality is based on comparisons of tile 

relationship between chlorophyll a and 
water clarity ror different lake types 
(Fig . 29). The correlation varies con
siderably between Jake types and the 
establishment of a c.learcut relationship 
between chlorophyll a concentrations 
and water clarity or perceived water 
quality, which would precisely describe 
all lakes, is not possible. However, 
field observations and comparisons of 
several subsets of our data provide a re
lationship of chlorophyll a concentra
tions to water clarity which can be used 
as a general index or guide to describe 
water quality of Wisconsin lakes (Ta
ble 19) . These water quality index val
ues are suggested for general compara
tive purposes and should not be 
construed as definitive standards, even 
though the values closely correspond to 
levels suggested by others (Vallentyne 
1969, Michalski and Conroy 1972;. 

Mean chlorophyll a concentrations 
for different lake types were considera
bly higher than median values (Fig. 
30); therefore, the percent distribution 
of lakes within various ranges better 
portrays the water quality of the 
sta.te's Jakes based on chlorophyll a 
(Fig. 31). As was the case with water 
clarity, the greatest number of lakes 
with poor water quality based on chlo
rophyll a concentrations were in the 
impoundment, drainage lake and 
mixed lake categories. Also, among 
stratified lakes, chlorophyll a level and 
water quality in the epilimnion were 
correlated with the D.O. level in the 
hypolimnion; 78% of the stratified 
lakes with chlorophyll a greater than 
10 ~tg/1 showed severe D.O. depletion in 
the hypolimnion . 

Regional distributions of lakes clas
sified according to chlorophyll a con
centrations (Fig. 31) closely resemble 
the percentAge distributions for water 
clarity (Table 20). The Southeast, 
Central and Northwest regions had 
slightly higher percentages of good and 
very good tp excellent lakes when 
based on chlorophyll a instead of water 
clarity. This could be attributed to 
color interference in the Northwest Re· 
gion lakes and possibly to the forma
tion of calcium carbonate particles 
causing light reduction in the higher at~ 
kalinit.y Central and Southeast region 
lakes. Eighty-five percent of the lakes 
with very good to excellent water qual
ity on the basis of chlorophyll a concen
trations were located in the two north
ern regions, w.hile 42% of the lakes with 
veJJ' poor water quality were .found in 
tbe southern regions. 

Potential Pr6dlfction 

Another w·ater quality parameter 
wtdely used in trophic classificat.ion, is 
phosphorus. Total phosphorus is most 
often used, although gome i.nves~iga- 47 
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TABLE 19. Apparent war.er quality based on chlorophyll a and water 
clarity as related to lhe Carlson Tro-phic Stale hulex. 

Approximate Water 
Chlorophyll a App<trent Clarity Equivalent Approximate TSP 

{!Jg/1) WatPr Quality (m) Equivalent 

<l E:;;cellent >6 <34 
1-5 Very Good 3.0-6.0 34-44, 
5-10 Good 2.0-3.0 44-50 

10-15 Fair ].5-2.0 50-54 
15-30 Poor 1.0-~.5 54--60 
>30 Very Poor < 1.0 >6'0 -
•Based on Carlson {1977) . 

TABLE 20. Compari.~on of percenlages of lakes with different water quali-
ly based o-n water clarity and chlorophyll a co'TlCenlralions for different 
Wisconsin lnke regions (random data set) . 

Water Qualitl 
Region Very poor Poor and Fair Good Very Good and Excellonl 
Northeast 16-5• 26--22 2.2-38 36-34 
Northwest. 19-9 30-27 29-36 22-29 
CentTal 5-0 29-21 39-4-4 26-35 
Sout.hP.asl 33-22 31-26 26-31 9-22 
SouLhwes t 61-40 32-47 N3 0-0 

• First number = percentage based on water clari ty; second number = per-
cent.age based on chlorophyll a con<:eiitration. 

tors have preferred reactive phos
pborus or only biologi.c.ally available 
phosphorus. Phosphorus is an essential 
element in the nutrition of aquatic 
plants (both macrophyte£ and algae) 
and therefore in-lake concentrations 
should, in theory, be related to the bio
logical production and the trophic state 
of the lake. This interrelationship will 
be discussed in detail in tb.e following 
section. Although there are a great 
many variables which may aff~ct chlo
rophyll a concentration in individual 
lakes, there is generally a strong re\a
t.ionship between total phosphorus and 
chlorophyll a concentrations in Wis-
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cousin lakes. On the basis of total 
pho-sphorus concentration, lakes may 
best bee .aluated according to "paten 
tial" productivity, since phosphorus is 
not always channeled into biological 
prod1iction. 

The estirnat.ed phosphorus levels re· 
quired to produce various responses in 
chlorophJ' I! a production and values 
gjven as separation criteria to describe 
different water quality conditions ( 1'a
ble ~9) wnre based on the best.. fit linear 
regression equaHon between chloro
phyll a and total phosphorus (Fig. 32 
and Table 26). The total phosphorus 
levels suggested as separation points 

for categorizing water quality of Wis
consin lakes are based on these chloro
phyll a equiva.lents (Table 21). The 
total phosphoru:Khlorophyll a rela
tionship has to be used because total 
phosphorus con.eentrations are not 
"visible": therefore, the rel.ationship 
with chlorophyll a concentrations must 
be used as a cross-index to determine 
water quality. Agarn, it should be reit
erated that many factors influence an 
individua-l lake's response to the 
amount of total phosphorus present 
(i.e., light and other nutrient limita
tion, toxic waste effects, flushing time 
or ''washout' ', available forms of phos-

SEEPAGE 

DRAINAGE 

phorus, etc.) in addition to the factors 
affecting chlorophyll a fluctuations 
mentioned previously. 

There was a good correlation be
tween water quality indices based on 
total phosphorus (Fig. 33) and chloro
phyll a (Fig. 30): the median for natu
ral lakes and impoundments was nearly 
!:he ~me for both indices. Natural 
lakes were rated as having good overall 
water quality, while impoundments 
have a fair rating. However, while nat
ural lakes maintain their owrall good 
water quality rating based on water 
clarity, impoundments dropped to 
poor, probably due to the generally 49 
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TABLE 21. Apparent water quality index for Wisconsin lakes based on water clarity, chlo
rophyll a contenl ami total phosphorus concentrations (random da!.a set). 

Water Approxi.mate Approximate 
Quality Water Clarity Chlorophyll a 

I Index Equivalent (m) Equivalent (l!g/l) 

Excellent >6.0· <1 
Very Good L-5 3.0-6.0 
Good 2.0-3.0 5-10 
Fair 1.5-2.0 10-15 
Poor 1.0-1.5 15-30 
Very Poor < 1.0 >30 

• After Carlson (1977). 
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water quality imiex. 
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higher nonalgal turbidities and color 
associ a ted with drainage systems (Fig. 
261. T.he mixed and drainage lakes and 
impoundments had higher percentage~ 
of poor and very poor water quality 
lakes than the straWiedl , seepage and 
natural lakes !Fig. 34 L 

Regional di::~tributions were similar 
to Hwse reported earlier based on chlo
rophyll a and water clarity, Of South
east and Southwest lakes, 36% and 
50'~io, res,peetively, were fm! nd to have 
poor water quallity based ()n epilim
netic total phosphorus concentrations. 
This corresponds to 34 ·~ 'o and 70% of 
the lakes in the same two regi.ons where 
chlol'Ophyll a concentrations indicated 

poor water quauty (Fig. 31). A com
parison of the percentages of lakes 
st;1 t~:~wide cla&<ed as to water quality 
shows that ~lightly higher percentages 
of lakes may be classed as fair, poor, or 
very poor based on water clarit.y rather 
than on either chlorophyll a. or total 
phosphorus (Fig. 35). Again, this is to 
be expected becau~~ of color and tur
bidity interfen:•nr:es. Limitations on 
chlorophyll a and total phosphorus 
measurements at the lower levels 
makes the wate rlarity scale the pre
ferred index for clean, clear lakes, while 
the c.hlorophyll a index may be the 
most appropriate ind~·x at the other 
end of the spectrum (Sioey and Span-

SEEPAGE 

4 

7t9% -,2 
9 c 

' 

. 

3 

gler 1978}. 
Comparisons between the rating of 

a lake on the basis of its chlorophyll a 
concentrations (actual production! and 
the total phosphorus concentration 
(potential production) couJd prove to 
be a valuable ratio in lake manage
ment . 

The apparent water QUality index 
provided in Table 21 should likewise be 
of great value to resource personnel in
volved in Jake management. The de
scriptive narrative dasses should make 
for easier, clearer communicatioru be
tween professionals and the interested 
public. 
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FACTORS AFFECTING LAKE 
TROPHIC STATUS 

Water Clarity 

Relationships 

Wntcr clurily-chlorophyll B. The 
water clarity-chlorophyll a association 
has been onE' of the most popular water 
quality associations used in the field of 
limnology recently. This relationship 
and the association with total phos
phorus is of mutual interest t~ lim nolo
gists, fisheries biologists and water 
quality planners. 

A review of the current literature 
coocerning this topic produces an enor
mous number of papers which incorpo
rate these parameters into various 
models to predict lake water quality 
(Deevey 1940, Dillon and Rigler 1975, 
Jones and Bachmann 1976, Williams et 
a!. 1977, and Schnindler, Fee, and 
Ruszcynski 1978, to mention only a 
few). The development of these predic
tiv~ equations is based on the assump
tion that water clarity is related to 
chlorophyll a, and that chlorophyll a is 
related to algal cell biomass. 

Since Deevey's ( 1940} early work on 
Connecticut lakes, investigators have 
reported a wide range in relationships 
between chlorophyll o., total phos
phorus and water clarity (l>ee Davis et 
al. 1978, Dolan et al. 1978, and Nich
olls and Dillon 1978 for further discus
sion concerning the reliability and vari
ations inherent in these relationships). 
Some of these differences are due to 
factors other than chlorophyll a con
c:entl'ation. Numerous investigations 
have reported on lhe relationship be-

FIGURE J:i. Percenlnges of Wisconsi71 
lakes 1:n dijfen;·nl wat ~ r qu,alily classes 
based on lhree ·u;ate-r quality parame
ters. ( l.bp) 

FIGURE 36. Pwl of Log-transformed 
water clarity and color da.ta for 497 
Wisconsin lakes (random d4la sel). 
(bouom) 

TABLE 22. Comparison of linear regression equations for water clarity (random data set).• 

Wisconsin Lakes Florida Lakes (Brezonik 1977 ) 

Log10sns = 0.759- 0.517 log 10chla (pg/1) 
Logl oSDS = 0.669 - 0.293 log\Ocolor ( umi.s l 
Log10sns = 0.466- 0.547 log10turb. (JTUs) 
1:sns - 0.442 + O.Dl5 chla 

R2,.53.3% 
R2=29.0% 
R2=32.9% 
R2 =75.6% 
R2= 8.8'\'o 
R2 = 9.8 ·:~ , 
R2 =74.5",;, 
R2o=79.0% 
R2 =?06'' ' 

Log 10SD = 0.63- 0.55 log10.; hla 
Log 1 oSD = 0.84 - 0.41 log 1 ocolor 
tog10sn ~ 0.48- 0.72 log10turh. 
l !SD = 0.48 + 0.032 chla · 

R~=75'Yo 
R2 =55% 
R2 = 53% 
R2 = 59% 
R2, 10% 
R2 =71 % 
R2 =63% 

ums = 0..187 + 0.045 color 
ljSDS ~ 0.5l2 + 0.048 turb. 
]ISDS ~ 0.283 + 0.0163 chla + 0.0038 color 
liSDS = 0.363 + 0.0145 chla + 0.0280 lurb. 
I.'SDS = 0.339 + 0.0048 color + 0.0044 lurb. 
l :'))DS = 0.209 ~ 0.0155 chla + 0.004 color 

~ 0.0245 turb. ----

R2 =7s: J ,:.~ 

·~ms = Sec<:hi disc summer (rn1 SD = s.~chi disc (m) 

1/SD ""' 0.76 + 0.0019 colur 
1/SD = 0.4·1 + 0.12 turb. 
1/SD = 0.36 + 0.03 chla + 0.001 color 

l •SD = 0.1116 + 0.0025 color+ 0.128 
turb. 

R2 =89% 



tween water transpar·ency, phyto
plankton abundance andfor bio
volume, color, and turbidit.y. 

Juday and Birge ( 1933) reported 
t hat color was more important than the 
amount of plankton present in deter
mining the transparency of 530 north
eastern Wisconsin lakes. Deevey 
( 1 H40) reacb.ed a s.imilar conclusion in 
his early investigations of Connecticut 
lakes. More recently, investigators 
have demonstrated a correlation be
tween water clarity and chlorophyJJ a 
for particular data sets. Logarithmic 
transformations of .the two parameters 
(the nature of light attenuation follows 
a logarithmic pattern) linearizes the 
naturally nyperbollc curve of the rela
tionship (Sakamoto 1966, Bachma.nn 
and June_s 1976). Lorenzen (1980) and 
Megard et al. (1980), among others, 
have pointed out that the attenuation 
of light is dependent upon both chloro
phyll ( Kc) and the nahtral background 
attenuation of the water ( Kw). The 
proportion oi K w .and Kc may vary 
seasonally as weU as from lake to lake. 
The importance of Kc is high in lakes 
with large volumes of phytoplankton,. 
but the resolution of the S<>cchi disc 
measurement is reduced. Iu •low chlo
ropbyll a lakes, the Kw becomes more 
important (Megard et a!. 1980). 
Kwiatkowski and El-Shaara wi I 1977 i 
reported interference in the water clar
ity-chlorophyl.l relationship in Lake 
Ontar.io, possibly due to the formation 
of calcium carbonate precipitate parti
cles which created <t. "milky" water ap
pearance. Davis et al. (1978) reported. 
that color was two to three times more 
important th:n1 phyU>J!)lankton .in de
termining the transparency of Maine 
lakes. 

In a survey of Florida lakes, 
Brezonik { 1978) showed that.. the rela
tiv.e importance of color on the water 
clarity reading was somewhat depen
dent on tbe tmbidity but art :>llCh h\gl1 
concentrations the care and precision 
with which the St~crhi disc mea.sure
meJl•t is made becomes much more criti
caL P:dmondson (1980) stressed that 
t.he Seccbi disc measurement is depen
dent. upon the number of pal'ticles scat
tering light in addit'ion to other factMs . 

Several differences are of signifi
cance between Brrezonik's data and the 
results of this study (Table 22). 
Brezonik found that the logarithmic 
transformation resuited in a greater re
duction of the var-iance in water clarity 
tl'lan did the reciprocal transformation. 
Our data indicat.edl the reverse to he 
ttue for t he water clarity-chlorophyll 
relationship, while the color-water clar
ity and turbidity-water clarity rela
tionships were improved. The recipro
caJ of the water clarity depth was 
highly dependent on ch,lorophyll a in 
both studies, but turbidity was also 
very important in the F'lorida study. In 

TABLE 23. Relationship of water darity a?ul chlorophyll a concentration 
in lakes wilh dijjerenl perceived water color. 

Water Color Regres.qion Equat.ion~ R2 
-~~~~~----------~~-

Green Log10SDS ~ 0.786- 0.53? log10chla 72.4% 
Brown Log10SDS = 0.474- 0.310 log 10chla 21.4% 
Blue or clear Log 10SDS = 0.638- 0.159 Jog lOchia 6.oo;., 
•sDS =summer s~chi disc n·ading (mi. 
chla = chlorophyll a con!!cmlration (llgfl). 
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fact, color and turbidity explained a 
higher perl'entage of the variance 
(89% l in the reciprocal of water claril.y 
depth lhan did ch1omphyll a and color 
(63~,;, ) , The combined chlorophyll a 
and turbidit-y effed. was not reported. 
'T'urbidity and color appear to be less 
important variables in innuencing 
water clarity in Wisconsin lakes; as evi
denced by low coefficients of detE-rmi
nation ('R2l as determin~d by MIN
ITAB analysis where R equals the 
percent. of the total variance explained 
by the regression corrected for N -2 de
grees of freedom (Table 22 1. The rela
lionRhip between water clarity aod 
color has been previously discussed (see 
General Characteristics, pp. 29-30). 
For given individual color measure· 
ments, a considerable amount o( var
iation can be ex pee ted i Fig. 36) . 
Combining color or turbidity with 
chlorophyll a does little to improve t he 
single chlorophyll a-water clarity rt~la
tionship. A multiple regression of all 
three parameters only improves the ex
planation of variance by 2.5'Yo. Part of 
the reason why there was only slight 
improvement may lbe th~ fact that tur
bidity and chlorophyll a an· interre
lated (see corrdation matrixes in Ap
pendix CJ. Even though the inven;e 
wal.er c!a.rity trailsformation of Wis
consin lake data gives higher R2 val
lies. it appears that this is an artifact 
created by the distrfbution of a very 
few poor water clarity (high inverse 
Secchi disc) values in combination with 
the large number o( low ('hlorophyll a 
vahtes. Tbt•tefore. we believe this 
transformation is highly misleading 
and prohably invalid. Reck how ( 1979 J 

and Shapiro (1979) present exc£>Jlent 
examples and warnings coneerning the 

use of such data transformations and 
presentations. 

While measured color overall has 
been shown lo be of minimal impor
tance in affecting water clarity, at least 
in this study, apparent water color had 
a significant impact on the relationship 
between .chlorophyll a a.nd water clar
ity (Table 23). The R2 value for green 
lakes is high while it is very low for 
clear or blue lakes and brown lakes. 
However

2 
the latter two groups show 

higher R values for color and water 
clarity. 

The relationship between water 
clarity and chlorophyll a is. described 
by a hyperbolic curve Fig. 37, 38). A 
logarithmic transformation o( both 
axes results in a linear relationship 
(Fig. 39) 1vith a relatively small stan· 
dard error (0. !928). This permitl' a 
(airly accurate estimation of 1mans for 
water clarity or chlorophyll a for Wis
consin lakes within a particular range 
of values. Computation or the 95% 
confidence i.nterval for the mean and 
individual values of water clarity dem
onslrates the practical application ._.r 
the linear regression (Fig. 40). For ex
ample, all lakes with chlorophyll a 
levels equaJ to 10 flgfl (Log \0 = 1.0 : are 
predir_ted to have a mean water clarity 
r~ading ranging Irom 1.66 to 1.82 m. 
The wider band of lines represents the 
95% con(idence interval for w'atcr clar
ity for any single lake given a particu
lar chloropbyll a reading. For this ex
ample, any indi~idual lake with a 
chlorophyll a of I D !Jgil may be ex
pected to b.ave a water c.larity any
where from 0.69 to 4. t2 m . The range 
in values of over 500% indicat.t>s that 
there is a lack of defini t ion in the rela
tionship and that t ht' u:se c·f the r~·gres-

sion equation to predic.t the water dar
it.y of individual lakes is of extremely 
limited value. This variability in pre
dictability decreases wit.h increasing 
trophic status. 

A comparison of our regression 
equations (or Lhe water clarity-chloro
phyll a rt>lationship (developed from 
1976, 1977 and .1979 random survey 
data) with other published rc la tion
ships (Fig . 40) shows that while aU 
plots are somewhat similar, a consider
able range of values may be predicted 
dependent upon which regression line is 
cho~n. The Wisconsin data illustrate 
that. considerable variation may occur 
within the same geographic region . 
This may be of considerable impor
tance if att{'mpts art' made to equate 
trophic status of lakes based on one pa
rameter compared to I he other. For ex
ample, a 1.0-m Secchi disc reading may 
corr~spond to a mean chlorophyll a 
reading that ranges from 20-47 fl~/1. de
pending on whether the Carlson ( 1977) 
equation or the 1976 Wisconsin lake 
data set is selected. rt appears n~a,o;on
able that in classify)ng lakes the equa
tion which is believed to best fit the 
lakes being examined would be the one 
selected. However, many times it is 
difficult to select a refined equation on 
the basis of the information available, 
in which case literature values are cho
sen, resulting in some degree o[ error. 

Regional dilferences in water clar
ity-chlorophyll a relationships ot.:ur 
not only on a large scale but al~ within 
rather restricted geographical regions. 
A comparison of regional subsets of the 
randomly sampled lakes sbows that the 
Southwest Region differs considerably 
from oth~r Wisconsin regions (Fig. 40). 
This is believed to bP primarily due to 
the reduction in watt!f clarity caused 
by high inorganic turbidities. and to 
high color in a few lakes in that region. 
By contrast, the Northeast Region lakes 
(which are generally relatively clear 
and less eutrophic) have an intercept of 
1 11&/1 which is very similar lo t.hat 
found by Carlson ll.o/1? ). 

'l'he reason~ fo r the differences 
found in the water clarity-chlorophyll a 
relationships for various data set.s can
not always be definitely determined. 
Differences between d;1 ta from differ
ent investigators f:;uch as represent<·d 
in Fig. 40 J may bl:' part.iaiJy attributed 
to different methods or collection. anal
ysi .~. and data compilahon !_Nicholls 
and Oillon 19'78, Holm-Hansen 1978\ . 
However, even where differenees due to 
these factors are negligible. sucll as is 

FIGURE •10. Vi/11ea r reyrrgsl:IJn line~ for 
I.og-tra?!-S]orm;!fl Wilier clnrily aml 
chlorophyll a. dala for /.he randomly 
Rtlmpled l<zkr'.~ . (See Tavie 2!, jllr 
n11mber uj lukrs.! 
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TARLE 24 . Linear regression equation~ expressing the relationship belwem Secchi disc and chlorophyll a 
for z'<l.riuu.s rcstricled snbsets of da/a. 

S11bset Restrictions Regressum Equation• N s n2u 
Seepage lakes ) Log 10 SDS=0.801-0.510 lng10chla 275 0.1750 51.5% 
Draina~!' lakt>~ Log 10 SDS = 0.674-(H76 log10chla 30l 0.1979 50. J ". ,. 
Low color 1 < 10) Log 10 SDS = 0.838-0.515 log 10cllla 14-1 0.1'129 53.6".:, 
Valid SDS . chla (<2m) Los.10 SDS ~ 0.360-0.279 log Jl)chla 264 0.1556 31.8% 
SDS ( < 2 m) and low color ( < 101 Log 10 SDS ~ 0.-1!)7-0.346 log 10chla. 26 0.1383 •!4.9% 
Epilimnet.k SDS (0-4.5 m) LogJO SDS- O.'i'.S.'~-0.45!1log10chla 118 0.1520 53.2% 
Epilimnetic SDS (0-4.5 m) and low color LoglO SDS'"' 0.69!-0.46illog10ehla 535 0.18\6 50.1% 
SDS(2-9.5m) Log10 SDS=0.671-0.257log10chla 310 0.1271 20.7"!., 
Low chla 1 < 15 l'g "II Log10 SDS = 0.746-0.~94 lo&lochla 365 0.2023 19.9% 
Highchlal21-800flg".l) LogtoSDS=0.9l3-0.609log1ochla 91 0.1646 50.2°/.o 
Low .:olor, low thla. low turb. Log!O SDS= 0.769-0.327 log! ochla 69 0.1528 17.0'YQ 
All nalurollakt's LogiO SDS=0.7R3·0.5241og1oehla 489 0.1901 52.4 % 
All impoundments LoglO SDS= 0.-!50-0.334 log! ochla 87 0. I 6£5 •I 1.2% 
NorLhe.1st. Region Log1 0 SDS = O.S-14-0.557 log! ochla 218 0.1792 50.9"1(, 
NorthwesT Region Log10 SDS=0.670-0.H51og10chla 241 0.2015 41.1 % 
Ceni ral Region Log 10 SDS = 0.734-0.<180 log10chla 37 0.1662 34.6% 
Soulheasl Region Log 10 SDS = 0.678-0.508 log 1ochla 51 0.1766 73.4 ~.-;, 
Southw~! Region Log 10 SDS=0.337-0.259 log 10chla 28 0.1617 20.6'~/" 

• SDS ·~ SLJ[)lml'r Secchi disc; ch\a = chlorophyll a . 
.. The low R~ in /lome o{ the subsets may be partially the n!Sull of I ht' diminalion of data poinls ;~!HoVE' or 

I:..~ low a ¢ven value along either the X or Y ruos. Similarly, the slopes of the regressions may have also 
beel\ affec~d. 

l ~liminalion of on,, very high chla had no effect on regre:>SIOn. 
s = stanrl:~.rd 1•n·nr of estimate 
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dom dala set). 

lower. as are the slopes. Since 94% of 
Lhe clear Jakes had chlorophyll a con
centrations less than 10 llB'/1 (see also 
Figs. 17, 41). nonalgal turbidity and 
color are relatively more important 
than chlorophyll a in affecting water 
c.larity in the clear lake category. 
Brown lakes generally had poorer 
water clarity than green· lakes with 
eQual V:J.lue8 of chlorophyll a. Figure 
40 shows that: color (or in somP. eases 
nonalgal turbidity) creates a signifi
cant drt·rea~e in water clarity readings 
where c.hlorophylJ a concentrations are 
less t.han 30 ltgll. Caution is recom
mended in applieation of the data in 
FigtJre 40, since their use could lead to 
erroneous condusions. For example, 
the ar.tual mean chlorophyll a conc€Jl
tration of the green lakes (27 pg,'l) is 
considerably higher than that whkb 
would be derived ( 10 ].lgjl) using there
gression equation for gret·n lakes with a 
mean Secchi disc of i. 75 m to predict 
mean chlorophyll a concentration. 
Part of this apparent discrepancy may 
be due to the log-log transformation 
and exclusion of Secchi dis.c values for a 
small number of :«h:dlow, high chloro
phyll 11 :lakes when>_ the Secebi disc was 
visible on the bottom or disappear.ed in 
weed growth. These water clarity val
ues wen' excluded from t·he data base, 
but their respective chlorophyll a val
ues were included. Therefore, the mean 
values reported in Figme 40 represent 
the values for aH green lakes with 
matching pairs of data points. 

the case in the Wisconsin regionaJ com
parisons, drastically different regres
sions can be obtained. The regressions 
and percentage variation that can be 
predicted through th!! use of the regres
sions vary considerably with the subset 
of lakes selected and their physical 
makeup or trophic si..atus (Table 24). 

The relationship of water clarity 
and chlorophyll a is dratnatj(~ally dif
(e.rent for :lakes with diirerent perceived 
water color (Fig. 40l. Green lakes have 
the b ighr~sl\ R 2 ( 72.4 %. ) value and have 
the widest range of water clarity and 
chlorophyll a values. The R2 values (or 
brown and clear lakes are coi1siderably 

It appears that the relationship be
tween chlorophyll a -and water clarity 
in impoundments is .st.'.fiously affected 
at lower corH:.entra.tions of chlorophyll 



a by either color or nonalgal turbidity 
(Fig. 40). Because all impoundments 
are al.so drainage lakes, the two lake 
categories might be expected to be sim
ilar i:n respect to their relationships. 
Regressions of water clarity-chloro
phyll a for seepage and drainage lakes 
are nearly parallel; . water clarity is 
poorer in drainage lakes than seepage 
lakes with equal chlorophyll a concen
trations (Fig. 40) . This is in agreement 
with the findings reported earlier in 
General Characteristics (pp. 25-26 ), 
which show that chlorophyll a concen
trations are not significantly different 
in seepage and drainage lakes, while 
water clarity, color and turbidity are 
different. These differences appear to 
be fairly uniform throughout the range 
of chlorophyll a values reported. The 
separation between the two lines may 
be attributed to generally higher color 
and turbidity (in this case specifically 
nonaJgal turbidity). 

The impaCt of color and turbidity 
on the water clarity-chlorophyll a rela
tionship varies with the chlorophyll a 
concentration. While the overall water 
clarity-ehlorophyll a relationship re
mains parallel for chlorophyll a values 
either above 20:fgfl or below 15 ~gfl 
(Fig . 40), the R value for low chloro
phyll a lakes decreases by about 30% 
(Table 24 ). This would be expected 
due to the increasing importance of 
color and nonalgal turbidity at these 
levels, along with the increasing signifi
cance of accuracy in measuring chloro
phyll a. Elimination of lakes with tur
bidities greater than 2 JTUs and color 
greater than 10 IIJlits from the low chlo
ro~hyll a subset did not improve the 
R values (Table 24) . However, there
gression line did change, indicating 
that color and turbidity are important. 

Lakes with similar low chlorophyll a 
levels but with no color or turbidity 
interference have generally better 
water clarity . Lakes with low color 
( < 10 units) have a regression line par
allel but above that for either high or 
low chlorophyll a levels (Fig. 40). The 
R2 value (53.6% ) is high , indicating an 
improvement over the individual chlo
rophyll a subsets (Table 24) . 

Because chlorophyll a measure
ments used in this study were generally 
composites taken from 0-2 m, it is pos
sible that in some instances the chloro
phyll a and Secchi disc measurements 
do not directly correspond. A number 
of Wisconsin lakes develop metalim
netic algae blooms, in which case the 0-
2 rn layer of the epilimnion may be 
quite clear and low in chlorophyll a. 
The development of the algae bloom at 
or near the thermocline could in iso
lated cases cause abrupt reduction in 
water clarity which may not corre
spond at all to the concentration of 
chlorophyll a in the 0-2 m layer. Also, 
surf ace blooms of certain buoyant blue-

Agricultural activities in lake watersheds are believed to have 
caused water quality changes in many Wisconsin lakes, but there is 
little historical data upon which to determine these changes. 

Many Wisconsin lake shorelines have become highly developed, 
which may contribute to lake water quality problems. 

green algae may produce high chloro
phyll a levels in the 0-2 m layer, and yet 
water clarity may remain quite clear 
beneath tbe surface scum. While 
neither of these situations is believed to 
affect a great number of lakes in this 
data set, and thus have little signifi
cance in the water clatity-chlorophyll a 

relationship, they may quite possibly 
explain a number ol the outliers which 
do not fit the general relationship, 

In order to investigate possible bi
ases, Secch i disc and chlorophyll a data 
were separated based on Secchi disc 
depth (Table 24 and l"ig. 40). Secchi 
disc readings considered to be valid 57 
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which correspond to actual chlorophyll 
a measurements are represented by the 
less than 2.0-m lines. The group of 
lakes with 0-4.5 m Secc.hi disc readings 
represent lakes in which the water clar
ity may be less than expected based on 
the 0-2 m composite chlorophyll a read
ing, which would exclude lakes with 
metalimnetic blooms. The greater 
than 2-0-m water clarity group in
cludes the same group of lakes with the 
exclusion of lakes with high epilimnetic 
blooms, but also includes clear lakes 
and those lakes with possible metalim
netic algae blooms. Comparisons of the 
values in Figure 40 indicate that some 
biases may exist, since the water clarity 
of lakes with identical chlorophyll a 
values (3-15 ).Lg/1) may be considerably 
different. (compare lines representing 
water c.1arity greater than 2.0 m with 
water clarity less than 2.0 m, Fig. 40). 

Elimination of lakes in the 0-2 m 
water clarity data set with color 
greater tha~ 10 units increases. the 
slope and R value of the regression . 
Adding lakes with water clarity from 2-
4.5 m to the data set (roughly corre
sponding to the epilimnion ) improves 
the R2 even more . Elimination of lakes 
with color greater than 10 units does 
little to either the slope or R2. but 
raises the intercept slightly. Eliminat
ing lakes with water clarity less than 
2.0 m and adding the lakes with water 
clarity greater than 4..5 m changes tbe 
water clarity-chlorophyll a relation· 
sh.ip dramatically. Tbe slope is very 
similar to those lakes with water clarity 
less than 2.0 m, ~ut the intercept is 
higher and the R is lower (20.7'% j. 
llecause many of these lakes had low 
chlorophyll a, low color and low turbid
ity, the rcgrr..o.sion line is very similar to 
that shown for a!l lakt!s with low chlo
rophyll a, color and turbidity (Fig. 40 ). 

The above analysis is important for 
two reasons; first, it further demon
:>trates the variability in the water clar
ity-chlorophyll a relationship, which is 
so widely used and acclaimed. Second, 
it illustrates the manner in which the 
relationship is affected or influenced by 
the particular types of data used in it. 
The relationship of phosphorus with 
water clarity through its influence on 
chlorophyll a production will be dis.
eu:-:sed in tht> next section. 

Other~. 'l'he impact of other factors 
on water clarity are less obvious. but 
correlations indicate that a number of 
other parameters are also associated 
with water clarity (Append. B). I''or 
instance, water clarity and pH were 
positively correlated in impoundments 
and negatively correlated in lakes 
with color IE:Veis less than 40 units. 
Kwiatkowski and Roff ( 1976) reported 
a strong negative correlation between 
water clarity and pH in northern Onta
rio lakes with pHs below 6.0. The sig
nificance of color is further indicated 

TABLE 25. Srosonal changes in Secchi. disc (in meU::rs) in different lake types. 

S~ring: 

We Type No. Mean so• 
Impoundments 
Mixed 67 1.19 Q.5•l 
Stratified 19 !1.42 0.70 

Natural La"kes 
SC('page 

M ix.ed 37 2.43 1 .14 
Stratified 106 3.26 1.56 

Drainage 
Mixed 51 1.83 1.03 
.Stratified' 120 2.8.2 1.29 

•Standard deviation . 

by the fact that water clarity was 
strongly correlated with all other pa
rameters in low color lakes. 

On a regional basis, fairly consistent 
associations of water clarity with tur
bidity, nitrogen and phosphorus were 
found. Water clarity was negatively 
correlated with calcium in the South
east and Central regions and with alka
linity in the Southeast Region. This is 
consistent with other studies which 
have demonstrated that excess calcium 
in the form of colloidal particles may 
affect the penetration of light in the 
water column ( Hut~hinson 1975, 
Kwiatkowski and El-Shaarawi 1977) . 

Seasonal changes 

Seasonal ehanges in water clarity 
are related to a number of factors. 
Water clarity observations show that 
Wiscon~in Jakes are gener<~lly clearest 
in winter, although algae blooms do 
sometimes occur under t.he ice. Lake 
type and stralification condition are 
important in describing seasonal 
changes in water clarity. StratiJied 
lakes generally .show greater fluctua
tions in water clarity from spring to 
summer than mixed lakt-s (Table 25 ), 
which is the inverse of changes occm
ring in total phosphorus concentration. 
At t.he higher trophic levels, lakes with 
poor water clarity may exhibit wide 
differences in total phosphorus con
tent, while at the other end of the spec
tTum smaU differences in total phos
phorus may be accompanied by drastic 
differences in water clarity. 

Seaso!llll changes in water clarity 
are affected by the relationship of 
water clarity to nutrient dynamics and 
the overall trophic condition of lakes. 
Because mixed Ia keg generally are shal
lower and more eutrophic than strat-i
fied lakes. incoming nutrients accumu
late and remain available to the 

Summer FaU 
No. Mea.n SD No. Mean SD 

55 1.11 0.66 68 1.32 0.64 
15 1.55 0.87 19 1.83 0.99 

34 2.40 !.20 32 2.78 1.33 
82 3. 13 1.68 112 3.38 1.61 

33 1.47 0.97 48 1.79 1.01 
79 2.61 1.49 123 2.93 1.42 

biological system throughout the sum
mer, while in many stratified lakes 
some of the nutrients present during 
the spring turnover and those nutrients 
entering the lake thereafter settle to 
the hypolimnion where they are gener
ally unavailable until fall turnover. 
(Some transport of nutrients from the 
hypolimnion to the epilimnion occurs 
as the thennocline migrates downward 
in late summer .) Loading rates. lake 
volume, percentage bottom area ex
posed to epilimnetic mixing and resus
pension, weather conditions. and bio
logical activity all influence the 
summer phosphorus dynamics of a 
stratified lake and in turn gTt>atly influ
ence water clarity ( F.dmonson 1972, 
Baric.a 1974. Stauffer 1974, Fee 1979). 

Water clarity generally varies more 
in stratiJied lakes with lower overall 
phosphorus levels than in mi.'•ced lakes 
where nutrient levels are higher. [n 
mixed lakes. nutrient levels are usual.ly 
high enough to maintain high levels of 
algal production. or nonalgal turbidity 
levels are sufficiently high during the 
summer and other seasons to maintain 
poor water clarity conditions through
out the year. 

As would be expected, seasonal 
water clarity data (means) for different 
lake types indicate that water clarity 
generally is poorest during ~be summer 
season, deteriorating From spring to 
summer and then improving again 
from ~mmmer to fall (Table 25 ). While 
this is generally true, the number oi 
lakes ured in computing the summer 
means is Jess than either th~ spring or 
fall sample sizes due to the elimination 
of Jakes whosE' water clarity improved 
to the point that the lake bottom was 
visible during the summer or growths 
of macrophytes prevented accurate 
water clarity measurements. When 
only lakes with corresponding sets or 
spring and summer water clarity data 
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were anal:,.-zed, a sJightly bjgher per
centage of stratified lakes show im
prowment in water clarity from spring 
to summer (Fig. 42) . 

Summary 

Generally, color and nonalgal tur
bidity appear to be important, but not 
as important as chlorophyll o in deter
mining watf'r clarity in Wisconsin 
lakes. 1 n lakes with water clarity less 
than '2.0 m and chlorophyll a less than 
about 30 f.lg}l, color andjor nonalgat 
t.urbidi.t.y rather than chlorophyll a 
concentration seem to be the most im
portant causes for l.he reduced water 
clarity. Lakes with chloropbyll a l~'SS 
than 10 11g/l. accompanied by low color 
and low turbidity, or lakes with watc:r 
clar·ity greater than 2.0 m, are likely to 
show water clarity-ch1orophyll a rela
tionships which are considerably differ
ent thau those for more eutrophic or 
colored lakes. Our data show that the 
predictive capabilities of the water 
clarity-chlorophyll n relationships are 
generally unreliable for Wisconsin 
lakes on an individual lake basis. but 
the relationships are suitable for mak
ing generalizations about different ,)ake 
types and characteristics. 

Seasona.{ changes ar·e most pro
noun·eed in stratified lakes of low 
trophic state (good water quality). 
since relatively small changes in nutri
ents can greatly influence chlorophyll a 
concentrations at low levels. Con
verge)y, slight changes in nutrient 
1levels in more eutrophic lakes may pro
duce no apparent change in water clar
ity; in these lakes, great. changes in nu
trient concentrations may be required 
to produce a notic~ble change in per
ceived water clarity or quality. 

Chlorophyll a Concentration 
(Algae Production) 

The asse.ssment of lake trophic sta
tus through the use of chlorophyll a 
concentrations is a common practice, 
but it is not nf.'cessarily a completely 
valid one. In this study, chlorophyU a 
concentrations represent the condition 
of the open water (pelagic zone) at 0-2 
m depth at the time of sampling. In 
some cases, the pelagic zone chloro
phyll a may not accurately represent 
the Jake's true trophic state due to the 
dynamics of the phytoplankton or 
maeroph,yte community. Vertical and 
horizontal differences in the distribu
tion of phytoplankton populations 
may cause error in the estimation of a 
lake's trophic state. Metalimnetic or 
floating bluegreen algae blooms or 
windblown aecurnulations of algae may 
at times affect the samples collected 
and h~ce affect. tht• overall perception 
of a lake's condi~ion. In addition, pre
vious investigators have found that 
chlorophyll a content per phytoplank
ton ce.ll (on a per unit biovolume basis) 
may vary from season t.o season ( Nich
ol.ls and. Dillon 19'78; see also Carlson 
1980 for further discussion). In lakes 
with densemacrophyte gl'owth, chloro
phyll a concentration is sometimes rel
atively low, which can lead to underes
timation of trophic status based on 
chlorophyll a. These and other 
prob\fms recognized in interpretation 
of chlorophyll a data will be discussed 
further . 

Chlorophyll a 
Total Phosphorus 

The water clarity-chlorophyll a re
latioosh.ip and chlorophyll a-total 

phosphorus relationship have been 
used t.o rank lakes according to their 
trophic status (Carlson 1977, Sloey and 
Spangler 1978) and in the eutrophica
tion modeling process ( Kircnner and 
Dillon 197'5, Chapra and Tarapchak 
1976, Larsen and Mercier 1976, Hatch
ins 1977, Ostrof sky 197 8, Rec kho w 
1978b, Tapp 1978, Reckhow 1979, 
Srnitb 1979, and Ciecka. Fabian. and 
Merilatt 1980, to mention only a few). 
Even though Carlson stressed that the 
trophic state index number for a given 
lake could vary considerably depend
ing on the time of the year sampled. the 
parameter chosen, and various inter
ferences, many investigator~ bave 
nonetheless used the Trophic Stat€ In
dex system in lake dassif:ication. Gen
erally, these relationships ha9e soml' le
git.irnate value as long as the broad 
displ.'rsion displayed by the data is kept 
in mind. 

As Shapiro (1978) aptly stated, 
"Too gre-at reliance on tl1ese relation
ships may give us a false sense o.f confi
dence and make us believe we know 
more Lhan we do." 

However, if the relationships are 
kept in their proper perspective, some 
im.portant information can be gained 
from them. 

The many factors affecting the 
water clarity-chlorophyil a relation
ship were previously discussed ; ot.her 
factors which influence tr hP. inten-ela.
tionship of chlorophyll a with nuhent 
concentrations are shown in Figure 43. 
The major assumptions wbicl1 ti£< the 
relationships together are that the 
amount of chlorophyll a present is pri
marily related to the phosphorus con
centration and that the wat.er clarity is 
in tum primarily dependent on the 
chlorophyll a concentration. 

AJthough this is not always the cas.e 
(see Loren7.en 1980, Megard et al. 
1980 ), a plot of our water clarity-chlo
rophyll a-total phosphorus relation:;;bip 
for j 976-?7 for Wisconsin lakes is evi
dence that the three parameters are 
generally related { f'ig. 44 ). The rela
tionship shows a considerable amount 
of scatter, even though some of the 
scatter may be explajnable. A large 
number of the lakes with high cota.l 
phosphorus levels found in the upper 
corner of Figure 4.4 had low N:P ratios 
( < 15), and some of the other lakes 
with relatively high total phosphorus 
values were known to have recEived 
treatments of sodium arsenite for 
aquatic plant control. Arsenic interfer
ence in the total phosphorus analysis in 
some of these lakes may have caused 
erroneously high total phosphorus val
ues (Lueschow 1972, Office of Inland 
Lake Renewal1978). 

Many of the Jakes falling below and 
to the left of the general distribution 
patt.ern had either high color or high in-
organic turbidities, while many oi the 59 
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lakes above or to the right of the gen
eral pattern were among the clearest 
lakes in the state. Some of the other in
congruities may be related to weather 
conditions at or shortly preceding the 
time of collection. When all of the fac
tors affecting the precision of the chlo
rophyll a, total phosphorus and water 
clarity measurements are combined, it 
is not too surprising to find a great deal 
or scatter in the relationship of these 
three parameters. 

In the random and total data sets, 
the total phosphorus-chlorophyll a re
lationship also shows considerable vari
ation (Fig. 45 ). The logarithmic trans
formation of these data also shows the 
variation (Fig. 46); the transformation 
actually results in a slight reduction in 
the explained variability over the un
transformed data (-1.5 %). 

The relative ineffectiveness of the 
relationship as a predictive tool for in
dividual lakes is illustrated by the 
broad bands of the confidence intervals 
about the regression line l Fig. 47). 
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Many other investigators have re
ported very good correlations between 
tot a l phosphorus and chlorophyll a 
(Deevey 1940, Sakamoto 1966, Dillon 
and Rigler 1974, Jones and Bachmann 
}975 and 1976, Lambou et aJ. 1976, 
Williams et al. 1977, Schindler 1978, 
Bartsch and Gakstatter 1978, and 
Oglesby and Schaffner 1978. t·o men
tion only a few). Nicholls and Dillon 
( 1978) provided excellent comparative 
descriptions of published chlorophyll a~ 
phosphol'us relationships and discussed 
factors that influence the J'elationships. 
Comparison of the !'egression equations 
describing the chlorophyll a--lotal pbos
phoru .. <; relat ionshjp as derived from 
several different studies demonstrates 
the difficulties encountered in int.er
preting the effects of different variables 
on the relationship. 

Regressions desc6bing the relation
ship of chlorophyll a 'to total phos
phorus for two sets of Wisconsin lake 
data (Fig. 48) are similar to the regres
sions reported for 418 northeastern 
U.S. lakes sampled by the U.S. Envi
ronmental Protection Agency (Wil
liams et al. 1977). Hig~h inorganic 
turbidity (and consequent light limita
tion) was thought to be a primary fac
tor involved in the differences between 
the EPA regressions and the regres
si0ns of Dillon and Rigler (1974), 
Bachmann and .Jones (1976), and Carl
son ( E977) (Lambou 1978 pers. 
comm .. I. but many other factors may 
also account for the apparent shorUall 
in chlorophyll a produc~t:ion per unit of 
total phosphorus. Hem et a!. (1981) 
suggested that more importance should 
be g'iven to understanding the factors 
influencing diCferences in the response 
rat~ of phytoplankton. They found 
that limitation o[ light penetration, 
nontotal phosphorus nut:r'ient limita
tion, the ratio of biologically available 
pl10sphorus to available nitrogen, 
macrophyte competition, toxic sub
stances, and hydrologic retention times 
were important factors influt"ncing the 
amount of chlorophyll a pre.5ent. In or
der to evaluate which factors might be 
important in controlling chlorophyll a 
concentrations in Wisconsin lakes, the 
available data sets were analyzed on 
tbe basis of various physical and chem
ical charactertstics (Table 26). 

The slopes of the chlorophyll a--total 
phosphorus regression lines for the five 
Wisconsin lake regions are quite dificr" 
ent than other cited regressions ( Fi~. 
49). Coefficient of deterrojnation (R ) 
values are highest in the SoutheasL Re
gion and poorest for the Northeast and 
Southwest regions. A comparison of re
gression line slopes seems to indicate 
f.l:lat the Southeast Region lakes (with 
the highest slope value of 0.915) have 
the best response rate for the amount of 
total phosphorus present. However., 
the Southeast Region lakes generally 
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have lower cbJorophyiJ a levels than ex
pected for the amount of phosphorus 
present (sodium arsenite ,interfer
ence?). Therefore, the slope of the re
gression line may be misleading. Fur
ther e"idence of this is demonstrated 
by the low slope (0.395) and high chlo
rophyll a-total phosphorus ratios of the 
Central Region lakes. Thus, the slope of 
tbe regression line appe.1rs to be related 
to the r6lative rat.e of change in the chlo
rophyll a response within a particular 
lake subset and is not nec('ssatily re
lated to the actual or absolute chloro
phyll a response. The SoutbwestR.egioo 
has a large number of impoundments 

with high total phosphorus levels. high 
turbidities, and short retention times, 
which probably account.s for the low 
R2 value and low slope (relative: re
sponse rnte) of th~ chlorophyll 11-total 
phosphorus relationship. The North
east. Region has a large num her of lakes 
with low. to~a} phosph.orus whie~ ap
pears to s1gniftcaotly al feet the R and 
slope (Fig. 50 and Table 26 ). 

The total phosphorus-chlorophyll a 
correlation appears to be a little better 
in im poundments than in natural lakes 
(Table 26 ); the absolute response as. in
dicated by the amount of C:hlol'Ophylla 
produced at given totall phosphorus 
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TABLF: 26. Linenr regres~-ion equations for tog-transformed chlorophyll a and J.o-
Ia/. phosphom.~ dnta based on lakes in the random dnta set. 

Lo~ f 0 Chlorophyll 11 

(Jl!(/ J for: loLerrepl 
Slope Log 10 Total 

+ Pho~phorus (mg/ 1\ R2 No. 

All la kes 2.04 + 0.662 32.1'Y. 6-41 
N:P <10 2.11 + 0.882 51.3% 26 
N:P 10- l::i 2.58 + 1.180 62.8% 30 
N :P J.'i-25 2.44 + 0.964 4.3.6'Vo 117 
N:P -:>25 2.16 + 0.714 23.3% 466 
lmpoundmeolS 2.02 + 0.622 38.2% 99 
N:P <10 2.01 + 0.686 38.6% 13 
N:P 15-40 2.23 + 0. 74-6 24 .6% 47 
N:P 10-15 2. 14 + 0.733 8.0% 12 
N:P >40 1.?0 + 0.456 9.0% 27 

Lakes llnly 2.01 + 0.652 26.3% 539 
~:P ·:;, 10 2 .02 + 0 .873 28.6% 13 
N':P 15-,10 2.42 + 0.933 39.3% 252 
N':P 10-J.:i 2.70 + 1. 2-30 62.7% 18 

Strat ified lakes aod impds. 1.80 + 0 .. 5i8 19.1% 277 
N:P IS-40 2 .20 + 0.826 32.8% 127 
N :P >40 2.10 + 0 .659 12.2% 129 

Mixed la kes and impds. 2. 12 + O.GBO 41.0% 248 
N:P < 15 2.21 + 0.889 35 .7 <~1, 3:3 
N:P 15-10 2.49 + 0.920 40.2% 113 
N:P > 40 2.46 + 0.842 33.6% 101 

lllue or Clear 1.02 + 0.190 3.0% 169 
Green 2.46 + 0.828 51.7% 112 
Brown 1.12 + 0.275 5.8% 204 

Nort.heasl 1.78 + 0.522 14.2"/,, 235 
Northwest 1.86 + 0.565 22.3% 2'72 
Central t.51 + 0.395 20.1% 43 
SouthPast 2.-43 + 0.915 57.7% 61 
Sout hwest 1.82 + 0.317 7.8% 29 
Tol. phosphoru.s < 0.010 mg/1 0.79 + 0.044 0 % 137 

levels seems to l' e slightly higher in im
poundment s, although the slight diffe r
ences may not be significant (F ig. 51 ). 
The relative response rates. as indi
cated by the parallel lines, are equa l. 
The exact reasons for the apparent dif
ferences are unknown, but may be re
lated to the generally sballower :md 
hence warmer epilimnjon of impound
ments (Schindler 19711• ). Na!.ural la kes 
tend to be deeper and have larger epi
J,imnetic volumes, resu.lting in cooh!r 
temperature!. F.ven though Hern et a l. 
{ 1981 ) reported t.hat temperatlu:e \V<I S 

not a major factor .in the response ,f 
757 National Eutrophication Survey 
Jakes. temperature is kn01vn to infhi
ence phytoplankton succession and 
dominance (Fogg et al. 19'73, Porter 
1977 ). 

The fact that depth and volume of 
the epilimnion may be an important. 
factor in the chlorophyll a-total phos
phorus correlation is furthe r indicated 
by a comparison of straU ied a nd 
mixed Jakes ( fi'ig. 52). Regressions for 
mixed 'lak.es have a steeper slope and a 
bigher R2 valu(l (41% J than stratiried 
lakes (R2 "' 19%) , indicating that 
mixed lakes have a much higher rela
tive chlorophyll a response rate artd a 
generally higher absolute chlorophyll a 
response per total phosphorus uni t , 
The regressions indicate t hat 100 )lg' ' ~ 
o( total phospl10rus should "pToduce" a 
chlorophyll a concen t ration of 28 ~·~ ill 
in mixed lakes, but only 18 pg/1 in. strat
if.ied lakes. These differences occur 
even though mixed lakes had generally 
higher color and turbidities than strati
fied Jakes, which shouJd have resulted 
in lower chlorophyll a production per 
unit total phosphorus. The same eHect 
was noted in a comparison of drainage 
and ~epage lakes; drainage lakes had 
higher relative chlorophyll a response 
rates than seepage Jakes. 

The fact that mixed and drainage 
lakes have higher absolute response 
rates signifi~ that a nutrient other 
than phosphorus, or some other physi• 
cal or chemical factors , may be affect
ing chlorophyll a conc entrations , 
Higher leveJs of available forms or ni
trogen or phosphorus or various micro
nutrients resulting from faster re
cycling or greater and continued influx 
or these essential elements in impouDd
ments, mixed and drainage lakes may 
account for the relatively higher chlo
rophyll a production in these lake 
type~ . An alternative theory is that 
chlorophyll a measurements. in im
poundments, mixed lakes and drainage 
lakes may be slight[,y biased (overesti
mated ) as a result of higher pheophytin 
levels (chlorophyll a degradation prod
ucts ) which may exist because of con
tinued mixing and recycling of organic 
matter (see Moss 1973). 

Nitrogen limitation and algal spe
cies composition are considered factors 



possibly important in affecting chloro
phyll a levels, Various ratios of nitro
gen to phosphoms in Jake waters have 
been suggested as limiting to phyto
plankton growth (Gerloff and Skoog 
1957. Uttormark, Chapin, and Green 
1974, Lambou et al. 1976, Claesson and 
Ryding 1977, Schindler 1978). These 
values range from 5:1 to 15:1, but in 
genera'], lakes with ratios above 15: l 
have been considered to be phosphorus
limited. Ratios between 10-15:1 are 
eonsidered to be transitionary and val
ues below 10: l are generally thought to 
indicate nitrogen limitation. 

Figure 53 shows the chlorophyll a
total p!1osphorus relationship for the 
same sets of lakes as presented in Fig
ure 46, except lakes were coded as to 
their N:P rat.ios. The impact, of the 
N:P ratio on the chlorophyll a.-total 
phosp horus relationship is readily ap
parent and is further depicted in Figure 
54 and Table 26. The R2 value is high
est for lakes with N:P less than 15:1. 
The relationship is weakest for Jakes 
with N:P 15-25, which, incidentally, 
has a slope quite similar to that shown 
for the three cited references. Similar 
plots for impoundments and natural 
Jakes (Figs. 55, 56) indicate that the 
impact of the N:P ratio is less signifi
cant in the case of impoundments 
where slopes of the regression lines re
main essentially parallel. However, R2 
values for natural lakes wi t. h N :P ratios 
from 10-4-0 are much higher than for 
impoundments with similar N:P ratios. 
Lakes. and impoundments with N:P ra
tios from 15-40 had somewhat similar 
slopes. The lower R2 values and slopes 
for lake.s and impoundments with N:P 
ratios greater than 40 : l are believed to 
be a...o;sociated with the inclusion of a 
disproportionately large number of 
la;kes with low total phosphorus (78% 
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FIGURE 48. Compari
son of Log-transformed 
chlorophyll a -total 
phosphori.LS relationship 
for Wisconsin lake data 
and other referenced 
dnla sets. (left ) 
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FIGURE 52. Chlorophyll a -lolal phosphorus relation
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fied lakes and impoundmen/.9. (bollom left) 
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had total phosphorus levels less than 15 
~lg/1). Natural lakes with N:P ratios 
from 10-15 had the highest R2 (62.7%) 
and also had a slope that was nearl2 
identical to the reference plots. The R 
for impoundments, within the same 
N :P limitations, was very poor, and yet 
the regression was similar to the EPA
NES results (Williams et al. 1977). 

The impact of the N :P ratio on the 
chlorophyll a-total phosphorus rela
tionship varies with Jake type and ap
pears to indicate (for natural lakes at 
least) that the transition zone is indeed 
in the 10-15:1 region. The relative 
chloroph._vU a response rate for lakes 
with N:P less than 10:1 is somewhat 
parallel to those lakes with N:P from 
15-40 and is much steeper for the lakes 
with N:P from 10-15. The absolute 

chlorophyll a response is much lower 
for the lakes with N:P less than 10:1 
(supporting the nitrogen-limitation 
theory) than in the other two groups of 
lakes (as will be shown later, most of 
the lakes with very low N :P ratios have 
total phosphorus levels exceeding 30 
j.lg/1). 

While theN :P ratio has a significant 
impact on the total phosphorus-chloro
phyll a and total phospho~water 
clarity relationships (Figs. 53 and 57), 
it does not dramatically affect the 
water clarity-chlorophyll a relation
ship . 

It is evident that considerable varia
tion exists in the chlorophyll a-total 
phosphorus relationship, and while 
some of this variation may be due toni
trogen limitation, apparently other 

factors must also influence the relation
ship. What these factors might be is 
not known. R€$uspension of dead phy
toplankton or the contribution of litto
ral zone phytoplankton may possibly 
help account for the generally higher 
chlorophyll a levels associated with 
mixed lakes and impoundments (Moss 
1973). Algal speeies composition may 
also play au important role. Bush 
( 1971) reported that variations in bio
mass (chlorophyll a) in a eutrophic 
Washington lake were best explained 
by inorganic phosphorus when domi
nated by green or bluegreen algae and 
by nitrate nitrogen when diatoms dom
inated; even when the lake appeared to 
be nitrogen limited. inorganic phos
phorus levels best explained the varia
tions in biomass when bluegreen algae 
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dominated . Phytoplankton samples 
collected during the 1979 random sur
vey have not been analyzed to deter
mine if thP.se findings may be valid for 
WiS<:onsin lak l!s. . 

Theore t ically, light limitation 
caused by turbidity, colO!', or self-shad
ing by algae would bet:x~·ected to lower 
the absolute chlorophY-ll a re:>ponse 
rates and decrease the R2 values •Jf the 
regressions. However. analysis of the 
differences between seepage and drain
age, s tratified and mixed, and im~ 
poundmf'nt.s and natural lakes indi
catl'S that lakes with higher turbidities 
and/or measured ~olor generally tended 
to have higher R values and absolute 
chlorophyll a responses. Whether this 
was due to greatf:'r productivity rates 
created in part. by the generally 
warmer, shallower conditions found in 
these lake.s, or nue to other unidentified 
factors, is uncertain. 

Color does appear to be very impor
tant . The chlorophyll a.-total phos
phorus relationship uiHers for lakes 
with dirferent perceived water color 
(Fig . 58). The R2 values and response 
rates for brown and clear lakes were 
very poor. while green l~tkes had a 
hi~her relative response rate and high 
R~ (.SL 7~1" i . The poor relative re
spon~e rate indicated for clear lakes 
may be associated with the Iargp 
number of lakes with low total phos
phorus levels (F'ig. 50 ) and suggests 
that these lakes produce less c.hloro
phyll a per unit total phosphorus than 
other lakt=;S_ This mav be related to the 
luxury uptake of ph~sphorus within a 
relatively ft' W eeiJs per liter, The brown 
lakes also show 3 very poor relation
ship, but the regression line is parallel 
and above thai'. shown for clear lakes. 

This may be an artlfac.t of the distribu
tion of total phosphorus and c.hloro
phyl! a vaJues in the two data sets. The 
brown lakes have a lowe!' absolute 
response of chlorophyll a to total phos
phorus tbao green lakes above a total 
phosphorus concentration of 0.013 
mgjl. which is what might be expected 
if colot· were inhibiting chlorophyll a 
producti,>n. It appears t.hat. Factors 
other than color may explain th e 
gn~ater chlorophyll a respoose per 11nit 
total phosphorus in mixed lakes, im
poundments and drainage lakes. 

Further Considerations 

As we have demonstraterl, various 
levels of chloroph}•ll a, total phos
phorus anrl water clarity can be sug
gested as indicative of different lake 
trophic status and overall la ke water 
quality (Table 27 ). We bavt shown 
that tl'ophi.: status classifications are 
based on c.oroewhat arbitrary divisions 
of perceivt-d water quality or on rela
tionships with other parameters. Gen
erally, total phosphorus values o( I 0 
pg/1 and 20 pg/1 have be.-n used in pre
vious reports f01· separ~ting lakes into 
different :rophic classes ( Bartsch and 
Gakstat.ter 1978, Hero et al. 1981 ). Us
ing t hese total phosphorus values as a 
guidt>, corresponding chlorophyll a val
ues for se_:>arating Wisconsin lakes a~
cording to trophic class would be 5.2 
~g/ 1 a nd 8.2 pg/1. respectively (5.1 ~gil 
and 8.0 ~tg/1 for natural lakes only ). 

However, because of the great vari
ability in the tota l phosphorus-<:hloro
phyll a rela t ionship in the low ranges, 
the chlorophyll a-water clarity rela
tionship probably give:; a better repre
sentation of the actual trophie status or 

Wisconsin l akt~s . Based on water clar
ity r: riteria equa ting 2.0 and 3.7 m as 
trophic sta t us division lines :U.S. EPA 
197.5 \, the corresponding ch:orophyll a 
levels based on our random data set 
would bl' 2.3 llg/1 and 7.7 11!:;/1. respec
tively (2.5 ~15.!/ 1 and 8.3 llgil for nah1 ral 
lakes; 2.9 \t&1 l and 9.6 11gi l for seepage 
lakes) (TabiP. 28 ), The~e ovalues are 
very similar to those suggested by 
Hern et at. ( 1981) (2.3 pg/l and 6.4 ~-tg/ 1 
chlorophyll a). 

Criteria have IJPen established by 
which summer trophic state or water 
qual it y can be predicted based on 
springtime concentrations of nutrients. 
Sawyer ( 194 7) proposed spring inor
ganic nitrogen and inorganic phos
phorus levels af 0.30 mgjl and 0.01 mgfl 
as minimum requirements for the de
velopment of summer algae blooms. 
Only 28% of the lakes in the quarterly 
data base had spring inorganic nutrient 
concentrations less than this level, 
whirh might. be expectt-d considering 
the bias in the quarterly data set to
wards eutrophic. lakt~s- A comparison 
ol mean chlorophyll a and nu t rient 
data (quarterly data set) for lakes and 
impoundments with less than 0.30 mg/1 
inorganic nitrogen and 0.01 mgfl inor
ganic phospboru:. illust t·a tes that Saw
yer's standards are most applicable to 
stratified natural lakes (Table 29). If 
10 llB/1 chJoroplJyll a is selected a~ an 
indicat<Jr level of visible blooms (ba.setl 
on our observations that indicate clear 
lakes generally ha ve chlorophyll a 
levels < 10 ~tgjl ), then stratified natur
al lakes have average chlorophyll a 
levels (7 .7 ~gfl) t.hat are almos t invisi
ble . St venty-seven percent of the strat
ified natural lakes with low inorganic 
nu trient levels had summer chlorophyll 
a levels less than 10 J.i&/1 (Table 30). 
Impoundments on the average were 
found to have clearly visible algae 
blooms in summer, b ,; s:ed on mean 
chlorophyll a contents of 21.9-26.1 Jlg/l. 
Total phosphorus levels in impound
ments and mixed natural lakes showed 
significant increases from spring to 
summer, while total phosphorus in 
stratified lakes showed only a slight in
crease (summer mean = 0.023 mgjl). 
Therefore, it appears that Sawyer 's 
numbers arc applicable only to natural 
lakes in Wisconsin . In impoundments, 
high flow-through rates (low retention 
times), seasonally variable nutrient 
loadings, nn t rient recycling, 
macrophyte growt,h, and other !'actors 
tend to cause greater nutrient fluxes, 
and as a result spring conditions do not 
necessarily serve as a basis for predict
ing summer in- lake conditions. 

The data presented in Tables 29 and 
30 for Wisconsin lakes support the 
phosphorus guidelines developed by 
other investigators which state that in
lake total phosphorus concentrations 
in excess of 20 11g/l during spring turno-



TA.BLE 27. Trophic classification values for chlorophyll a reporLed in the lileralu:re. 

Bartsch and 
Gakstatter 

(1978) Chapra a.nd 
Nat. Dobson Lake Survey Hemet al. Tarapchak ( 1976 ), 

Sakamoto Ac.ad. Sci et al. EPA-NES Daws (1978), ( 1981 ) R.E. Carlson 
(1966) ( 1972) (1974) 1978 Likens (1975) (EPA) ( 1975 unpubl.) 

Oligotrophic 0.3-2.5• 0-4 0-4.4 0-7 0-3 0-2.3 1 
Mesotrophic 1-15 4-10 4.4-8.8 7-12 2-15 2.3-6.4 1-6 
Eutrophic 5-140 10 8.8 12 10-500 6.4 6 

•Chla values in llgi l. 

TABLE 28. Chlorophyll a a1Ul water clari ty measurements tUJsociated with spe
cific total phosphorus values used in trophic clas.'>ijication. 

ChloroJ:!h:tll a (~g:li Secchi Disc (m ) 

Total Bartsch and Hern Wisconsin ( Wisconsin Trophic Class 
Phosphorus Gakstatter t't al. Random Random (Vollenweider 

lltg/1 ) (l 97R ) (19Sl) Sample Data Sample Data ) 1968) 

3 2.3 3.7 Oligotrophic 
10 7 2.3 5.2 2.4 
18 12 7.7 2.0 MPSOtrophic 
20 6.4 8.2 1.9 
27 1o.o• 1.8 
30 10.7 1.7 Eutrophic 
40 
50 15.0 1.4 
60 

• 87% of Jakes with total phosphoru~ < 10 !lgfl had chlorophyll a < 10 t·•g/1. 
vanentyne ( 1969) suggested that lakes with chlorophyll a l~els exceeding 
10· 1Jg/l may have algal blooms su(fjci'c,nl to impa.ir recreatiooal activities. 

TABLE 29. Comparison of characteristics of lakes aM impouMmenl.s with low spring inorganic nulri.ent 
levels (quarterly data set). 

L-.kcs With < 0.3 o>s/1 S~ring l oor~nic Nilr!!£rn and < 0.01 mg/1 S~ring Inorganic Pbos11horu!i 

All Lakes lme!'uudmen t.s Nat ura l Lakes 
In Dal.a Sol Mixed St r:~ til ied __ M i.ted Strati ficxl All 

N so N x so N x SJ) N x SD N >: so N X so Metlian 
lno~a n1c 1' . 

sprJ!LSo!: 507 0.026 0.044 7 0,009 0.001 2 o.oos 0.003 13 0.008 0.002 80 0.006 0.002 153 0.007 0.002 0.007 
lnorB•~ IllC N, 

sp n ng 507 0.470 0.52 7 0.15 O.o7 2 0. 18 0.01 ~3 0'.17 0.06 &l 0.13 0.06 153 0.15 0.07 O.H 
Org~ ute N, 

'Pring 507 0.551 0.271 1 0.40 O.H 2 0.61 0.12 43 0.50 0.18 80 0.38 O.H 153 0.42 0.17 OAO 
To\~1' . 

Sjlr!"(l g 507 1.022 0.6~~ i U.Sb 0.18 2 0.79 0.13 43 0.68 0.20 80 0.51 0.16 153 •0.5!< 0.20 0.58 
Tot.il P, 

Sf)r-in& 539 0.051 0.01\2 "I 0.031 0.022 2 0.035 0.000 ~3 0.0'25 0.016 80 0.020 o.o·1o F>3 0.023 0.01:1 0.020 
Total P, 

summer 507 0.01\1 0. 09·( 7 0.043 0.024 2 0.0~6 0.013 .j) ii .O;l6 0.024 78 0 . 02~ 0.0 i 3 148 0.030 0.021 0.02.> 
Obloroph)•ll c.. 

stnnmL·r 381 ~s.s 65.9 7 26.1 15.9 2 2!.9 13.3 &4. 18.8 19.1 53 7.7 7 .. 2 113 13.9 14.9 8.1 
Oraiua!!" Basi n: 

lake area 522 166 592 7 82 81 2 9 3 .jJ 23 47 78 14 33 H S 33 98 6 
]l.('t.~nt.ion time ·130 1.49 1.80 5 0.32 0.22 2 0.76 0.05 3'.2 1.1~ 0.93 58 3.42 2.H5 l ).j 2.25 2.31 l.GS 

TABLE 30. Comparison of percentages of lakes with low inorganic nutrient leMls ( <0.3 mgjl iMrganic ni trogen a.nd <0.01 
mgfl inorganic phosphorus ) duri·ng spring turMver in relation lo summer total phosphorus aM chlorophyll a levels arul. 
spring total phosphorus wvels for different lake types. 

Summer Chlorophyll a Summer Total P Spring Total P 
(pg/ll Concent ration ( ms/1) Concentration (mgill 

<5 < 10 <15 < 25 < 0.01 <0.02 <0.03 < 0.05 < 0.01 <0.02 <0.03 < 0.05 

Impoundments 
Mixed 14 2.8 28 ~3 0 29 43 57 0 14 29 43 
St ratified 0 0 50 50 0 0 0 50 0 0 0 100 

Natural Lakes 
Mixed 15 50 62 80 10 34 56 80 12 44 74 38 
Stratified 49 77 90 96 12 54 76 92 14 62 87 95 I s1 
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ver would likely produce chlorophyll a 
conce.ntrations over 10 ll&/1 rluring the 
summer (Vollenweider 1968, Dillon 
1975 ). These concentrations appear to 
be applicable to other seasons as welL 
Bachmann and Jones (197 4) found 
that a chlorophyll a value of 7.5 llg/1 
corresponded to an annual median lo
tal phosphorus concentntion of 20 11&/ 
I. This corresponds well with the 7.7 
).18 il mean chlorophyll a conct'ntration 
for all stratified natural lakes (Table 
29) with ~pring total phosphorus con
centrations averaging 20 )Jgjl and sum
mer total phosphorus concentrations 
averaging 23 Jlgil. Bachmann and 
Jones suggested that a reduction in to
tal annual phosphorus concentrations 
below 20 118/1 would result in significant 
improvements in water clarity. Among 
Wisconsin stratified natural lakes with 
low spring concentrations of nutrients, 
a median summer total phosphorus 
value of 20 flg/1 corresponded to a me
dian r:b.lorophyll a concentration of 5.2 
flgfl (Table 31). Overall, our data sup
port. Bartsch and Gakstatter's 0\:178) 
evaluation that total phosphorus levels 
should bl'. maintained below 20-30 pJS:] 
during any s.eason to avoid nuisance al
gae blooms. 

The SoutheasLern Wisconsin Re
gional Planning Commis~i\m has cho
sen 20 11gll as a lake wa>:er quality stan
dard. Our statewide data suggest t.hat 
30 1-!S/l may he a r.,aso:<able secondary 
staudarrl for good water quality, which 
should assw-e relatively dear water in 
the majority of cases. 

Evidence in support of a 30 11gjl to
tal phosphorus level inc.ludes the fact 
that thr mt'an summer total phos
phorus concentrati()n of stratified nat
ural lakes in the qua1·terl.v data set I 2.3 
pg 'I) corresponded wit.h a mPan sum
mer ehlorophyll a coneentration 1. 7.7 
llg/1\ which was less lhc.n visible (Table 
29) and the fact that 53% of the lakes 
with total phosphorus levels exceeding 
30 pg!l had chlorophyll o levels less 
than 15 pg 'l (Table 32). Fifty-five per
cent o( the lakes wib chlorophyll a 
levels exceeding 15 11gil also had sum
mer total phosphorus levels greater 
than ao 1-lg/!. Eighty-three pPrrent of 
the Jake~ with total phosphorus less 
that1 10 ~~~.·] had wate; clarity greater 
than 2 m. while 78'~'" of the lakes with 
total phosphorus greater than 30 )lg/l 
had water clarity less !.han 2 m . The 
majority of Wiscoosin'ssoftwatcr lakes 
(alkalinity less than ao mg;l I had total 
phosphorus less than 30 llg/1). 

The major dilfit:ulties enwuntered 
in establishing uniform cutoff points 
for classifying lakes according to 
trophic st.atus based on the water clar
ity-chlorophyll a-total phosphorus re
lationships are that the interrelation
ships between these three parameters 
are not consistent and t.hc rt>lationships 
are affected by the natural daily, sea-

T A~ Ll!: 31. Summer chlorophyll a amt tow{. phosphorus levels (medians) 
in lakes wilh low inMgan1:c. nttlrie111 lfvels ( < 0.3 myll inotf)anic niJro
gm and < 0. 01 mml ·inorga11ic phosphottUl) during the spring sampling 
period. 

___l!!!IJ.Q~n_rlmen ( s ~t!!!:.'!lL~~ 
Mixed Siralifierl Mixed SlrfttifiPd 

Chlorophyll a mediallll q tg/1) 
Tot.al P mcdiallll (mgl!l 

34.4 21.9 11.6 5.2 
0.045 0.0~6 0.030 0.020 

sonal and annual variations that occur 
in lakes. 

For Wisconsin lakes, the relation
ship between water clarity and total 
phosphorus has bt.•en found to be. far 
from linear or constant; c.hanges i.n to
tal phosphorus levels are not always ac
companied by corresponding changes 
in waler c.larity or chlorophyll a. Fig
w·e 59 gives an example of the varia
Lions or cycles in the total phosphorus
water clarity relationship that oc
curn~d in one lake in southeastern Wis
C<Josin; the pattern is known to be dif
ferent in other lakes. Some lakes 
demonstrate a con nterc lock wise rota
tion in the early portion of the year, 
and some ~xperience much larger fluc
tuation~ <:luring the summer months. 
The fact that these changes seem to fol
low a repetitive patt~rn from one year 
to the next and display a somewhat log
ical overaiJ pattern seems to indicate 
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that laboratory preeision was not a ma
jor factor in the. variations observed. 

Jt appears that two lakes may have 
ihe same tutal phosphorus concentra
tions and yet have considerably differ
ent chlorophyll a concentrations and/or 
water c.larity clue t.o various factors dis-
cussed previously such as: ( 1) low N :P 
ratios, '· 2\ light limitation caused by 
high inorganic turbidities or color. ( 3) 
inhibition of chlorophyll a production 
due to toxic substances, or 14) differ
ences in biological interactior.s. One of 
the most important factors may be the 
difference in biological communiti•:s 
and interrelationships found in individ
ual Jakes. Important biological consid
erations may include the effcds of her
bivorous zooplankton, high grazing 
rates, and the release of soluble J.Jhos
phorus and nitrogen by both zooplank
t.<m and phytoplankton. Crashes in 
phytoplankton popula.t·ions can and do 

-·--foil turnover 

<t-
$ growth of 

0 '- r '' , " t·----rool bloom1r:g 
c phyloplcnkton 

~ 
peo'k fall bloom 

+-LOW 

.01 .02 03 .04 .05 

TOTAL PHOSPHORUS (mg/1) 

FIGURE 59. Schemal'ic diagram illuslm11:ng the cydir relationship betweim 
total phosphortLS a11d uJaler clarity in Oconomowoc Lake, Waukesha. 
Counry, lFi~consin, dnring 1976-"/7. Data repret;enls 20 separfllc sampli?J{} 
dales, 19/fi-':7. Sourer,: Wis. DNR and Southeast Wis. Reg. Plan. Comm. 



TABLE 32. Dis.~ribnlilm of lakes within various range.~ of chlorophyll a, water claril.ll, total alkahnity 
and total phosphorus (random data set). 

0-10 pgjl 

Lakes % wilh 
________ R_a_n-"g:_e __ N....;.o_. _" Low P 

Chlorophyll a 
()lg/ll 

D-5 70 51 37 
5-10 50 36 21 

10-15 7 5 8 
15-30 9 7 11 
:>30 l 1 2 

Total Phosphorus (Summer) 
10-30 1!&/l 

Lakes %with 
No. 0/;t Med. P 

101 29 53 
111 41 61 
53 15 63 
42 12 49 

_!1 3 21 

> 30 lig/1 
~~~"- % with Total 
No. ";o IT~~_!_ Lakes 

19 12 10 190 
44 27 18 238 
24 15 29 84 
35 21 ·ll 86 
41 25 77 53 

Total 137 351 163 651 

0-1 5 •I 5 32 10 32 62 39 62 9~ 
&<·.chi disc 
(m) 

1-2 16 13 9 106 33 58 61 39 33 183 
2-3 37 30 22 105 32 64 23 14 14 165 
3-4 33 27 35 4.8 15 51 13 8 14 94 
4-5 20 16 50 20 6 50 0 40 
5-6 (j 5 4.0 7 2 47 2 13 15 
>6 _{,) 5 42 7 2 58 0 12 

Tolal 122 325 161 608 

Total 
alkalmily 
(mg/11 

0-10 
10-30 
30-90 
>90 

Total 

4.5 32 25 liS 32 64 21 12 12 181 
20 14 13 92 2G 61 39 23 2t) 151 
36 26 19 92 26 48 65 :~s 34 193 
:lfl 28 27 61 17 ·12 _§ 26 31 J.\,5 

110 36(} 170 670• 
------------~~------------~--------------

• A rew l;~.kes were included in lwo sec lions. 

occur frequently and couJd greatly aJ. 
feet interrelationships. 

A schematic illust.ration of the ef
fects of different varialoles on the water 
clarity-total phosphorus-chlorophyll a 
relation.~hip is presenteu in F'1gure 60. 
Lakes may receive different classifica
tions depending upon which of the pa
rameters is chosen as a trophic status 
indicator. While color and turbidity 
corrections or modifications to Ull' 
water clarily-ehlorophyll a relation
ship have been proposed ( r..arn and 
J>anott 1077, Brewnik t978), these 
co!'rer:t1nns WOltltl nnt take into ac
count the prob!!ble increase in the chlo
rophyll a res!Junse rate which might oc
cm· if light-limiting interfm·l'nces were 
removed. In this respect, the correc
tion would tend to overcomp~nsate for 
the interferenc0s in the water clarity 
measurement. For example, a lakP 
with a chlorophyll a of 2.3 f.lg/1, water 
clarity of 2.0 m, and total phosphorus 
concentration or 15 f.lg}l adjusted for 
color and turbidity whieh caus~d the 
low water d ·l.rity condition (position A, 
Fig me 60 ), would shift the lake to pusi
tion B. This would not necessarily be 
ar.curate, because the chlorophyll a re
sponse may be presently inhibited by 
the high color or turbidities. 

A better representation of what 
might occur would be an increase in 
ehk•rophyll a parallel to the total phos
phorus axis (Fig. 60, position C). This 
would best represent the estimated in
crease i.n chJorophylt a production if 
color and turbidity were reduced while 
total phosphorus stayed the same. 

However. this may not necessarily br 
the case ei\.ht•r, as some of the total 
phosphorus may not be biolo~ically 
available [Schaffner and OgiiO'sby 
1978). at least not in direct proportion 
to the amount ·A wlor or turbidity in
terference. Nevertheless. an adjust
ment which takes into account the to
tal phosphon1s potentially avaik1.bk 
for chlorophyll a proJuction seems to 
be more realistic than a simple correc
tion for <;olor nr turbidity. 

Another factor, which is evident in 
.figure H, is the effect the N:P ratio, or 
possibly nitrogen limitation, has on 
these relationships. Lakes with low 
N:P ratios have lower chJorophyll a 
production and bd.i<~r water clarity 
than would be expected based on the 
amount of total phosphorus available 
i'e.g., Fig. 60. position D). In the theo
reti<:al case shown, the lake has no in
ttrferenccs due Lo either color or tur
bidity. and trophic classification 
according to wa:er tlarity and chloro
phyll a agree. However, based on total 
phosphorns levels the Jake should be 
chlsscd in the eutrophic tc>tegory ( posi
tion E); therefore, nitrogen limitation 
or other factors which reduce chloro
phyll a response may lead to an under
eslimation of the potential trophic con
dition of some lakes. 

N!. a further example or the poten
tial significance of the N :P ratio, a hy
pothetical case is proposed in which 
lake A (Fig. 60) is also nitrogen limited. 
A small inerea~c in nitrogen may shift 
tbe lake to the eutrophic class (position 
F). An unknown in this instance would 

be wbether or not this shift from nitro
gen-limited to phosphor·u.~-limi ted eon
ditions would be accom)>anied by fur
ther deterioration of the lake's water 
quality. Pre! i mi nary st.ud ies i ndic:ate 
the pos~ibility that such a change 
might cause a shift from noxiO\IS ~Jlue
gTI'!en algal communil ies to green algae, 
which are genemlly acknowledged to 
be more highly utilized by zooplank
ton. Such changes could potentially re
sult in increased fish production and 
improved lake water quality. The po
ten~ial improvement in actual or per
cei\·ed watel' qn~11ity may have great 
impact on the perceived trophic or 
water quality charaderistics of a take. 

Summary 

The classification of lakes according 
to the.ir trophic stat.us and t.he a..~ess
rnc ::lt of w::~ter quality rely heavily 
upon the assumed relationship~ be
tween water clarity. total phosphorus 
and chlorophyll a concent.ration. There 
is vari<<bility in thes0 r•'lationships and 
many factors influence them. For c.las
sifyin~S lakes on the basis of water ..:lar
ity, total phosphorus content, or ·:hlo
ropbyll a level , the selettion of the 
single best indicator would have to be 
based on such considerations a:> (1) 
whether or uot the actual in-lake bio
logical production as expressed by c.:hlo
rophytl a biomass is mon' informative, 
or (2) whether the potential produdion 
based on total phosphorus values and 
computed (predicted) production is 69 
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more relevant . It should be reiterated 
thal the biota of any lake is extrcrn ely 
important in the dynamic processes oc
curring within the lake, and t.hat subtle 
changes in biota may resuJt in drastic 
changes in the perceived trophic state 
(Shapiro 1978, Barica 1974 ), 

Many Wisconsin lakes could be 
placed in different trophlc. statu 
classes depending on the parameter se
lected as the basis for classification. 
Figure 61 shows 578 randomly sampled 
lakes in relation to the log-transfonned 
water clarity-chlorophyll a relation
ship; superimposed on this plot are 
lines representing different trophic 
''cutoff" values and a third scale repre
senting equivalent lines of total phos
phorus based on the linear regression 
betwee.n total phosphorus-chlorophyll 
a for the random data set. It must be 
emphasized that the total phosphorus 
scale represents the means for all Lake~ 
with a particular chlorophyll a level 
and that many lakes w.ith chlorophyllal 
levels and water clarity levels as shown 
will have considerably higher levels of 
total phosphorus (see Fig. 44 fur actual 
examples) . For these reasons. phos
phorus level alone app('!ars to be a poor 
indicator of a lake's trophi.c status. 

It is apparent from Figure 61 that 
considerable error may result from the 
use of a single parameter to classify 
lakes according to their trophic status. 
Regardless of how simple some trophic 
state index systems may seem, the ac
curate assessment and comparison of 
the trophic status of lakes remain quite 
complex and open to question. Ira lake 
must be classified on the basis of only 
one trophic indicator. chlorophyll a 
concentrations (summer means or per
haps rriaxima ) seem to be the best over
all index values since they reflect the 
actual conversion (except in the case of 
macropbyte-domioated lakes) of nutri
ents t.o biomass. An alternalive 
method, where practical, might be to 
record the number of days or tht:' per
centage of the summer period that cer
tain water quality conditions exist (i.e., 
number of days a lake appeared green 
or chJorophyiJ a l ~vel.s exceeded a par
ticular level). 

TABLE 33. Comparison of summer nilrogen and phosphorus levels in Wiscons-in lakes hased on dWerertl dat.a. sets. 

All Dat.a Random Data Seasonal Data 

No. No. No. 
l.;1ke~· Mean ~[) .. cv•· Lakes Mean SD cv Lakes Mean SD cv 

Org;mic N lU'i 0.624 0.:3/iO 61 "· ~ 659 0.601 0.356 59% 539 0.653 0.398 61 % 
Total ~ 128? 0.911 0.637 70 '\, 659 0.856 0.568 66% 539 0.971 0.70l 72% 
lnor~il.l•ic P 1285 0.022 0 .051 2~~5'~;~ 658 0.013 0.036 271 % 539 0.031 0.063 203% 
Total P 12ll6 0.045 0.076 170'Yu 659 0.031 0.050 164% 539 0.061 0.09'.1 154% 

•some lakes were in bolh daL< sels; t.hus totals exceerl I, 140 lakes. 
"SD = slandard deviation; CV ~ coeffici~nt of VC).riation. 



Nutrient Concentrations 

Nutrient concentrations in Wiscon
sm lakes are highly dependent on wa
tershed characteristics and Jake types. 

.10 SEEPAGE LAKES 

Although this study was not designed OS 
to measure or evaluate specific. sources 
(point or non-point) of nutrient inputs 
into lakes, certain gross gent!r.alizations 
can be made concerning the relation-
ship of certain watershed characteris
tics to in-lake water quality conditions. 
The associations of the plant nutrients, 
phosphorus and nitrogen, with other 
lake and watershed characteristics and 
the dynamic nature of the.~e elements 
in Wisconsin lake-s will he digcussed in 
detail in this section. 

Phosphorus dynamics 

Phosphorus content of lakes in Wis
consin (epilimnion) was found to be 
highly varia.blc (Table 33). Coeffi
cients o{ variation were much higher 
for phosphorus parameters as opposed 
to t.he smaller values for nitrogen re
gardle::;s of the data set. Seasonal vari
ations in phosphorus co nee n tration 
were somewhat· different for different 
lake type~ ( f<'igurc 62). WhilE seasonal 
phosphorus means (both inorganic and 
total) within similar lake types were 
not significantly different, the changes 
in the absolute sample means showed 
some consistencies. 

A closer examination of only the to
tal phosphorus means for six lake types 
demonstrates that mixed and stratified 
impoundments and mixed drainage 
lakes generally have higher levels of 
phosphorus than mixed or stratified 
seepage lakE's or stratified drainnge 
lakes, regardless of season 1 l•"ig. 63 ). 
Also important is the characteri~tic of 
stratified lakes to demonstrate a de
crt'ase in total phosphorus from spring 
to summer t\>"hile rnixed lakes show an 
increase ( Fig. 63 ). The mean total 
phosphorus of stratified lakes reaches a 
maximum in the fall, which may have 
important implications in evaluating 
the trophic level of stratified lakes 
based on summer data only. There ap
pears to be a rather consistent net in
crease in total phosphorus from spring 
to fall in both mixed and stratified 
seepage and drainage lakes that may 
rt'present the net accumula~ions of 
phosphorus in each of the systems over 
that period. 

Inorganic phosphorus dynamics 
closely resemble those of total phos
phorns (Fig. 62). No significant differ
ences wert> found in the inorganic-or
ganic fractions of phosphorus for 
different lake types when comparing 
the seasonal means for matched sets of 
mixed and stratified lakes (Fig. 65 ). 
However, t.llere is some indication that 
impoundments have a generally lower 
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percentage ot organic phosphorus than 
natural lakes; Lhis may be due either tQ 
higher turbidities inh.ibiting the biolog
ical conversion of inorganic phosphom.s 
into organic cel.l matter, or high flow
through rates limiting the t ime avail
able for this conversion to take place. 
ln effect, the impoundments more 
closely resemble the streams which are 
their source. 

Seawnal phosphorus means are re
JatPd to summer chlorophyll a levels 
and lake type (Fig. 64 ). As shown pre
viously, low phosphorus levels corre
spond to low chlorophyll a levels. AJso, 
the decrease in summer t.otal phos
phoms in stratified lakes, referred to 
earlier, is evident in C'ach chlorophyll a 
class. The fall total phosphorus sample 
means are in line with the trend shown 
by the winter and spring levels for 
stratified lakes. The opposite appears 
to be true for mixed lakes and im
pounclments. Mixed lakes and im
poundments show much more variabil
ity in their total phosphorus
chlorophyll a relationship. Impound
ments appear to requirP higher levels of 
phosphorus to produce given amounts 
of chlorophyll a than strat-ified lakE>s 
(Fig. 64). At least this appeared to bP 
true with..in the 5-20 )Jgjl chlorophyll a 
range. While this might be expected as 
a result of su~h factors as light inhibi
tion (self-shading or high turbidities) 
or hydraulic. washout prevalent in high 
flow-through impoundments, it is con
tradictory to earlier discussions con
cerning the relationship of chlorophyll 
a and phosphorus (pages 61-62) in im
poundments, mixed lakes and drainage 
lakes. which suggested that the oppo
site was true. No plausible explanation 
comes to mind; possibly the fact that 
this "seasonal" discussion is based on a 
different data set (quarterly data set) 
is of significance. 

The same seasonal trends found 
statewide in stratified and mixed lakes 
and impoundments were also found on 
a regional basis. Regional comparisons 
are not considered to be significant be
cause they are believed to reflect gross 
differences in the physical and chemi
cal nature of the lakes in the different 
regions rather than trends resulting 
from climatic differences. Generally, 
the lakes with the highest total phos
phorus l.;>vels (more eutrophic) showed 
the greatest variations between 
seasons. 

Examination of the effect of various 
morphological characteristics on the 
seasonal changes in total phosphorus 
was restricted by the large 11ariance in 
the data . However, certain generaliza
tions can be made. While there was no 
s ignificant difference between the 
mean depth or impoundme:~.ts experi
encing either an increase or decrease in 
total phosphorus from spring to sum
mer, natural lakes showing an increase 



had significantly lower mean de-pths 
than Ia kes showing a deerease. .] uday 
and Birge (1931) reported finding a 
similar seasonal relationship of mean 
depth and total phosphorus. Our data 
also showed that total phosphorug var
ies considerably less from spring to 
summer in deep lakes than in shallow 
lakes, which is not a surprise consider·
ing the fact. that the deeper lakes gener
ally have lower tot<.< I phusphorus values 
overall. 

The ratio of mean depth to maxi
mum depth (a ratio greater than 0.33 
indicatt>:> a concave lake basin form vs a 
convex basin form for lakes with a ratio 
less than thi!> value) appeared to be 
slightly hight:>r in lakes showing an in
crease in total phosphorus from spring 
to summer, but the difference was not 
statistically significant. This charac
teri!;tic of ba.~in morphometry and its 
pos.sible subtle effect on the chan[le in 
total phosphorus may be related to its 
impact on stratification. A plot of 
lakes coded as to stratification using 
the basin form index vs lake area indi
cates !.hat uetwecn lakes of nearly 
equal areas and maximum depths, the 
Jake with a convex basin will st.ratify. 
Thermal stratification, therefore, ap
pears to be the deciding factor affecting 
total phosphorus concentrations in 
some bites. 

Slope alga appears to be important. 
Lakes showing decreases in total plJOs
phorus from spring to summer had 
steeper slopes (associated with greater 
maximum depths) than lakes experi
encing an increase. Thi)r<' was. evidence 
that stratified lakes with large percent
ages of bottom are.a exposed to the 
epilimnion exper iencc inaeases in tot<<l 
phosphorus from spring to summer. 
The reverse situation was also ob
served; total pho~phMus generally de
creased from spring t.o summer in strat· 
ified lakes that have small percentages 
of bottom area exposed to epi)imnetie 
mixing and resuspension. 

The changes in inorganic and t.otal 
phosphorus for lakes with various 
drainage basiu to lake area ratios are 
not <!Onsistent (Table 341 While 
means for lakes with smaller ratios are 
r~:l.atively low, the percent inorganic
organic phosphorus fraction remains 
fairly constant from season to season 
and with differing ratios. However, 
lakes wit.h very large DB:LA ratios 
generally have slightly higher percent
ages of inorganic phosphorus through
out the year. 

Significant. correlations W•::!re found 
(and linear regression equations com
puted) for the relationships between 
the different seasonal phosphorus 
means for the various lake types. How
ever, as Reckhow (1979) has reported, 
a few extremt> values may be given 
more weight than a large number of 
clustered values in t.he determination 

TABLE 34. Sea~onal 7rnmns for ?lilrogen and phosphorus in lakes with dijjertmJ. 
drainage !Ja.~in:lake llna ratio$. 

DB:Lt\ DB:L.\ DB:LA DIJ :LA DB:LA 
Season < 10 \0-50 50-100 100 · 1000 > 1000 All 

Orp:ankN 0.48 O.!i9 OAG 0.<~8 0.48 0.52 
Total N 0.85 l.l7 l. J 5 1.68 1.41 1.14 

Winler Inorganic P (J.Ol!) 0.033 o.n~o 0.0?3 0.058 0.035 
Totai P 0.036 0.059 0.049 0.100 0.097 0.057 

011(;1.11iC N 0.4~ 0.58 0.54 0.6·1 0.58 0.55 
Total N 0.7•1 1.05 l.ll us 1.38 1.()2 

Spring r norg;.nic p 0.016 0.02-1 0.024 0,049 0.049 0.02il 
Tol.al P 0.03S 0.050 0.047 0.084 0.083 0.051 

Organic N 0.54 0.72 0.69 0.79 0.60 0.6.5 
Total N 0.7-1 1.08 l.Ol 1.27 1.18 0.97 

Summer lnor~ank P 0.019 0.028 0.022 0.058 0.061 0.031 
Total P 0.039 0.059 0.045 0.108 0.109 0.061 

Orp::1nic N 0.52 0.65 0.63 0.58 0.56 0.59 
Tol.al N 0.78 0.99 1.02 1.23 1.38 0.98 

Fall lnnrgank P 0.022 0.031 0.027 0.050 oms 0.032 
Total P 0.0·16 0.067 0.057 0.0!12 0.124 O.OG.:; 

N 213-264 110-126 29-32 67-80 Hl-21 438-523 

of correlation coefficients and regres
sion equations where cJata are not nor
mally distribuu'd. This proved to be a 
cons.iderablr~ proble)Tl in the evaluat.ion 
of St)asonal r:.omparisons since the quar
terly data set included a small number 
of extl'emely high values. Elimination 
of the lakes with extreme values and 
reeomputation cf the correlations re
sulted in a significant reduction in the 
correlation coeff1cienls and had a sig
nifir..ant negat.ive impact upon the re· 
gression analysis equations. Plots of 
the relationship& showed considE'rable 
scatter, indicating liHie in the way of 
usefttlness other t.han to support gen
eral well-known ass•Jciations. 

Nitrogen dynamics 

Nitrogen appears to be a relatively 
static parameter as compared to phos
phorus 1Table 33). While total nitro
gen concentrations (means ) are signifi
cant.ly different betwt'en data sets. 
coefficients of variation for nitrogen 
are fairly unifor~ from season to sea
son and are considerably lower than 
those for phosphorus. This relative 
stability may be of considerable impor
tance in the development of lake sam
pling programs. 

The seasonal means of total and or
ganic nitrogen concentrations of Wis
consin lakes vary according to lake 
type classifications (Fig. 66) . Stratified 
seepage and nrainage lakes have the 
lowest total nitrogen .and organic nitro
gen means. AB the phospho1·usanalysis 
showed, overlap in confidenee intervals 
limit the ability to make definitive 
statements, but trends are suggt>sted 
by t.he sample means. Mixed seepage 

and drainage lakes show a decrease in 
total nitrogen from winter to spring, 
followed by a slight increase into sum, 
mer and a decline in the faU. Mixec im
poundment~ show a continuous de
erease from winter to the follow:;1g falL 
This c:orresponds to the findin~s of 
stream studies which show a cunt..inu
ous decrease in nitrogen throughout 
the year from high winter levels (Lath
rop and Johnson 1979, Mason Wlpubl. 
data .). Stratified drainage lakes sl10w 
fairly unil'orm total nitrogen l~vels 
thrr>ughout the year with small in
creases of organic nitl'ogen in lhe sum
mer and fall. Both the mixed and :>trat
ifi·~C: seepage lakes demonstrate small 
incr~s in organic nitrogen to ~urn
mer maxima, !allowed by a decline in 
the fall. The net increases in organic 
nitrogen throughout t.he growing sea
son may reflect temperature-depen
dent biological conwrsion of inorganic 
nitl'ogen into organic fom1s. 

Some significant differences existed 
in the percent of organic-inorganic ni
trogen bet.ween the various lake groups 
(Fig. 67). A significant difference was 
found between mixed seepage lakes and 
stratified seepage lakes, but only dur· 
ing the fall. In both instances, the 
mixed Jakes lJad a higher percentage of 
organic nitrogen. This appears to be 
the result of an increase in the inor
ganic nitrogen fraction in the stratified 
lakes, pos.sibly due to the '·recent" mix
ing of the rich hypolimnetic waters 
w.itl: the epil.imnion. 1\s Figure· 66 
shows, there is a very little change in 
organic nitrogen from summer to fall in 
stl'atified lakes, while total nitrogen i.n· 
creases. Mixed Jakes show a dec.rease in 
tota~ nitrogen and organic nitrogen 
whil~ the ratio of inorganic to organic 73 
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nitrogen remains esseatially the same. 
While not significant at the 95"·~ , confi
dence level, drainage lakes (mb:ed or 
stratified) as a group consistently had a 
lower percentage of organic nitrogen 
than ~eepage Jakes. Likewise, mixed 
and st.mtified impoundme-nts had a sig
nificantly lower percentage of organic 
nitrogen (conversely higher inorganic 
nitrogen percentages) than either seep
age or drainage lakes in all seasons, 
with the exception of stratified im
poundments during the summer. 
These differences again reflect both the 
character of the water source and the 
retention time of the particular water 
body. Absolute values of total nitrogen 
and inorganic nitrogen were generally 
higher in impoundments and drainage 
lakes than in seepage lakes. These high 
absolute values and percentage!' of in
organic nitrogen in impoundments and 
drainage lakes indicate large influxes of 
nitrogen from the watershNI and rela
tively small or poor conversion of inor
ganic to organic nitrogen within these 
water bodies. 

Omernik (1977) found in a ~tudy of 
nutrient export from different types of 
watersheds that the inorganic nitrogen 
fraction of the total nitrogen concen
tration decreased from heavily agricul
tural watersheds to more highly for
ested watersheds. Our Wisconsin lake 
data (Table 34) support his findings; 
percent inorganic nitrogen decreased 
with a decrease in drainage basin:lake 
area ratio, and lakes with smaller 
D B:LA ratios gen~·r<1lly were located in 
more heavily fon,sted watersheds. 
Omemik ( 197?) reported a mean of 
38% inorganic nitrogen concentration 
for streams draining watersheds in the 
Ea:-tem region of tbe United States, 
which corresponds well with the 27-
49':·;, inorganic nitrogen component 
founrl in lakes of differing DB:LA in 
Wisconsin. 

Wisconsin lakes with relativ-ely 
large watersheds (as indicated by large 
DB: LA ra lios) have consistently 
higher inorganic nitrogen and total ni
trogen content than lakes with small 
watersheds (Table 34 ). The seasonal 
means for organic nitrogen conc:entra
tions range from 0.48 rng/1 to 0.79 mgjl, 
with peak values occurring during the 
summer season. (norganic nitrogen 
(total nitrogen less organic nitrogen) 
shows much greater variation; largest 
mean values (and percentages of total 
nitrogen) are found in lakes with larger 
DB:LA ratios. Inorganic nitrogen de-
creases from winter to summer (regard
less or DB:LA ratio) by as much as 
60'~<. and rises again in the fall. The 
percent inorganic-organic fraction var
ies in a similar manner, reflecting the 
conversion of inorganic to organic 
matter. 

All lake types followed the same 
general pattern, with lowest percent-
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'FABLE 35. Nnmber of lakes of Dariou.s classijicntitms experil)ncing eilher an increase or decrea~e in total nitrogen from &ne 

season to the next. 
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ages of organic nitrogen occurring dur
ing the winter and peaks or maxima ac
cur,ring during the summer, followed 
by a decline in the fall. 

No significant correlations were 
found between seasonal levels of total 
nit rogen and' either lake size Dr volume, 
but there were fairly good negative cor
relations between total nitrogen and 
mean or maxitm.lm depths. This im
plies that given two lakes of equal vol
ume, the lake with the greater mea.n 
depth is likely to have a lower total ni
tr ogen concentration (epilimn ion). 
AJso, in the case of two lakes having 
equal sudace acreages, the lake with 
the greater mean depth (or maximum 
depth, whirh is dosely associated with 
mean depth) probably wou.ld have the 
loWer total nitrogen level. The reason 
why depth appears to correlate better 
with total nitrogen levels tnan either 
1lake volume or area is uncertain; un
doubtedly watershed si~e, gradient, 
la nd use and percent runoff are impor
tant factors influencing the evaluation. 

Although changes in total nitrogen 
from season to season are dependent 
upon lake type (Fig. 68), the net 
·•!hange in total nitrogen is of little sig
n ificance since these values are rlJlated 
to the number of lak'eS ill each lake t ype 
in creasing or decreasing in total nitro
.gen from one SeMOn to the next (Table 
35 ). Some patterns appear when com
paring mixed seepage and drainage 
lakes with stratified seepage and drain
age lakes. The net change in total ni
tr ogen from season to season is clearly 
dependent upon the number of lakes in
t:reasing or decreasing in total nitrogen. 
More mixed Jakes show alternating 
changes, e.g., decrease from winter to 
spring a~nd increase from spring to sum
met , than stratified lakes where the 
change from winter to spring is about 
evenly divided, but the majority show 
a det~fease from spring to summer. 

Mean depth apparent.ly was not a 
major factor influencing seasonal nilt o
gen changes in lakes or impoundments; 
the mean depths ·Of lakes showing in
creases in tota1 nitrogen from spring to 
summer are not sign ificantly differen t 
from those lakes showing decreases 
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FIGURE 68. Nel seasonal change in total nilrog~n in 
dijjf.,fe'nl lake types (quarterly dala set). 

(within similar lake types. Fig. 69). 
This was found to hold true for th.e 
other seasonal c-hanges as well. Thus. 
the direction or changes in total nitro
gen appear to be independent of :mean 
depth while thE! mean concentratiol18 
(absolute ) of total nitrogen are tn
versely related to mean depth . 

Total Nitrogen:Tofal 
Phosphorus Ratios 

Concentrations of .phosphorus and 
nitrogen are generally highly associ-

ated with one another and are also as
sociated in differing ways with all other 
me.,.sured parameters (nega tively cor
related with water clarity and depth, 
see Append. B). These associations 
sbow a great deal of variability be
tween data sets and lake types. As 
demonstrated in the previous sect-ions, 
seasonal changes i.n nutrient concentra
tions are greatly dependent upon lake 
typi!, physical features of the lakes, and 
cha,racteristics of the lake watershed. 
Nutrient dynamics are of great irnpor
tance in la ke mana:gement and consid
era~1e eflort has gone into estabhshmg 75 
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a c.ause-efrect relatiO!lShip between nu
trient conct!Jitrations and water quali
ty (previously discussed in other 
sed ions). 

Because of the 'mfluence of plant nu
trients (in particular phosphorus) on 
lake water quality, various in-lake con
centrations and watershed external 
loading liooitalions have been sug
gest.ed as "standards" or nece&sary 
levels for maintaining good water qual
ity conditions. The ratio of ni t rogen to 
phosphorus has .also been stressed as 
ha\o;ng significant impact upon lake 
water quality (see discussion p. 63-64 ). 

!<'urther analysis of the N:P ratios 
and their relationship to other water 
quality characteristics seems to indi
cate that most Wisconsin lake$ are 
phosphorus limited and nitrogen limi
tation is found 1n only a f,ew lakes (Ta
ble 36). Generally, l.akes with high N:P 
ratios had good water quality, 65"i;, of 
low N:P lakes had Serchi disc rEeadings 
less than 2 m opposed to only 43% 
of the high N: P ratio ( > 40) lakes. 
Also. chJorophyU n was lower in lakes 
with high N:P ratios than in low N:P 
lakes; only 16% of the lakes with N:P 
ratios greater !:han ~0 had chlorophyll a 
greater than 15 I!S/1 as compared to 
27% of the lakes with lower N:P ratios. 

Mean total phosphorus for high N :P 
rat'io la:kes was onJy 0 .. 015 mg/1 (Ap
pend .. A) with 80·~·" of these lakes hav
ing values equal to or Jess than 0.015 
mg}l. Low N:P lakes w~ere generally 
high in total phosphorus, which is con
sistent with the fi11dings of Lambou et 
al. (1976). Mi'.'ai'l~ f!x total. nitrogen 
and organic nitrogen wen~ slightly 
higher in lakes with N :P gre.ater than 
40 tha n in la k(~S with 1 ·:P of 15-40, but 
these means overlapped those from 
lakes with N :P less than 15 (Append. 
A). 

Color was slightly higher in high 
N:P lakes, but this m<!;y have been due 
to its a :,;sociat.ion with nitrogen. Alka
hnity, pH and tnagnrsiurn means 
showed similar relationships with N ;P 
ratio. No low N:P 'lake had a pH le:>s 
than 6.0. Of particular interest may be 
the gradual decrease in magnesium 
concentration wi th increasing N:P ra
tio, followed by a slight increase when 
N:P exceeded 40 (Append. A). This 
may be as:sociated wit.h the negative 
correlation of total phosphorus and 
pH, and/or magnesium and total nitro
gen in the dololnite are;> of southeast.. 
ern Wisconsin. Our data showed t.he 
mean N:P ratio fm· the Soulheast Re
gion lakes was 4!:1, but Gerloff and 
Skoog (1957) noted the prcsenr.e of a 
yellowish-~rel!n colo).r in. some lakes in 
sout heastern Wiscom;in which were ap
parently nitrogen limited. A similar 
color was obsenred in some .of tho lakes 
in our sample of the Southeast. Region 
which had low N:P ratios. 



Applicability of Phosphorus 
Models to Wisconsin Lakes 

Phosphorus is generally recognized 
as the most important nutrient con
tributing to the eutrophication process 
in lakes; thus, understanding its role 
and conlrolling its impact are matters 
of great interest. Attempts to model 
phosphorus dynamics in take ecooys
tems throughout the world have gained 
considerable attention. Phosphorus 
models have been used extensively in 
lake management efforts as predictive 
tools for determining sources and con
sequences of phosphorus loading to 
lakes and evaluating proposed lake 
protection or restoration projects. Be
cause many different models have been 
developed based on various data t;ets 
and influencing factors. evaluations of 
the precision and "best-fit" regressions 
of the;;!) models have been made (Ut
tormark and Hutchins 1978, 1980). 
Application of these models to Wi!=:eon
sin lakes has not be~n extensively 
tes ted, prima1·ily because data are 
sparse for key paramete~. Paramonnt 
among these flciiciencies is the laek of 
accurate loading data. which are avail· 
able for nnlv a few Wiscor.sin h.1.kes. 
Th~refore. loading rates for nearly all 
lakes in our data base have to be t>si.i
mated in ord~r to ut ilize the phos
phorus motlels . Flushing-rate data are 
also illlportant in phosphoru:; model
ing, and <>re mo:;tly una\•;'.ilabl~ for 
Wisconsin lakes and must be eslimated 
in model application. 

In phosphorus modeling, estimates 
of total in-lake pho.;,phorus concentra
tions are derived by two basic means: 
( 1 J .:omput.ation ba~ed on knowledge of 
the specific areal phosphorus loading 
IU, mean depth, and flushing rate 
IFR = 1-RT). or (2) computation based 
on average inrlow pho~phorus concen
trations and flushing rate. In the case 
where L is rnf'..asured, an alternative 
means of estimating the total in-lake 
phosphorus concentration using a 
phosphorus retention eoefficient lR 1 

has been has been developed by Dillon 
and Rigler (1974). The phosphorLts re
tention coefficient, which i~ the per
centage of the incoming phosphorus 
trapped within a lake, is in t.urn derived 
from the flushing rate <tnd the spr~cific 
sedimentation rate". Th(~ specific st'di
mentat.ion rate may be estimated based 
on (I) mean depth, or (2) the lake's 
flushing rate. In applying phosphorus 
modeling to our lake data, specific sedi
menta t ion rn t.es fo r l he la kes were 
calculated by both methods and, al
though they were strongly ~orrelated 
(r = 0.5541, individual lakes sbowed 
considerab le v a riat ion ( l<'ij:(. 70). 
Greatest disparity between n.1ethods 
was noted in natural lakes whill' the 
sedim.:ntation rates for impoundments 
werl' quite similar (Tablt:! :371. Phos-

TABLE 36. Relationship belween lakes with various Lotat 11itrogen:11Jlat 
pho.~phor/1 .. ~ ratios a11il other water IJIUll-ily parameters. 

Chlorophyllu 
(IJJ,!'l) 

Secchi 
disc (m I 

pH 
(units) 

ToL1l 
alkalinity 
(rug/ ]) 

Total 
phosphorus 
(Jrg i1 

0-5 
5- 10 

10-1!) 
Hi~25 

>25 

0-1 
1-2 
2-3 
3-4 
4-5 
5-j) 

"">6 
..::::5 
5.0-5.9 
6.0-6.9 
>7 
(1-15 

15-30 
30-90 
>90 

<5 
5-15 

15-25 
2;>-35 
> 35 

<10 

No. 
Lake;; ~~\ 

6 23 
5 19 
3 12 
3 12 
9 35 
6 23 

11 42 
2 8 
4 15 
1 4 
2 8 
0 0 

0 0 
0 0 
4 IS 

23 85 

4 15 
I 4 

14 52 
8 30 

0 0 
2 i 
2 7 
l 4 

22 81 

N:P Ratios 

10-15 15-40 >40 
No. No. No. 

Lakes •Yo Lakl'S % Lakes fY~ 

? 23 78 21) 96 33 
9 30 Ill 37 107 37 
3 10 37 12 37 13 
2. 7 38 13 27 9 
9 30 37 12 20 7 

ll 41 57 20 32 12 
3 11 82 29 80 31 
6 22 73 25 78 30 
4 15 42 15 39 15 
2 7 19 7 21 8 
0 0 9 3 4 2 
1 4 5 2 6 2 
0 0 4 I 3 1 
6 19 24 8 23 8 
I 3 94 30 88 30 

25 78 189 61 180 61 

& 19 111 36 101 34 
4 12 48 15 s:~ 1~ 

15 47 96 at 67 23 
7 22 56 18 72 25 
0 0 11 4 93 32 
2 6 92 29 136 46 
4 12 88 28 -15 15 
5 16 51 16 H 5 

21 66 70 2') 5 2 

'f.HlLE 37. Median sedimenla'ion rates for ·im
pVimdmenU; rui!l ·fiatural l.akes in W·isconsin. 

Sedimentation Rate 
Based on: 

FR 
tO/mean depth tm) 

phorus retention co1~fficients based on 
spt'C]fic ,~edimentation rates computed 
from flushing rates (/FRJ showed a 
higher degrt>e crf correlation with ob
~erve:d phosphorus levels ( r=-0.331 
spring; r -·' -0.293 summer) than corre
la t ions based on specific sedimentation 
rates computed from mean depth (10/ 
mean depth b meters) (r=-0.268 
spring; r= -0.2:H ~.ummer). This find
in~ may be of particular significance in 
modeling dforts inasmuch as the for 
mer estimates cf retention c:oefficients 
were hased em " eslimato:s" of flush ing 
rates while the latter estimates were 
based on. "knoy;n" mean depth values. 

Furt.her eva 1 ua tion of the various 
phosphorus models as the~, p~rtain to 
Wisconsin lakes is severely restricted as 
men t ioned before . due to lack of ade
quate loading data for most lakes. Al
though the models are based on mass 
balances and long-term averages of in-

Natural 
Impoundments Lakes 

5.8 1.1 
5.4 2.4 

Lak!! data, back-c::.dculation of e:;ti 
ruated phosphon1s inflow coneentra
tions based on the relationship: 

Pi n flow= Pin-lake.,.. FR 
6 + FR 

Sedimentation case l 6 =- JFR 
Rate case 2 6 = 10 -=- mean 

depth in 
meters 

{where Pin-lake ~ mean an
nual total p1wsphorw; concentrations 
and FR = the re(:iproc.al of the reten
lion time) provide some indication of 
the a pplicability of models to Wiscon
sin lakes (Table 38). B;,sed on the 
model, mean annua l in-lake phos
phorus concentration:> should always 
be less th:m me~m an nual inflow phos
phorus concentrations. • Bec.au.~e mean 
annual phosphorus concentrac ions 
were not determined. and s pring and 77 
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TABLE 38. Estimated phosphorus inflow concentrations to Wisc071Sin 
lakes on a regional basis. 

Eslimaled Phosphorus Inflow Observed rn-lake Phosphorus 
Concentrations (l!gll) Concentrations in ~jg/1 

Region Omernik~ Esl#l Est#2 lmpds. Lak~>s All 
Northeast 12 63 13.4 59 
Norlhwesl 17 66 127 53 
Central 40 60 114 51 
Southea.'l 150 139 282 173 
SQttthwest 60 126 143 101 

•Based on Omernik (I~ 
Est #1 where IS = FR 
Est #2 where 6 = 1 07-lmean depth (m). 

fall turnover data were not available 
for many sampled lakes, summer total 
phosphorus concentrations were used 
as a rough approximation of the mean 
annual in-Jake phosphorus concentra
tions. As previously discussed, these 
summer total phosphorus values are 
probably higher than annual mean val
ues in impoundments and mixed lakes 
and may be similar or slightly lower 
than annual means in stratified lakes. 

The impact of the composition of 
lake types (e.g., number of impound
ments vs stratified lakes) upon the 
measured total phosphorus values and 
the resultant "predicted" phosphorus 
loading concentrations is readily ap
parent in the Southwest Region. (Table 
38). Mean measured in-lake total phos-
phorus (98 IJ&/1) and estimated inflow
ing phosphoru.s (126 J.l&/1) greatly ex
ceed Omernik's (1977) observed 
instream concentrations (60 (.lg/1) (al
most all of the lakes in this region are 
impoundments where summer total 
phosphorus values greatly exceed 
spring values which may be a closer ap-

proximation of annual means). 
Data for the Southeast and Central 

regions appear reasonable, while mea
sured in-lake phosphorus concentra
tions for the Northeast and Northwest 
regions appear to be higher than would 
be expected based on Omernik 's stream 
phosphoru.s concentrations. Because a 
high percentage of the lakes in the 
northern regions are natural, deep, 
stratified lakes, it seems logical that 
measured summer epilimnetic total 
phosphorus values would most likely 
be lower than annual means, and thus 
lead to underestimation in the back
calculation of annual phosphorus load
ing from watersheds. If this is the case, 
then the estimated phosphorus load
ings based on Ornernik's data for the 
regions are probably lower than they 
should be . However, it is more likely 
that a few lakes with high in-lake phos
phorus concentrations skewed the 
mean for the regions, which results in 
the in-lake concentrations exceeding 
the actual average inilow concentra
tions, and in overestimation of the in-

z,t 
32 
24 
65 
58 

27 
35 
36 
&4 
98 

flow phosphorus concentrations. 
Estimated inflow concentrations 

based on sedimentation rate coeffi
cients ( o ) calculated by the ..,I'FR 
more closely relate to Ornernik's in
stream concentrations than do similar 
estimates based on sedimentation coef
ficients calculated by 10 .;- mean depth 
(Table 38). 

Based on the in-lake phosphorus 
data collected during our sampling pro
gram and our estimates of hydraulic 
loading and rehmtion time for sampled 
lakes, it is not possible to reliably pre
dict watershed phosphorus contribu
tions to lakes. Conversely, it also ap
pears that in-Jake phosphorus 
concentrations (summer) cannot in 
most cases be accurately predicted by 
using regional stream concentrations. 
Once again, the complexity of Wiscon
sin lake types and characteristics make 
them extremely dilficult to categorize. 
and it appears that phosphorus morlels 
will fit reasonably well only for individ
ual lakes on which adequate data are 
available. 
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OVERVIEW 

General relat.ion~h ips between vari
ous water qualiLy paramrters have 
been reported upon extensively in lim
nology texts I Hutchinson 1975, Wetzel 
1\175). However, because Lhe larl(e 
number of lakes sampled in lhis stU(ly 
spanned a wide range of lake types and 
conditions, the opportunity exisls for a 
more detail~d analysis of these 
relationships. 

It is important to stress that these 
comparisons are not all cause-dfect rP
Ialionships, but perhaps more (:orreclly 
represent. associations. 8ven in cases 
where significant correlation coeffi
cients aN:· found hetwe<>n theoretically 
v~lirl relationships, other unidentifi
able factors may be responsible for the 
associations. · 

Reck how I 1979) explicit l.v describes 
lhe weakne~ses involved in the use of 
corrt>lation coefficient.~ and linear re
gressions: primarily these deal with the 
as8umption that the data are indeed 
linenr a!ld lhat the data are normally 
distributed. As will be shown lat.er, 
these assumptions are not always valid, 
and even the transformation of the 
data to compensate for these prohlems 
rloes not always create a totally unbi-
3Sl'd relationship. 

Relationships between different 
water quality characteristics are pro
vided in Appendix B. The computer 
program used to create the correlation 
mat.rixes from which these figurrs were 
drawn did not pr int the number of 
matching pairs of dat.a points used in 
computing the correlation coefficients. 
In order to make wmparisons of sign if
icance between matrixes (daUl. sets), it 
was necessary to cornvule the number 
of de'grecs of freedom based on the min
imum number of data points for any 
particular parameter within a given 
data set. Therefore, the levels of signifi
cance presented in Appendix 8 are 
somewhat conservatively labeled, bul 
are quite adequate for making compar
Isons and generalizatio ns between and 
about the various subsets since the 
data sets are quite large. Tbe following 
discussion is based upon the da1..3 gen
erated in Appendi..x B. 

Since interrelationships between pa
rameters graphically displayed in Ap
pendix B are readily observable, only 
major highlights wiU be specifically 
mentioned. The following format lists 
each major characteristic (e.g .. , Area) 
and, on the left margin, other charac
teristics with which it is closely associ
atR.d , either positively or negatively in 
almo~t all of the subsets of lakes ana
ly:;;ed (e.g .. mean dept.b). The charac
teristics Lhat are ind~nted (e.g. , maxi
mum depth ) apply only to the 

restricted groups of lakes indicated in 
the pan~nLhescs (e.g .. seepage lakes and 
impoundnwnts) . Some associations 
important 011 a regional basis will also 
be menbc·neu. 

AREA 

+ Mean depth 
1- Maximum depth !seepage 

,lakes and impoundments ) 
+ Alkalinity (low alkalinity 

lakes) 
+ Shoreline development factor 

i seepage lakes, impound
rnents and luw chlorophyll a 
lakes ) 

Overall, area showed generally poor 
correlatior1 with other lake charaderis.
ti,~s. In thl' Northeast, there were posi 
tive relationships between area and 
maximum dept.h. and area and inor
ganic.and total phosphorus. There was 
a negative correlation betwee11 area 
and Secchi disc. and positive correla
tions with inorganic and Lot.al phos
phorus in the Sout.heasL Reaion. The 
Central Re!gion hac.l positive correla
tions between area. and chlorophyll a 
and tot.al phosphorus. The Southwest 
£legion showod no s ignificant relation
ship between area and other l<:. kt: 
c haracleristics . 

MEAN DEPTH 

+ Area 
+ Ma:ximuro depth 
+ Water clarily 
- Turbidity 
- Nu~rients 

Color (drainage lakes) 
Chlorides. calcium, magne
sium (impoundments) 

- Chlorophyll a (seepage lakes 
and low alkalinity lakes) 

The significance of the re!ation~hip 
between mean depth and maximum 
depth was discussed previously under 
General Characteristics - Phys ical 
Features. The relatively strong nega
tive correlation of mean depth with cal
cium. magnesium, alkalinity and chlo
rides in impoundments shows the 
influence of lake volume and flushing 
rate on these associations. 

The strongest positive correlation of 
mean depth and water elarity was in 
the Ceutra\ Region .. Negative correla
tions bet.ween .mt!an depth and color, 
chlorophyll a, turbidity, and organic 
and total nitrogen were evident in the 
Northeast Region_ Phosphorus showed 
little association with mean depth in 
Lhc Northeast Region, but a wpak nega 
tive correlation belween n1ean dept h 
and nit rogen and total phosphorus was 
observed in the Northwest Region. 

MAXIMUM DEPTH 

+ Mean depth 
t Water clarity 
- Nitrogen 

Chlorides, inorganic phos
phorus ( impoundr::~ent~ ) 

Turbidity (seepage lakes , 
drainage lake:s and low alka
linity lakes) 
Total phosphorus (drainage 
lakes) 
Color (drainage lakes ) 

- Chlorophyll a (low alkalinity 
lakc:s and low chlorophyll a 
lakes) 

The association of maximum depth 
with nitrogen is genually more pro
nounced than its as:;ociatian with phos
phortlS. This may be related to the 
higher coefficients of variao:;ion in t.he 
phosphorus concentrations (See Ta
ble 33}. A ra ther unusual r~lationsh ip 
exists between maximum d~pth, mean 
depth and area. As demonstrated ear
lier. maximum depth and mean depth 
were oft.en highly related. as were area 
and meau depth. Yet, where these rela
tionships were the stronges;;, the rela
tionships between maximum depth and 
area were at best only weak. The in
verse of this situation was also true; the 
maximum dept.h-arf:a relationship was 
strongest where Lhe mean depth-art~a 
relationship was weakest. The reasons 
for. and t hL> significan ce of, :his appar
ent anomaly are unknown. Both natu
ral lakes and drainage lakes are .~imilar 
in this respect.. The significance of 
maximum depth as it relates t.o stratifi
cation and the channeling of nutrients 
in Jake systems was discw;sed f'arl ier 
(General Character;;lics - Lake 
Morphometry l. 

Water clarity was positively corre
lated with maximum depth in all re
gions except the Central Region. Chlo
rophyll a, turbidity and nitrogf'.n were 
all inversely relat<>d to maximum depth 
in Lhe Northeast Region. Nit.rogen and 
phosphorus were weakly related to 
mean depth in the Northwest and 
Southeast regions. but such was not the 
case in the Cen tr<AI and Southwest re
gions. A positive correlation of pH 
with mean depth was also found in the 
latter two regions. 

SHORELINE DEVELOPMENT 
FACTOR 

- No overa ll sti'Ong correlations 
+ Area (seasonal data, im

poundments, seepage lakes 
and low chlorophyll a lakes) 

+ Mea n depth ( im po und 
ments ! 

+ M.aximum depth 



Magnesium, alkalinity (sea
sonal data and impound
ments) 

The $ignificance of the shoreline de
velopment factor tthe ratio oi the 
shoreline perimeter divided by the cir
cumferenc~ of a cin:le with the same 
area as the lake) and its relationship to 
other water quality chara.·~te.ristics 
does not appear lobe great. Other rae
tors 1. mean depth, watershed size, etc.) 
apparently outweigh the impad of this 
parameter. 

COLOR 

- Water clarity 
Mean depth {drainage lakes) 
Maximum depth (drainage 
lakes) 
pH (drainage lakes) 

+ Chlorophyll a, chlorides, t:al
cium (low chlorophyll a lakes 
and low alkalinity lakes) 

St.ron~ correlations between color 
and water clarity were ob,;erved in all 
subsets of data {see also discussions by 
Anthony anJ Hayes 1964 ). A weak as
so~iation with nitrogen is evident in 
m~~st subs~ts (see also Appt~nd. A). 

Some regional differences concern
ing colc>r were noted. ~echi di~;c and 
color were strongly relat•'d in the 
Northeast and Northwest regions. but 
olher ractors were apparently mure im
portant or overriding in the oth(>r re
gions. Color was also strongly assocj
ated with cbloruphyll a in the 
Northeasl Region. and with organic and 
total nit.rogen in both the Northeast 
and Northwest regions. In the South
east Region, color was stl'Ongly associ
ated with calcium, magnesium and al
kalinity, while in the Southwest Region 
the opposite was true. In bolh regions, 
wlor was inversely related to pH . 

WATER CLARITY (SECCHI 
DISC DEPTH) 

+ Mean depth 
+ Maximum depth 

Color 
Chlorophyll a 
Turbidity 

- Nutrient:" 
+ pH (impoundments) 
- chlorides (impoundments) 
- chlorides, calcium. magne-

sium, pH and alkalinity (low 
color lakes) 

The relationship of water clarity to 
various ph~ical and chemical factors 
has been discussed elsewhere (see 
Trophic Classification - Factors Af
fecting Water Clat·ity). An unusual as
soc.iation is the relationship of water 

clarity and pH, which were positively 
correlated in impoundments and nega
tively correlated in lakes with mea
sured color levels less than 40 units. 
Color and pH were negatively cmTe
lated in impoundments as were color 
and water clarity. thus pH and water 
clarity were directly related. This is 
the oppositt:-. of findings reported by 
Kwiatkowski and Roff (1976) for 
northern Ontario lakes that had a pH 
below 6.0 nnit.s, where a strong inverse 
relationship was noted. While this in
Vt:'T$P relationship appeared in the low 
color lakes, the mean pH for this group 
of lakes was 7.1 units (Table 13), 
which is not. significantly different than 
lakes wit.h high color levels. The signif
icance of t,he~e differ~>nces is uncertain. 
The fact that water clarity was 
strongly correlated with all other pa
ram~:"ters in the low color data subset 
indicates that color may severely inter
fere with the interpretation of results 
among the other data subsets. 

Fairly consistent associations of 
water clarity and turbidity, nitrogen 
and phosphorus were c.ommon to all re
gions. Water clarity was negatively 
correlated with calcium in the South
ea.~t ami Central regions and with alka
liniLy in the Soulhcasl Hegion. This is 
consistent with other studies which 
have demonstrated that excess calcium 
in the forrn of eol!oidal particles may 
arrect the penetration of light in the 
water column (Hutchinson 1975, 
Kwiatkowski ar,d El-Shaarawi 1977). 

CHLOROPHYLL a 

- Water clarity 
+ Nutrients 

Chlorides (impoundments, 
low alkalinity lakes and low 
color lakes) 
Mean depth (seepage lakes 
and low alkalinity lakes) 
Turbidity (low alkalinity 
lakes and low chlorophyll a 
lakes) 

- Ma.'<imum depth (low alka
linity lakes and low chloro
phyll CJ lakes) 

There are se\·eral weaknesses inher
ent with the use and interpretation of 
chlorophyll a data. Chlorophyll a:cell 
volume ratio~ differ among algal gen
era and species, and among the same 
speeies under differing environmental 
con<litions or at different times of the 
year. Despite these problems, ~~h1oro
phyll a gives a general indication of 
the amount of algal biomass present in 
the lake water at the time of sampling. 
This valUE! may or may not be repre
sentative of a lake's average summer 
algal concentration due to fluctuations 

common in phytoplankton biomass. 
Nenrtheless, certain relationships 
with ot.her parameters (repre!:lenting 
exis~ing conditions coincidental to eol
lection of the chlorophyll a sample '; are 
evident. fn addition to th':' Seechi-chlo
rophyll a and chlorophyll a-total 
pho::;phorus. relationships which have 
been previously discusl\ed (Trophic 
Classification - Factors Affecting 
Lake Trophic Status), there are a 
number of other relationships. Among 
these are the direct c.orrelation of chlo
rophyll a and chlorides in low alkalin
ity lakes, low color lakes and impound
ments. Nitrogen and turbidity 
appeared to b~ better correlated with 
chlorophyll a than with total phos
phorus in low chlorophyll a lakes. A 
weak association was notr.d between 
rhlorophyll a and alkalinity in low al
kalinity lakes. 

Regional comparison of chloro
phyll a with other characteristics 
showed similar relationships, except for 
!.he negative correlation of rhloro
phyU n with magnesium, pH and alka
linity in the Sou theast Region. The rea
son for this difference is unknown but 
may be related to higher magnesium 
levels in this region {Fig. 22J or tc the 
impact of the mac:rophyte commun
itie~. 

CHLORIDES 

+ Calcium 
+ Magnesium 
+ pH 
+ Alkalinity 
+ Nutrients 

+ Turbidity (seasonal data, im
poundments and low color 
lakes) 
Mean and max.iruum depth 
(impoundments) 

+ Color (low alkalinity lakes) 
Chlorides were generally associated 

with nutrients and other ions. The as
sociation with color in low alkalinity 
lakes is unexpected and can not be ex· 
plained by us. As previously indicated, 
chlorides were negatively correlated 
with depth in impnundment.s. 

CALCIUM 

+ Chlorides 
·t- Magnesium 
+ pH 
+ Alkalinity 
+ Nutrient:> 

+ Turbidity (seasonal data) 
Mean depth (impound
ments) 

+ Color (low alkalinity 
lakes) 81 
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Calcium shows a strong positive 
correlation with almost all other water 
Quality parameters; a notable excep
tion is in low alkalinity lakes where the 
relationship of calcium with organic 
and total nitrogen falls off. However, 
increasing calcium levels generally ac
company increasing levels of inorganic 
and total nitrogen (Append. A). 

The regional comparisons again 
show the Southeast Re~on to be 
slightly different than the others i.n 
that calcium and pH were negatively 
correlated. 

MAGNESIUM 

+ Calcium 
+ pH 
+ Alkalinity 
+ Nutrients 

Shoreline development factor 
(seasonal data and im
poundments) 

+ Turbidity (seasonal data and 
impoundments) 
Mean depth (impoundments) 

- Water clarity (low color 
lakes) 

As would be expeded, correlations 
between magnesium and other parame
ters were similar to those for calcium. 
Most associations were significantly 
positive, except where negative corre
lations with organic and total nitrogen 
were found in the Southeast Region. 

Considerable overlap in rnean mag
nesiwn content exists between lake8 
with low and high levels of phosphorus, 
but Jakes with medium phosphoru8 
content have significantly lower mean 
concentrations of magnesium than 
high phosphorus lakes (Append. A). 
Tllis apparent "dip'·, which was also 
noted for calcium, was repeated in the 
magnesium-inorganic nitrogen rela
tionship. Highest magnesium levels 
(19 mg/1) were found in lakes with 
big.h inorganic nitrogen. Lakes with to
tal nitrogen greater than 1 mg/1 had 
higher magnesium levels than lakes 
with low total nitrogen. 

pH 

+ Chlorides 
+ Calcium 
+ Magnesium 
+ Alkalinity 
+ Turbidity 

+ Phosphorus (random lakes) 
Color (impoundments and 
drainage lakes) 

+ Water clarity (i.mpoun.d
ments and low color lakes) 

Generally, pH correlations were 
highly related to alkalinity conditions. 
A significant difference was found in 
the pH of lakes which bad low levels of 
total phosphorus and inorganic and to-

-;;; 
c:: 

2.. 
r 
a. 

10.0 

9.0 

8.0 

7.0 

6.0 

9.0 

8.0 

-;;;- 7.0 

r 
0. 

6.0 

4.0 

• • 
• •• •• • • • •• • • 

•2 •• 2. • ••2• 
•• 2 2 22•22.3 • • 

• 2 •232 3 •2••2 
• 22368233• • 
2365762 
•. '\32•• 
4+.)• 
7~5 •• 
3 

•+• • 
55 • 
55 
62• • 
•• 

•• 
• 

NORTHEAST 

• • 
• 

0 60 120 j80 240 
ALKALINITY (mg/1) 

NORTHWEST 

• • 
• • 

• • • • • • 
• 

• • 
• • 

• • • • • • 
• • • •••• • • • 

• 2 2•452.•53 3 • 2 •• 2 • 
•365 •• •3• • 2• •2 

2 5•44433•4 • 
428+55••22 • 

•36S332• 
•3+84• • 
+7•• 
8 7, 

•5• 
• ·r 

•3 
• 

5.0J 
0 30 60 90 120 

ALKALINITY (mg/1) 

FIGURE' 71. Relationship of pH and atkalinilll inji~ 
Wisconsin regiotts (ra-ndom data set). 

150 



9 .00 CENTRAL 
tal nitrogen vs those lakes with high 

• levels (Append. A). The correlation of 
pH with nitrogen and phosphorus was 
poorer in impoundments and drainage 

• • • • lakes than in seepage lakes. Whether 
8.40 • this was influenced by the generally • •• • •• • shorter retention time of impound-

~ 2• • • ments and drainage lakes or the differ-
c; • • •• • • • ences in other characteristics in these 3 7 .80 • •• • 2 • types of lakes is uncertain . The nega-J: •• • • • • 0. tive correlation of pH and color was • • previously disc-ussed. • • Of regional significanee was the rela-

7 .20 • tively poor correlation of pH with ni-
trogen and phosphorus in the North-
east, Central and Southwest regions, as 

• opposed to the strong correlations evi-
6 .60 dent in the Northwest Region and the 

0 50 100 150 2.00 250 
slightly negative correlation with total 
phosphorus in the Southeast Region. 

ALKALINITY (mg/1} Summaries of the regional data (Ta-

9 .60 
ble 39) and plots of pH vs alkalinity 

SOUTHEAST for each of the regions (Fig. 71) pro-

• • • vide a clearer picture of the interrela-
• tionship of these two parameters. The 

• Southeast Region was different than the 
9 .00 • • others with an apparent negative rela.-• tionship of pH to alkaunity. The low 

• correlation (negative) between pH and 
• alkalinity in the Southeast Region ap: 

-;;; 8.40 • pears to be a statistical anomaly ere-
2 • • ated by the B-10 lakes with pH values ·c: • •2• • • • •2 2 3 • above 8.5 and the lack of low a)ka.Jin-• •• ••• • J: ity-low pH lakes in the region. The a. • 2 •• • • 

7 .80 • • •• • • • •• 2 • Northwest Region had a similar number 
•• • of high pH lakes (although at lower al-• kalinities) but also bad enough low pH-• low alkalinity lakes to provide a 

7 .20 stronger positive correlation. Most of 
• the high pH lakes in the Northwest Re .. 

gion were located in Polk County 
where sampling followed a period of 

6.60 warm, humid weather. Algal blooms 
were evident in many of the lakes, but 

0 60 120 180 2.40 300 no correlation was found t<J link high 
ALKALINITY {mg/ I) pH with chlorophyll a or nutrient 

10 .0 
concentration. 

SOUTHWEST It is quite obvious that the pH-alka-
linity relationship is nonlinear in form 
(Fig. 71 ); thus, discussion of the rela-

• tionship based on correlation coeffi-
9 .0 cients alone is of questionable value. 

• The decrease in pH with alkalinity be-
comes very steep in the lower alkalinity 

• • ranges, but scatter in pH values 

~ 80 • changes very little . This relationship is 
c • • •• • similar to the findings of other investi-

2 • • gato:rs and is important in showing the 
J: •• • natural variability between the two 0. ••• • 

70 2 parameters. 
• 

2• 
• ALKALINITY 

6 .0 3 + Chlorides • 
+ Calcium 
+ Magnesium 
+ pH 

5.0 + Nutrients 
0 50 100 150 200 250 Shoreline development factor 

ALKALINITY {mg/1) ( seasonal data and im-
poundments) 83 
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TABLE .19. Thl' rel11tionship between pH and lolal alkalinity in fit:e Wisconsin regions. 

pH-Alk 
Area .,. 

Nort:heast IWgion 0.679 
Northwrsl R~:gion 0.717 
C,mtr;·\1 Region 0.491 
Sout lieasl Region -0.261 
SoutliwPSl Region 0.73S 

+ Turbidity (seasonal dat2., im
poundments and low alkalin
ity lakes ·) 

- Mean depth ( imroundments) 
+ Area (low alk;tlinity Jakes I 
- Water clarity (low color 

lakes) 

While alkalinity v:as directly re
lated to nutrients and Dther ions in 
Wisconsin lake waters, its relationship 
with chlorophyll a was weak (best in 
impoundments where a few very high 
values had great signi[icance, and in 
!ow alkalinity lakes). The relaLionship 
betwecm alkalinity and water clarity 
was best in Jakes with low color. Alka
linity is sometimes used as a rough indi
cator of lake trophic status, but it i.~ not 
a very accurate or reliable one for Wis
consin lakes. 

Statewide, the relationships be
tween alkalinity and chlorophyll 11 aml 
lutal phosphorus were not significant 
in low ehlorophyll o lakes. Alkalinity 
and tol:ll n itrogen were significantly 
relal~d (\i5'!:o C.l.l in these lakes, and 
chlorophyll a was more highly related 
to toLal nitrogen than to total phos
phorus. Extensive evaluation of ehlo
rophyll a and alkalinity relatiom;hips 
1 plots) gave no inuication as to what 
factor.s caused lhe poor relationships 
between the two parameters. 

Reg ional distinctions included a 
strong positive corre.lat.ion between al
k«linity and chlot'OJ)hyll a in the 
Northwest and Southeast regions. Thf< 
reason why the.c:e regions are different 
is not known, Lut. it could be related to 
higher iron levels in the northern Jakes 
or precipil.alion of phosphorus with cal
cium carbonate in the southern Jakes 
(see Gessner 1939 ). 

TURBIDITY 

- Mean depth 
Wat•"r clarity 

-r- pH 
+ Nutrients 

+ Calcium (r:HJdom data, sea
son~] dat.a, impoundments 
and low color lakes) 

- l'viaximum depth (seasonal 
data, t;t'epage lakes, drainage 

Median Minimum Maximum Mean 
pH 

7.1 
7.0 
7.9 
8.0 
7.2 

Alk 

Z2 
l8 

124 
160 
42 

~~-~lk pH Alk pH i\lk 

-1 .3 1 8.9 22·1 6.9 37 
5.1 1 9.6 133 7.0 27 
6.7 12 8.9 lfiO 7.9 122 
7.1 51 9.4 290 8.1 173 
5.7 2 9.2 202 7.2 67 

lake~ and low alkalinity 
lakes) 

+ Chlorides (seasonal <lata, im
poundments and low color 
lakes\ 

+ Magnesium (seasonal data, 
impoundments and low color 
lakes) 

+ Alkalinity (seasonal data, im
poundments, low alkalinity 
lakes and low color lakes) 

+ Chlorophyll a (impound
ments, low alkalinity lakes 
and low chlorophyll a lakes) 

Turbidity was generally positively 
related to all other charadt:ristics, ex
cept for t.hE negative relation~hips with 
water clarity and depth. 

Mean turbidity levels incrt-as~:>d 

with increases in total phosphorus and 
inorganic and total nitrogen (Ap
pend. A). Relationships between tur
bidity and nitrogen and phosphorus are 
undoubtedly due to a number of com
plicated an<i interrelated factors, in
cluding land surface runoff to l<okes and 
the resm;pension of laki' bottom 
material. 

&gional compariwn~ revealed lit
tle in the way of sip,nificant diJferences. 

ORGANIC NITROGEN 

Mean depth 
Ma;(imum depth 
Wat"r clarity 

+ Chlorophyll a 
+ ChlMides 
+ Calcium 
+ Magnesinm 
+ Alkalinif.y 
r Turbidity 
+ Other nutrients 

+ pH (natural lakes and low 
color lakes :! 

Organic nitrogen was highly related 
to most other hl't' eharacteristi•:s. Or
ganic nitrogen levels were considerably 
higher in lakes with total pbosphun.1s 
~rt'att>r than 0.03 mgil (A ppeod. A). 
Low organic nitrogen levels were a~so
ciated with low inorganic nitrogen and 
low total nitrogen levels (Append. A). 
In low alkalinit.y lakes, the rel;<tion-

SD N 
pl! Alk pH Alk R2 

0.89 40 243 2.1::1 46% 
G.71 25 282 282 51 ·v., 
0.38 40 44 4·1 2·1 % 
0.48 55 61 61 7% 
0.81 65 30 30 54'X, 

ships bPtWI"en organic nitrogen and 
chlorides, c.akium, magnesium and I"JH 
were weaker, which may be an artifact 
created by lower variations in these pa
rameters in low alkalinity lakes. 

Regional relationships of organic ni
trogen showed strong correlations with 
chlorophyll a in the Northwest , 
11.' ortheast and Southeast rE:gions, but 
not. in the Central and Southwest re
gions. The apparent poorer correla
tions in the latter two rc·gions rnay not 
he real and could he caused by the low 
range of valul:'s in the Central Regiou 
and high flushing r:'l.tcs and light limi
tation in the i mp(•undmPnts of the 
Sou!.hwest Region. 

TOTAL NITROGEN 

Mean d~pth 
Ma:dmum depth 
Water clarity 

+ Chlorophyll a 
+ Chlorides 
+ C;llciwn 
+ Ma~nesium 
t A \k;il\nit.y 
+ 1'mbidity 
+ Otl1er nutrients 

+ pH (low color lal,e<· l 

Total nitrogen concenLrations in 
Wisconsin lake waters correspond 
quite well to olhcr lake characteristics. 
&•me important total nitrogen associa
tions are :::.hewn in the comparisons of 
lakes with differing levels of total phos
phorus and organic ni t.rogen ( Ap
pend. A). Total niLrogeu appears to be 
a fairly good indicator of o•Jerall lake 
wat.e.r quality, but variability makes 
delineations of trophic index leveJs dif
ficult ( fi'ig. 72). 

Total nitrogen was not well rel,.ted 
to chlorophyll a levels in either the 
Central or .Southwest Region, but it was 
related to chloride levels. As would be 
expected, the~e relationships are simi
lar to those noted for organic nitrogen. 

INORGANIC PHOSPHORUS 

Water clarity 
+ Chlorophyll a 
+ Chlorides 



+ Calcium 
+ Magnesium 
+ Alkalinity 
+ Turbidity 
+ Other nutrients 

+ Area (random data) 
- Mean depth (seasonal data, 

drainage lakes and low color 
lakes) 
Maximum depth (seasonal 
data and impoundments) 

Inorganic phosphorus was posi
tively correlated with other lake char
acteristics. The weakest correlation 
was with pH, particularly in impound
ments and drainage lakes. A dear rela
tionship exists between inorganic phos
phorus and total phosphorus, and 
inorganic nitrogen and total nitrogen 
(Append. A). 

Significant correlations with all pa
rameters were evident in the North
west R~gion, while in the other regions 
the relationships between inorganic 
phosphorus and chlorides, magnesium, 
pH, and in sotne cases alkalinity were 
not as good. 

TOTAL PHOSPHORL!IS 

- Mean depth 
Water clar'ity 

+ Chlorophyll a 
+ Chlorides 
+ Calcium 
+ Magnesium 
+ Alkalinity 
+ Turbidity 
+ Other nutrients 

+ Area (random data) 
- Maximum depth {seasonal 

data and drainage lakes) 

Generally,. total phosphorus was di
reGtly correlated with other water qual
ity determinaJl·ts; most of these have 
been d i.scussed previously under other 
headings and in t he sect ion of the re
port discussing factors affecting nutri
ent cont:entrations ( Tmphic Classifica
tion - Factors Affec t ing N utr.ient 
Concentrations). Phosphorus and ni
trogen appear to be highly co-assod
ated (Append. A) . The fact that the 
weakest total pho~phoms corretation 
appears to be with pH, especially in im
poundments and drainage lakes, ma y 
support other evidence tha t a lake's 
watershed has a significant impac t 
upon lake pH. 

Strong positive correlations be
tween total phosphorus and all other 
characteristics were found in the 
No~tbwes l. Region., while correlations 
were poorer with magnesium, pH and 
a lkalinity in other regions. A negative 
correlation between total phosphorus 
and pH was found in the Southeast Re
gion, indicating possible sedimentation 
or precipitation of phosphorus with ris
ing levels o( alkalinity (primarily due 
to high magnesium levels). Many of 
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the lakes in this region are large and 
deep with high hydraulic loadings. The 
overal.l trophic condition or water qual
ity of southeast Wisconsin lakes, in 
view of the high phosphorus loading 
from their watersheds, is generally bet
ter than might be expected . The rea
sons for this apparent anomaly are un
clear, but may be attributed to a 
combination of factors including the 
physical morphometry and higher 
magnesium levels in southeast Wiscon
sin lakes. 

DISCUSSION AND 
SUMMARY 

The interrelationships expressed in 
Appendix B are undoubtedly masked 
in many instances by the composition 
of the lakes in the particular subset 
{and their associated characteristics) . 
Thllil, many relationships may be "hid
den'· by other overriding factors. Like
wise, some of the relationships ex
pressed as significant in Appendix B 
may purely be the result of their non
random distribution (speaking in terms 
of parameter values not geographic dis
tribution). The relationships and cor
relations are based on the assumptions 
that the data are normally distributed 
and indeed linear. Figure 72, a plot of 
chlorophyll a vs organic nitrogen for 
the random survey data, shows that 
while the ~orrelation. co.eff!~ient 
(r=0.442; .R == 19.5'~'o) 1s s1gmf1cant 
(P >0.001 ), the scatter and skewed
ness in the relationship are great. A 
plot of chlorophyll a vs organic phos
phorus for the random data set illus
trates a similar problem (Fig. 73). Re
ducing the data base to natural lakes 
only (Fig. 7 4) improves the correla
lion , bul does little to improve the 
value of the relationship in terms of its 
predictive capabilities. Even associa
tions with hi~her coefficients of deter
mination (R ) display a great deal of 
scatter. Figures 75 and 45 demon
strate the weaknesses of correlation co
efficients for purposes other than gross 
generalizations concerning the rela-



tionships between characteristics. 
While R2 values were very high, chlo
rophyll a ranged from very low to high 
within different ranges of both inor
ganic and total phosphorus values. In
corporahon of a third fact-or in the 
analysis might help explain some of the 
scatter in many of the reldionships. 
For example, some evidence mpporting 
nitrogen limitation in natural lakes is 
given in Figurf' 45. Blimination of low 
nitrogen:phosphorus ratio lakes would 
undoubtedly improve thi:; relationship. 

A number of the relationships are 
definitely nonlinear, in which case 
transformations of the data would 
probably result in improved correla
tions ( l' xamples are Figs. 76, 77 and 
37). Restrictions on data sets also 
present problems. Particularly note
worthy is the bias interjected by re· 
stricting the data set to low chloro
phyll a lakes and the apparent 
impro2ement in R2 values (Fig. 77 ). 
The R for the same relationship for all 
data was only 8.7':'~;. 

Determining which transformation 
to us~ to obtain the highest correlations 
can be a time-consuming task and quite 
often is academic, since a great deal of 
scatter remains regardless of the trans
fonnation made and transformations 
may do little to improve the predictive 
ability of the resulting linear regression 
analysis. 

Log-log transformations, often used 
in this effort, reduce the importance of 
large values and quite often succeed in 
"normalizing" the data. This method 
often failed to improve the predictive 
value of the resulting equations 
because the basic relationship between 
the parameters is not affected. Log-log 
transformations of selected relation
ships vary in their impact on the corre
lation coefficients (Table 40). The log 
transformation had little effect on the 
total phosphorus-chlorophyll a and 
water clarity-color relationships, while 
R2s increased in other cases. For our 
data set, the enormous number of pos
sible transformations of the data, com
bined with the large number of data pa
rameters, prohibits detailed discussion 
of many of the interrelationships. 

FIGURE 76. Relaliotl.Ship of organic 
nilrogen to Secchi disc (natural lakes, 
random data sel.). (middle) 

FlGUUE 77. Relationship of chloro
phyll a to Secchi disc (natural lakes, 
low chlorophyll a leve/.s, random data 
set). (bottom) 
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TABLE 10. Correlation coejficients (r)jor selected parameters, Log10 
transformed (above) and not tra.nsjormed (below)( rmulom date. sel, sum
mer data). 

Log~ 
Log~o LogJ'h Secchi isc 

Chlorop yll a •rota 1 Depth 

L0g10 Chlorophyll a (j.!gjl) 
L0g10 Total P (mg.' ) I 0.568 
Log\0 Secchi disc depth (1m) -0.731 -0.570 
Log1o Color 0.347 0.192 -0.540 

Seccbi Disc 
Chlorophyll a TotaJP Depth 

Chlorophyll a ( Jig/ \) 
To t:al P (mg{l) o.sgz 
Se.::.chi disc deplh (m) -0.27] -0 .287 
Color 0.054 0.047 -0.445 

2.80 • N = 504 
r = -0.418, R2 = J7.5% 
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Water quality 
infonnation on some 
Lakes spans several 
decades, but in 
general there is not 
enough data to 
determine trends 
(above, E. A. Birge at 
Trout Lake in the 
1920's and below, 
authors collecting 
samples in the late 
1970's). 

HISTORICAL TRENDS IN LAKE 
WA-rER QUALITY 

89 pH alki!liuity 
91 Chloride 
95 Sulfate 
95 Nuldeul.s 
97 Major cations 
97 Water clarity 



We assembled and examined histor
ical dat:a r:<n Wisc.onsin Jaki!S in eon
junct ion wit.h o1u- data in order to pro
vide a referenci! source for luture 
inves tigations and to note whatev r.·r 
trends appean~d to be developing. 
Th,' re are several recognized problems 
involved in positively id~ntirying 
water quality trends in lak:es, even 
though there ar.;> probably morP histor
ical water quality data on Wisconsin 
lakes than exist in any othPr .;:tate. De
spitt this .-lata uase. long-tenn chemi
cal ollld biological changes in water 
qua lity are very difficult and, in many 
instancPs, impossible to ascertflin 
(Stewart 1976, Lehner et al. 1980, Lillie 
and Mason EJSO) . The reas(Jn for th is 
in many eases is that data have fll>t 
been colleded regularly enough to al
low for diiferentiation betwN·n long
term trend~ and normal <tnnual, sea~ 
sonal, and diurnal variability. Further
more, diff1'l't>flC(':> in sample coll~et.ion 
andjor analy~is often make eompari
sons of data inappropriat.P.. In addition, 
the imprecision of some· laboratory pro
cl•dures results in wide ranges of values, 
t.hereby precluding detection of subtle 
water quality changes. 

Not<1ble exceptions to t hPSt' general 
ob~erva t. ions regarding historica l 
trends ar~ found in those few laket; in 
the ~tate that hnve been directly im
pacted by sewage discharges. Exam~ 
pies of lbe::;e are Snake Lake , Vilas 
County. and the Ya hara chain of lakes. 
Dane County. Arter a treatment plant 
for the Village of Woodruff began dis
charging to Snake Lake in 19~2, signifi
cant increases in nitrogen, phosphorus 
and chloride were found (Mackenthun 
1952 ). The impact of sewagt> effluent 
on the Yahara Ja kes and the changes 
that oceurred whP.n discharges were 
eliminated have been doeurr.ented by 
Lathrop and Johnson 119'79). 

We concluded that further detailed 
statistical comparisons of current and 
historical water quality dat~ beyond 
those previously made by other investi
gators generally were not warranteJ . 
We are presenting a synopsis o[ our his
torical data assessment and discussing 
only those water quality indicators on 
which the most historical data ex ist~. 
Lakes where lbe long-t.erm data base is 
the gr(~atest are examined as best evi
dence for det.ennining whether or not 
water quality r~ hanges are oc<:urring in 
Wisconsin lakes. 

pH - ALKALINITY 

Because of the eunt~nt interest in 
the possible impact of acid deposition 
on Lhe state's water rtwurces, analysis 
of available pH and alkalinity data on 
Wisconsin lakes bas been made in re
cent years to determine if changes have 
taken place ( J.R.hner et al. 1980. Lillie 

and Mason 1980, Magnuson et al. 
1981 ). Efforts centered on no!'thern 
soft water lakes. since these are consid
ered to be most sus.:eptible to acid dep
osition. Magnu~on et a!. (1981 ) com
pared 1979-80 pH and alkalinity 
measurements of 61 northeastern Wis
cons in lak(~S with 1925-41 values for the 
same lakes that were taken from the 
arcl1ivt>s at the University of Wiscon
sin-Madison. Alkalinities in the sam~ 
pled lakes Wt're in many cases slightly 
higher in 1979-80 than in 1925-41; pH 
appeared to bt- unchanged in lakes 
where values Wf'l'l' between 5.7 and 6.9 
during the earlier pniod, but increased 
in lakes wilh early pH's between 7.0 
and 8.5. Baker and Magnuson (19?6) 
reported a slight increase in pH and al
kalinity of Crystal Lake in northeast
ern Wiscun ~ in from 1924 lo 1973, 
which was attributed to eutrophication 
processes. 

F:ven t.hough the pH and alkalinity 
data hasP on Wisconsin lab!s is rela
tlvP.ly ll'lf'&P, t.h·~ data are of limited 
value due to gaps over time, natural 
f!uct.ualions, and ll nanswered ques
tions concerning data. cumparahility. 
Determ inations of pH have been re~ 
ported to vary considerably depending 
on method used (colorimetric indica
tors vs d ectrometric ), espeeiaUy in wa
ters with low !J•.Ufering capacity, and 
alka linity \'a\ues can vary because. of 
differtcnres in titration procedures 
t Galloway et al. 1979, Haines 1980 ). 

The variants of :'ltal.istical change in 
Jakf' pH are best demonstrated by the 
data from four extensively studied 
Wi.;;consin lakes. Early published data 
(Juday. Fred. and Wil&ln Hl24, Birge 
and Juday 1927. Juday, Birge, and 
.Meloche 19:35. AllgE:ier. Hafford, and 
Juday 1!141. and Hile and Juday 1941 ) 
on Trout, Crys~al anu Nebish lakes, 
Vilas Count.y, and Devil's Lake, Sauk 
County. were compared with more re
cent Department of Natural Resources 
(DNR ) dat.a (DNR 19?2, Kempinger 
and Christenson 1978, and our data). 
The pH Jata comparisons did not show 
any trends as evidenced by linear re
gression slopes. An important observa
tion to be made from these compari
sons is the wide range of values 
reported for some of the lakes. 

Th~ summer pH profile data from 
each of the four lakes (which all ther
mally stratify) were combined ( by 
lake, not as a group) and the range. 
mean, and confidence intervals are 
shown in Figure ?8. Surface pH values 
for Trout Lake during? separat.e sum
mer observations (G different years) 
varied from 7.6 to 8.0 with an average 
pH value of 7. '1. Of primary signi fi
cance is the decrease in pH with depth 
and the narrow range of Yalues at 10 rn. 
Trout Lake has a mean surface water 
alkalinity of 4-4 mg;l and is the largest 
(3,816 acres] and deepest ( 11!3 ft ) ofthe 

(r_,nr lakes observed . The pH and alka
hntty of the lake appear t.o havl? a nar
row range for all ~asons when com
pared to the o~her th.ree lakes, probably 
due at least in part to its oligot.rophic 
stale and gn~at volume. 

The 14 separate sets ( 14 years) of 
s11rnmer pH profilt.•s for Devil's Lake in 
Sauh County frnm 1.920-78 also shO\\' a 
si~nificant difference between means of 
surface and bottom waters. A sharp dl'
c:reiise in pH oc<:urs between t.he epil im
nirm and hYJ)o!imnion . The range of 
sur!aee p II values ( 6.9-8.0 ) is greater 
lha~ that fmmd in 'frr.>ut Lake, which 
may be due to such factors as smaiJer 
size ( 351 acres). grea Ler fluctuations in 
water level, and higher trophic level. 

ln the Nebish Lake summer pH pro
file dat.a for 9~12 dates, there is a signif
i<.:ant differenee between surface and 
bott om pH means and the typical de
crease in pH with depth ( P < 0.05). 
Tht- variation in the data is apparent 
from the range of values (6.2-7.7) with 
a standard deviation about the mean of 
-• 0.49 pH units. Nebish Lake (91 
acres ) i~ smaller t han both Trout Lake 
~1nd Devil's Lake and has a lower alka~ 
lin i~y (avg . ~ 10 mg /1 ), 

Other seasonal sample means are 
given for comparison in the [JH profile 
data for Crystal Lake (5-7 dat.e:>). 
Crystal Lak1~, with a mean alkalinity of 
only 2 mg/1. bas an exi;remely small wa
tershl.'d and is unproductive. It shows 
the greatest variation in pH data of 
any of the four lakes- both at the sur
face (5 . .5-7.1 ) and the bottom (5.3-6.2). 
The profile representing the sample 
means is nearly ver t.it:.al, quitP different 
from the others. Also, the pH sample at 
the surfa<:e in winter is higher than the 
summer value. which is not typical of 
other Jakes . 

The pH profile data presented seem 
lobe ample evideoce that nat.ural fluc
tuations can be important. and are 
rnuch greater in :>orne lakl~s lhan 
others. 

Such natural pH fluctuations ob· 
scure attempt~ to detemlille whether OT' 

not lak e. pH changes hAve occurred 
over time. That fa<:t is further shown in 
Figlli'e 79. which gives reeent seasonal 
pH data for Cryst a l. Trout. and 
Devil's lakes. Each circle represents 
the surface pH value from only one 
datt< for each season. The data for 
Cry~tal Lake illustrate lhe danger in
volved in trying to make evaluations of 
tong-t.erm trends with t.oo little data . 
The 1972-74 clata show what appears 
to be a dl'amatit: drop in pH values 
from 6.8 to 5.5, followed by a return to 
6.8 t.he (r,IJowing winter. li sampling· 
bad c~ased with the 5.5 value, it might 
hnve seemed reasonabiP to conclude 
that a decrease in pH had occurred. 
Howt!ver, a check of earlier data pro
duced a surface pH value of 5.5 in the 
summer of 1932 t.Juday, Birge, and 89 



90 

pH UNITS pH UNITS 

5.5 6.0 6.5 7.0 7.5 6.0 6.5 7.0 7.5 8.0 
0-.-------~~-----~·------~~--~--~~------~-

5 

/ 
E I 

:I: 
I . 

10 I 
1- I 
ll. I w 
Cl I 

I 
15 

20 
CRYSTAL LAKE - VILAS CO. 

I 
J 

I 

I 
I 

I 

I 

I 
f 

f 
I 

3 

~6 
ll. 
w 
Cl 

9 

12 

\ 
I 
\ 
I 

l 

I 
l 

' l 
l . 
I i 
\! 

/.". 
.-: , .. 

/ ,". 

/ ." 
/ .· 

/ / 
;/ ,,. 

I i 
1: 
Ji 
l i 
I' 
f I . 

I 
I 

NEBISH LAKE - VILAS CO. 

I 
I 

I 

/ 

, 
; 

/ 
/ 

; 

j 
/ 

/ 
/ 

I 
I 

N 5-/ dalei. : 1932·1~ : "Co•JrC.e! IIS.tCQ Ill !e><l . 

Sutf.lce mean oH ·..,.""6.98;arc;~- 91 ~ere~; i\li<.al•ni\Y"" 

10' N- ~-12. d3ti:'S., 1932-/ B : >OiJ: CCS. ll S ~ CC 111 t C :w: t . 

-10 
E 

:r 
~ 15 
UJ 
0 

20· 

25 

30 

pH UN ITS 

5.0 1;.5 7.0 7,5 

TROUT LAKE - VILAS CO, 

S{H ~,,,_ ~· tr\(:iH' p ~: 1 .7; a rea = J ,B 16 a Cr Bs ; 

atk,tln,•tv 4-e ; N "J d11 t a '!.; 1926-69 : s.out c~s 
II ~ [1') (1 Ill I ( · 1<1.. 

8.0 

~H UNITS 

6.0 6 5 7.0 7.5 B.O 
0.-----~----~----~----~----~-

'E 6 

::<: 
1-
0. 
IU 

a 9 

12 

DEVILS LA KE - SAUK CO. 
o - sa mol o moo ns 
Su: 11)C.O moar1 pH =± },-12; t~rl"..c) = 357 <\ere~, 

111~a11n1tv ; 221 N = 14: t920· JB: !.f) u,c.cs 
lt ~ t eCI jn texr . 

/ 
I 

I 
I 

I 

' I 

I 
I 

I 

; 
/ 

0 SUMMER MEANS 

[] SPR lNG MEANS 

e:, WI~ITER MEANS 

0 FALL. MEANS 

---RANCE: 

....... l so 

D RANGE OF POPULAT ION 

MEANS AT THE 9~% C .l . 
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Meloche 1935) and an extremely low 
surf ace value of 4.2 during the winter of 
1960 ( Poff 1961 ) . Trout Lake pH ap
pears to follow a cycle that repeats it
self. while there seems to be no pattern 
to the pH flux in Devil's Lake, wbich 
may be related to weather conditions 
and water level in the lake. These 
figures were constructed from discrete 
data lbat usuaUy represented only one 
samplingjlake/season. Sample site loca
tiong within Jakes can also influence pH 
measurements. Because of daily and 
seasonal nuctuations and possibly site 
location, these data points may not 
necessarily be representative of the 
whole lake pH during any given day or 
season . Daily fluctuations as great as 
.±.. 2.45 pH units have been reported (or 
lake waters (Philip 1927). 

Juday, Birge, and Meloche (1935) 
found annual differences ranging from 

greater than 0.5 pH unit to greater 
than 1.0 pH unit in 73.5% and 30'Yo, re
spectivels , of the 24.5 lakes they stud
ied. The extreme case was a decrease in 
Adelade Lake (Vilas County) pH from 
8.8 to 6.3 between August 1925 and Au
gust 1929. 

These -variations in pH values and 
the complicated factors bearing on lake 
pH make it extremely d.ifficult to defin
itively assess long-term pH trends in 
Wisconsin's lakes. 

Alkalinity was fouJld to have in
creased in some northeastern Wiscon
sin lakes (Magnuson et al. 1981 ). Leh
ner et al. 119801 also observed tiUlt the 
most significant increases occurred be
tween 1960-62 and 1979. In compari
sons of previous alkalinity data on 
northwestern Wiseonsin lakes with our 
random survey data collected in 1979, 
this trend was not observed. 

Since very little alkalinity data were 
collected on northwestern Wisconsin 
lakes by Birge and Juday, the only pre
vious data set available for these lakes 
(other than miscellaneous fiFe data col
lected mostly by fish managers) is the 
Surface Water Resources publications 
for Northwest District counties (Wis. 
DNR 1961-78). An important consid
eration in comparing the Surface 
Water Resources data and our data 
sets is that tbe former were collected at 
various times of the year during the 
1960's and early 1970's, while the ran
dom survey data were all collected dur
ing the summertime; therefore, the two 
data set:s' are not directly comparable. 
Also, methods used in alkalinity deter
minations differed somewhat. In the 
surface water SUTVeys aJkalinities were 
titrated to either methyl-orange or 
methyl-purple endpoints around pH 
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4.7, whereas the random sample alka
linities were titrated potentiometri
cally to pH 4.5 endpoint. 

The distribution, mean, and stan
dard deviation of alkalinities for 256 
northwestern Wisconsin lake-s sampled 
in both surveys show no significant dif
ferences between data sets (Fig. 80). 
However, the data comparison did 
show more lakes where alkalinity ap
peared to decrease (55%) ~ther than 
increase ( 13% ). On this basis it is possi
ble that alkalinity of some northwest
ern Wisconsin lakes has decreased. 

CHLORIDE 

Beeton ( 1965) bas reported that 
chloride concentrations in Lake Michi
gan (and other Great Lakes) increased 
during the last century due to cultural 
effects. There is ample evidence that 
the same is true for inland lakes in 
southern Wisconsin. Because of the sig
nificant number of lakes of different 
type and with wide geographical distri
bution where chloride content is shown 
to have increased, it appears the trend 
may be general for lakes in the south
ern part of the state (Fig. 81). 
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Trend data on the southern Wiscon
sin lakes where Birge and Juday mea
sured chloride prior to 1910 indicate 
relatively little increase from the early 
1900's to about 1960 (Fig. 81). Since 
then, chloride levels appear to have in
creased at a steady rate, as best exem
plified by the Lake Mendota (Dane 
County) graph, which is based upon 
the largest data set available. Chloride 
levels in other important southern Wis
consin lakes have also increased 
sharply since 1960; even in Big Green 
Lake (Green Lake County), which be
cause of its great volume would be less 
lj,kely to show change, chloride concen
tr-ations are shown to be increasing. 
Data for the !ower three Jakes in the 
Yahara chain (Monona, Waubesa, 
Kegonsa), which received sewage efflu-

FIGURE 80. Comparison of alkalinity values in North
'wesl Dislmllakcs. 91 
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TABLE 41. Historical sulfate conc~n trations (summer) in some Wisconsin lakes (mg/1).* 

Southern Lakes Northern Lakes 

Big 
Arbor ~~lack 

Geneva Mendota North Okauchee Troul Crystal Vitae Oak Clear Johnson•· 
Walworth D;;ne Wauke:;;ha Waukesha Vilas Vilas Vila..~ Vilas Oneida Vilas 

Year County County Co!lnty COLmly 
~=-~~~~~~--~~~ 

Year Cottnly County Connty fr111nly County County 

1906 13 
\907 
1909 
1910 
1948 
HH!l 
1950 
1966 
1968 
1970 
1972 
1973 
1974 

34 
26 
28 
17 
29 

15 

4 
!1 
9 
9 

1975 32 18 
1976 21 
1977 25 
197.~ 21 14 

13 
H 
13 

33 
40 
30 

14. 

36 
36 
14 

1907 
l927 
1928 
1969 
1972 
1973 
1974 
1975 

6 
5 2 
3 3 
10 

2 

6 

*Data sourrH: 8irge and Juday ( 1906-10. 19ZS-41), Lee ( 1962), present study. 
HT!f!N R61': SPc. 34. 

ent from the City of Madison for many 
years, follow a diff,,rent. pattern. In 
Lake Monona, the trend toward in
crease in chloridt> apparently began in 
the 1940's, leveled off in the :ate 1960's 
and lhe 1970's, and in the future proba
bly will closely parallel that of Lakt: 
Mendota, its primary water source. 
Chloride concentrations in Lakes 
Waubesa and Kegonsa dropped signifi
cantly betw.' en 1917 and 1962, proba
bly due to diversion of sewage from the 
lakes in 1958 and subsequent fh1shing 
by water from the upper lakes with 
lower chloride content. Since 1962, a 
trend upward again is ~vident . 

The sour•'C.S of the chloride accumu
lating in southern Wisconsin lakl'S have 
not b!O'en d<:'finitely determined, but 
could include road deicing salt, human 
and animal wastes, water soft"ners. 
and natural deposits or even possibly 
airborne deposition. Road salt appears 
to be the most important factor be
cause increases in lake chloride content 
are closely aligned with rise in use of 
road salts in recent years. The impact 
of the increase in chloride or, lake eco
systems is unknown, but in itself is 
probably not significant at present 
levels. However, chloride has been re
garded by .~orne limnologists as a tracer 
element, and the fact that it is being 
contributed to lake svstems in southern 
Wisconsin in increasing quantities sug
gests that con t ributions of ot.her water 
quality contaminants, which poten
tially may be more harmful but cannot 
be as easily and accurately measured as 
chloride, may also be increasing. 

Chloride content of Vilas County 
lakes appears to be unchanged (Fig. 
8ll, exc:ept for such isolated cases as 
Sn2.ke Lake and Johnson Lake where 
increases have occurred. probably at
tributable to road salt and/or domestic 
wasles. This same situation undoubt
edly applies to ::~t.her areas of norlhern 
Wiscollsin; chloride content probably 
has not changed in most lakl's but has 
increased in a few that lie adjact-nt to 
major roadways and popu.lated areas. 

SULFATE 

Trends in sulfate concentrations in 
Wisconsin lakes are of interest because 
of the role of sulfate in eutrophication 
and acidification proct>sses. However, 
historical sulfate data on Wiseonsin 
lakes is very scanty and inconsistent. 
Because Beeton (1965 ) found sulfate 
levels had increased in all of the Great 
Lakes except Lake Superior over the 
past 100 years, it might be expected 
that suHate concentrations have also 
inaeased in inland lakes. but trends 
c.annot be determined due to the scar
city of data. Table 41 shows summe1· 
sulfate lt>vels ln three southeaste-rn 
Wi.sconsin lakes- Geneva, North and 
Okauchee - were generally higher be
tw~n 1966 and 1978 than they were 
before 1910. However. data are sketchy 
and great variation in concentrations 
are evident. Similarly, data for Lake 
Mendota are ineonsistent. al1 hough 
sulfate cancer t!'ations are mostly 
higher in recent yt'ars than in 1950 and 
earlier. The little data available on 
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northem Wisconsin Jakes suggest no 
change in sulfate levels since the early 
1900'.<;. /\n important factor to consider 
in assessing suJfate data is that until 
very recently the laboratory test for 
sulfate was relatively imprecise, which 
could possibly account for some of the 
variability apparent in the data in Ta
ble 4.1, and could mask small changes in 
suiJ'ate at the low levels generaUy found 
in northern \:Visconsin lakes. 

NUTRIENTS 

l t is a widely held concept that 
m;:ny Wisconsin lahA, particularly in 
the southern part of the state, probably 
have become increasingly more eutro
phie over the past century due to cul
tural activitifs in their watersheds. An 
increase in levels of plant nutrients, 
particularly nitrogen and phosphorus, 
in lake W<~ters is generally believed to 
be as:;ociated with the eutrophication 
proe•:•ss. While increases in nitrogen 
and phosphorus may in fact be occur
ring in some Wisconsin lakes, data are 
not available showing changes in lake 
nutrient conet·ntrations, aside from the 
lakes whi c-.h have been impade\1 by 
point-source sewage discharges. 

In the Vilas and Oneida County 
lakes with th,, longest hbtorical phos
phcrt\S record, great variahility but no 
trends in summer phosphorus levels are 
apparent (Tab! 42) . Th!O' surface (0) 
valu"s for Trout and Crystal lakes 
show the wide range in phosphorus con
centrations- from 7-,12 and '7-48 J.i&/1, 
respectively - reported for these two 95 



TABLE 42. Summer total phosphorus leoels (pgJI ) in some Vilas and OneitW County 
wkes. * 

Depth (m ) 
Date 0 5 9 10 15 16 20 22 24 25 30 31 32.5 

Trou 1- Vilas 

2.5 June 1926 20 20 20 25 
9 July 1926 19 

31 July 1926 15 15 15 18 27 
23 August 1926 22 20 20 20 30 30 
24 June 1927 18 
19 July 1927 17 
20 August 1927 18 20 20 20 20 w 33 
25 July 1928 18 

August 1928 15 
16 July 1929 12 
?:7 August 1929 10 
28 June 1931 17 

1 July 1931 22 
?:1 August 1931 13 
Z2 A ugusl 1932 12 
B June 1966 42 56 
I July 1966 24 36 

30 Augusl1966 22 60 
9 July 1968 26 26 13 50 

26 Augusl 1969 32 32 32 
2 September 1970 20 20 

25 June 1972 7 7 12 
23 August 1972 7 7 9 12 
20 Augllllt 1979 19 10 

Depth (m) Depth (rn) 
Date 0 i 5 10 15 18 Date 0 5 10 12 15 18 21 22 22.5 

Mu~kelluoge - Vila~ 1'omaha wk ·Oneida 
29 June 1926 26 29 June 1927 18 
20 August 1926 20 26 July 1927 20 20 2.2 24 38 40 
2 July 192'7 20 20 22 34 34. 8 August 1928 13 

?:7 June 1928 17 15 August 1973 20 20 20 
19 July 1929 13 l4 August 1974 20 20 20 
26 August 1931 18 20 August 1979 22 
5 July 1932 22 

25 Atl~liSt. 1932 17 Dept.h (m) 

31 July 1940 40 Date 0 5 8 10 15 18 20 23 24 25 
12 August 1973 30 30 Black Oak-Vilas 
8 Augusl 1974 30 50 

25 August 1926 19 J? 23 22 55 85 
15 August. 1927 17 18 20 22 110 
29 August 1928 15 
8 August 1973 30 20 60 
9 August 1974 30 .'lO 

Depth (m) 
Date 0 5 6 8 9 10 1 1.5 12 15 18 19.5 21 

Cryslul. \'ilas 
26 June 1926 15 15 15 18 20 
l? August 1926 15 15 15 15 
1 July 1927 14 14 16 18 18 

2B June 1928 12 
21 August 1928 13 
20 August 1929 ll 
14 July 1931 12 
6 June 1960 26 
6 June 1966 48 28 
1 July 1966 12 24 

30 August 19G6 22 52 
1 .Tune 1972 10 20 20 

25 .June 1972 5 5 6 13 
1 August 1972 20 20 40 

23 August 1972 7 8 6 8 12 
7 Augustl974 30 10 10 

22 Augu.st1979 19 10 

•Sources: Birge and Juday (1931 ), Juday, Birge, Kemmerer and Rob in ~on (l9Z7), 
Juday and Birge (1925-1941 data unpubl. ), Surface Water Resource~ SeriP-3, Poff 

96 
(1967 ), Lueschow et al. I 1970), EPA ( 1972 ), present study. 



TABLE 43. Surface cation concentrations of some soutlurn Wisconsin lakes, early 1900's ll8 recent limes.• 

Sample Ca MB Na K 
Lake County Dates Range Mean Range Mean Range Mean Range Mean 

North Waukesha 190&-09 31-47 37(4) 25-30 28(4) 2.4-3.4 2.9(2) 1.2-1.7 1.5(2) 
19?3-79 5~90 63(16) 27-60 39(15) <1-10 6 (18) 0.5-5.7 2.0(18) 

Mendota Dane 1906-10 17-29 24(6) 21-26 23(6) 2.7( l) 2.6(1) 
1975-79 2.2-37 30(26) 30·36 32(27) 5-19 8 (24) 2.3-10.8 3.4 (25) 

Big Green Green Lake 1907 16(1) 26(1) 3.0( 1) 3.1(1) 
1968--72 19-43 32( 14) 25-38 36(14) 5.8-14 7.9(16) 2.4-4.8 3.1(16) 

Geneva Walworth 1 ft07 18(1) 26(1) 4.6(1) 2.5(1) 
1974-78 26-49 35(33) 2&-43 38(33) 4.4-15 8.3(33) 0.9-3.9 2.1(33) 

Devil's Sauk 1908 3(1) 1( I) 
1973-79 3-15 8(21) 3-12 5(21) 

•Data Sources: 1906-10 - Birge and Juday (unpubL); 1968--79 - Water Resources Res. Sect. (unpubl.) . Number of 
different sampling dales in parentheses. 

lakes. The reason for this variation is 
not known, but such large and ~rratic 
changes in phosphorus concentration in 
two oligotrophic Vilas County lakes 
seern unlikely . Instead, differences in 
the laboratory procedures and r~sults 
of the various data collectors probably 
account for most of the variability ob
served. Similar lack of data and incon
sistencies were found in assessing the 
historical nitrogen data; therefore 
trends could not be determined . 

MAJOR CATIONS 

Historical data on major cation con
c~ntrations in Wisconsin lakes are v~ry 
sketchy, but comparison of Birge and 
Juday data wilh ours on some impor
tant sou them Wisconsin lakes .strongly 
suggests that an increase in calcium, 
magnesium, and sodium has occurred 
(Tabl~ 43). Also, a plot of Sl.lJ'face so
dium concentrations in La.ke Geneva 
(Fig. 82), although exhibiting a great 
deal of scatter in the data points. 
reveals an apparent upward trend since 
1966, whieh seems logical in view of the 
increa..o;e in chloride content of the lake 
over the past 20 years. Beeton (1965) 
reported an increase in cakium, so
dium, and potassium levels in some of 
the Great Lakes, further support for 
the evidence that cations probably are 
increasing in some sout.h~m Wisconsin 
lakes. 

Although Magnusoll et al. ( 1981 ) 
found an increase in al·kalinity of some 
northern Wisconsin lakes, which would 
be expected to indicate higher cation 
content, th~ data available do not 
demonstrate a change. The long-term 
calcium and magnesium data available 
on Trout, CrystaJ and Muskellunge 
lakes, Vilas County, indicate no sighifi
cant ·c·hange in concentration between 
the Birge and Juday period and 1960-
79 (Fig. 83). 
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I<'IGURE 82. St~rf(L(:e sodium levels in Lake· GetllOa, 
Walworth County. 

WATER CLARITY 

Water clarity is one of the most im
portant and easily measured water 
quality indicators, yet it is also one 
which generally showg great daily, sea
sonal. and yearly variability, espe<.:ially 
in biologically productive lakes. For 
this reason, long~term changes in water 
clarity are very difficult to pinpoint. 
For example·, Stewart (1976) analyzed 
the substantial data set available on 
Lake Mendota (Dane County), and 
while noting a possible trend toward re
duced water clarity in summer and bet
ter clarity in winter, he concluded that 
the data generally provided little evi
dence of increasing eutrophication of 
the lake. In comparing historical and 
recent water clarity data for Crystal 
Lake, Vilas County- a very oligotro-

phic lake on which a relativ~ly large 
data bas~ exists-Baker and 
Magnuson (19·76) found what they be
lieved to be a slight decrease in water 
clarity. 

Our exanlination of Secehi disc data 
on Wisconsin lakes showed that some 
data are available on a great many 
lakes, but in no case couJd definite 
trends ·be ob~rved . Plots of summer 
Secehi disc readings for three lakes·: Big 
Green, Green Lake County, Devil's 
Lake, Sauk County, and Trout, Vilas 
County) are shown in Figure 84 to iiJ ... 
lustrate the variability that occurs and 
some of the difficulties encountered in 
assessing trends. The Devil's Lake data 
seem to reveal a trend toward poor~r 
water clarity in recent years, but the 
onl:y two Secchi readings made in 1945 
and 1955 indicate clarity was about the 
same then as in 1977-80. It is possible 97 
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FIGURE 83. Surface calcium and magnesium concen
lralwn.s in sonu Vilas County lakes. 

the current trend could, therefore, be 
only temporary. For Big Green Lake, 
the 1980 Secchi reading (3 ft) was the 
worst ever recorded; however, previous 
data suggest no change in summertime 
water clarity between 1900 and 1979. 
Because only one reading was taken in 
1980, it is impossible to determine the 
significance of it on a long-term basis. 
Data for Trout Lake show no discerni
ble change in clarity, but long~time 

gaps when little or no data were col
lected preclude definite determination 
of trend. 

In summary, ooly sketchy and geo
erally insufficient data were available 
for determining historical trends in 
water quality of Wisconsin lakes; 
therefore, few trends could be posi
tively identified. In many instances the 
small amount of data available sug
gests that no recognizable water quali-

"' N 

~ 

"' N 
~ 

• 

• • 
• • • 

0 0 "' 0 "' 0 ,.., U) <D ,._ 1'- <XI 
~ ~ ~ ~ ~ ~ 

CRYSTAL- VILAS CO. 

• 
• • 

• • • • • 

" ~ ~ "' 0 "' ~ <D ,._ ,._ 
~ ~ !:!! ~ ~ ~ 

CRYSTAL - VILAS CO. 

I)At,a .ourc.~:~o· Bhl!i~ 
al\d Jud .ay (1. 4J0) ·401: 

0 
~llo!o(C WJIIIJ AC'11Ch.IJIOe1 

QJ of VII,U ~u4'\lY (1960..0~}1 

~ 
t),~nt &.tYOY· 

ty changes are occurring, but this does 
not pre<:lude the possibility that in 
some lakes subtle and long-term 
changes could be talting place. Even in 
c.ases where changes appear to be tak
ing place, no definite cause-and-effe<:t 
relationships can be established, and 
discussions of possible reasons for ap
parent changes can only be speculative. 
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CONCLUDING DISCUSSION 

Tlu! future water quality of Wisconsin's lakes lies in the wise 
management of our natural resources. Shoreline and lo.nd use 
management, nonpoint source pollution control, and control of to:r:ic 
wastes a.re all critically important elements in protecting 
Wisconsin's many lakes. 



GENERAL 

The substanlial amount of individ
ual lake data colle..:t.ed and analyzed 
during this 14-year lake sampling pro
gram shoulli be useful as a historical 
data base for evaluating future trends 
in water quality for tho8e lakes which 
were ell:tensively samrJled. Lack of a 
suffieiPnt. historical data basE has ham
pered past efforts to determine water 
quality trend.:; in Wigconsin lakes. We 
believe the large data set collected 
through this program may prove to be 
helpful to lake managers fo1· evaluating 
future water quality changes or trends. 

In addition. t.he data available on 
1.140 lakes should be of value in the 
process of select.ing study lakes, where 
lakes with particular charaderistic.c. 
aud background data are needed. 

Statistical data provided in this re
po!'t could a~isl investigatol's in the 
design and development of Jake sam
pling progr<>mS, as d~seribed by Dun
nette (19801 and Reckhow (197fu\, 
thereby economizLng on the time and 
money needed to obtain tr.e desired 
sampling accuracy. Of particular im
portanct' in the de:::ign of lake studies is 
that some parameters are much more 
variable than otht~rs over time and 
within dift'erent l:•ke types; therefore, 
sampling schedules should be designed 
accordingly, r'or example, the phos
phorus eon tent of )akc water.~ h~ been 
shown to have great imporbmce in as
sessing wat~r quality status, but it is an 
extremely variable paramete1·. Because 
of this, the accurate assessment of 
phosphorus means for lakes requires 
more fre(1twnt sampling than would be 
required for some other water quality 
indicators. 

The great variabilily in tl1e data 
within our lake data sets emphasizes 
t.he r;omplexity of the interactions oc
cmring between ~he different chemical . 
physical and biological characterislil':;; 
of lakes. PL'rhaps thl! greatest art'a of 
unknowns lies in t.he dyn<tmic processes 
occurring within Jakes duf to biological 
activities. Plant-animal relationships 
are t>xtremely complex, and their im
pact on Jake s:.Aems should not be un
derestimated. Studies have demon
strated that interactions bet ween fish. 
zooplankton, phytoplankton and mac
rophytes have profound efl'eets on lake 
wate1 quality (Brooks and Dodson 
1965, Gliwicz 1977, Shapiro 1978, 1979, 
Carignan and Kalff 1980 ), and gaining 
a better insight inlo these interrelatiotl
ships could lead to new methods for im
proving water quality and benefiting 
fish communities. 

LAKE MANAGEMENT 

Analysis of the Wisconsin lakP data 
has given support to some previously 

advanct>d tlwories and results of ea1·1icr 
investigations ~garding limnological 
interaetions in lakes. Some of these 
findings appear t.o have significance for 
efforts to presern~ or en h:J.nce the wa t.er 
qufility of some lakes or impo11ndments 
in the state. The relationship of strati
fication to summer water quality seems 
to have signific;~nce for designing new 
impoundments ar modifying existing 
ones, and for planning dredging 
projects for f:eli.ain lakes. tmpound
mt'nts and lake rehabilitation projects 
involving dredging could be designed 
to create sufficient wat.er dt>pths to en
sure thal stratificaf1on will occur. lt 
appears to be beneficial to design im
poundment 01· dredging projects to r.r~
ate the largest possible ana of hy
polimnion. In Wisconsin Jakes. depths 
needed to ensurt> that t.hermal ::;tratifi
catiun will occw· rnay generally be de
scribed as: 

maximum Jepth 1m) - 0.1 > 3.8 

Log LO Jake area ( h:l) 

(Lathrop and Li11ie 1980 ). 
Other important factors which in

fluence water q ·Jality also have to be 
considered, including the ~edimenta
tion rates, drainage basin Sf'1lirnent E'X

port rate, lake rJu:;hi ng time, location 
of inflows in relation to outl<>t (if any I. 
a11d composition and slope of tht' bot
tom in the lit.l.~>ral zone. 

Ba~ed on prevlollll reports and data 
from t.his study, it appears that reduc
inl-! the drainage basin: lake area ratio, 
or increasing the retention tirnt should 
be beneficial to a lake svslem. This con
forms to some ·~.utropllication models 
which predict an improvement in water 
quality if mean depth is increased (re
tention time would theoretically abo 
incre~). Diversion of inflow around a 
lake reduces the eCfeclive size of the wa
tt>rshed and nutrien lloading and there
fore should gcnPrally result in long
term improvement in water quality, 
but can also l~ngthen the retention 
timE'. However. thi>; gem~ralization can
not be universally app!ied to all lakes 
and impoundments due to oth.:r influ
encing factors 1H utchins 19?7, Ut
tormark <illd Hutchins 1378!. We 
found that mar,y impoundmtmts and 
unstratified lakes had lower al&al bio
mass (chlorophyll a levels) than would 
be expec!ed based on their nutrient 
concen lrations. In some cases this low 
response may be attributed to high 
flushing rates and turbidities whkh 
prohibit complete utilizalion or con
version of nutrients int.o biomass. Cel
lular washout is thought to be an im
portant consid·?ration in imr>ound
ments or drainase lakes with very high 
flushing rates ( Uttormark and Hutch
ins 1978). If water inflow to these lakes 
is reduced. the retention time will in
crease and tbe external nutrient load-

ing will decrease but re..<:ulting water 
quality may not improve immediately. 
Be~.ause the retenti•m time is increased, 
the 1 ake 's ::iensit ivi ty or response rate to 
ch<J11ges in nutril'nt loading is dc-
~reased. Therefo1·e, waler qualitv 
changes will be dependent on the lake,-3 
morphometry 1 primarily mean depth I, 
the percent area of the lake's sediments 
.:>xposed to epilimneti<'. recyding, and 
the proportion of the nutrient loading 
attributable to in-lak<' nutrien~ re
cycling vs loading from external 
soul'r.es. Also, a decrease in hydraulic 
loading (increase in retention time) 
may increase tht- phosphorus reterJion 
coefficient (Kirchner and Dillon 1975 ); 
tl1e-refore, the de:;irahility of diversion 
as a lake restoration Dr protection tech
nique appears to be highly derwndent 
on individual lakt: chou-acterist.ic..<;. A 
po.ssible exampl<' of the beneficial ef
fects of a n;1turally occurring divel'sion 
ro<ly he Pik e Lake, Washington 
County, which has better water quality 
than expected based on inflow nutrient 
loading, due t.-, the apparent short.-eir
cuitiug of flow from inlet to nearby out
let (Mace per::. comm. ). Additiona.l ex
amples m01y be represented by the 
lower l\1;Hl ison lakes (Lathrop and 
.Johnson 1979; and Mirror and Shadow 
lakes of Waupaca Ccmnty (Garrison 
and Knauer 1982). 

NITROGEN LIMITATION 

Our study suggests that a small hut 
important number oi lakes in the state 
may be nitrogen limited rather than 
phosphorus limited. The random data 
set showed only a relatively small pcr
centa~e t8":;, 1 of the state's lakes might 
be nitrogen limited. However, the 
quarterly data set, which had a greater 
proportion of highly eutropl!it lakes, 
had a greater number of possible nitro
gen-limited lakes ( 16% ). This may lw 
of significance in lake management ef
forts to control bluegreen algaE' blooms, 
whi·~h are often associated with low 
N:F ratios. The! addition of inorganic 
nilrogen to low N:P ratio Jake:> has 
been suggested as a means to shift i.he 
rhytoplankton community from blue
grec n bloom-forming :>pedes to green 
algae which are more readilv ut1lized as 
food hy zooplankton. Such a shift 
should theoretically be accompanied 
by an improvement in perc.eived water 
quality as a result of better trophic ut\1-
izati•:,n of available nutri.mts. The re
duction of phosphorus, without c•m
trolling nitl'ogen, could re:m.n in th-:: 
same benefits. 

TROPHIC CLASSIFICATION 

"Trophic cla~~ificiltion" of lakes is 
currently a popular exercise that has 
been encouraged l:oy federal require- 101 
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ment.~ ('amendments lo Section 3Hib) 
0f the Clean Water Act l for states to 
t;ategorize their lakes ou the basis of 
"trophic cond ition". UnJort.unati:~ ly, 
''trophic condi t ion" is very d,ifficult t.o 
dE Fine, and the federal deJinit.ion ( P. L. 
35.1 ()05-6 )- " A relative description of 
a Jaki!'s biological produc.bviiy based 
on the av a ilability of plant nutri
ents" - is rather vague. Therefore, 
many different int.ei'J~retalions have 
been made and many classific?~tion sys
tems have evolved. All of the best
known clas~ilicatioo :;y;;:tems that have 
been devised are logically based and 
useful for p urposes intt?nded , u t they 
all have li mitations tbat can lead to 
misconceptions if thest- limitati.ons are 
not recognized. Recen t attempts at. 
trophic: dassifica~ion of Wisconsin 
!alces havl' relied most heavi iy on Cad 
son's ( 1977) Trophic ~tate Index 1 TSI ) 
ISloey and Spangler Hl78, \\1artin 
et. al. 1983 1. Carlson·~ index ~ nd sub
sequent numerical ca tegorization is 
based on any one or ~~ombinations o( 
th·ree variables: (1) water clarit y. 
(21 total phosphorus and (3 • chloro
phyll a concentration. T hus, any lake 
may ha ve as rnany as 4 (il1l'luding com
posite ) TSf's. As a resu lt , lakes sodas
sified may demonstrate a wide range iJ1 

trophic state index numbers. easonal 
differenct>s or trends in T SI 's or tlispar
ities in TSI values (same date ) may be 
of practical significance or have impli
ca t ions to lake man agement. Such 
changes or discrepan cies may be indic
ative that particular mana gement 
problems or situat ions (i.e .. high sus
pended soli ls } exist and that manage
ment approaches must consider the 
eonsequences of a particular action. 

However a bas ic dra wback to lhis 
form of trophic classifi cation is the fad 
that t ht> resultant index number and 
relat ive placemen t of an individua.l 
lake in or amongst a group of lakes may 
or may not be at. all related t.o the lake's 
"true'' trophic state in that it ignores 
other f rms of biological production. 

Porc.ell<t et aJ. ( 1980) developed lbe 
Lake Evaluation Index (LEI ) in order 
to monitor the limnologieal change:; as
sociated with lake restora tion projects 
t.hroughout the United States. The 
LE f incorp rates a measurement. of 
macroph ytes (percent of available lake 
area covE-red l wi th othel' s tandard 
trophic variables (pelagic zone) and 
t hus overcomes the major weaknesses 
of t he TSI. T his system is quite com
prehensive bu.t it was not intended pri
marily as a trophic state index 
(Porcella et a l. 1980). While the effed.s 
of l'est.oration te ·hniqu s can be evalu
ated on the ba:;is of the single. whole 
lake LEI value, the assessme11 t of shifts 
in t he individua l varia bles appears to 
present tbe most information to t.he 
lake manager. All existing ind ices 
which a ttempt to package data repre-

senting a tl.tnb"r of variabli.'S into an 
absolntl' one-dimensional scale (i.e .. 
range 1-100 representative of overall 
water quality or trophic status have 
one hmdamenta l fla w. T hat is, while 
waler tjUalit.y or trophic status may be 
expressed along a one-dimensional axis. 
the parameters used in many o! the· in
dices often ronflic: t with one another 
(i.e., high percent.rnacroph) tes and low 
chlorophyll, •Jr vit~c vprs.a; low or high 
tot.al phospnor·t>1s .assoeiated wit.h high 
color, poo r- Seechi disc visibility, etc.). 
The ex isting data available for Wiscon
sin lakes su11:gest pPrhaps that compre
hensive evalua l ions lead l:o oversimpli
fication of a mon· complex issue. l\. 
more desir:.ble approach iJ one wishi:'s 
to ma ke coroparisons of lakes on t he 
basis of several key parameters may be 
the development of models which 
would permit evaJuation and compari
sons of lakes al011g three- or four-di
mensi.@!lal axes. 

An additional concern regarding 
trophic assessment. is that of secondary 
produdion. The term "trophic", as 
used in t.he context of lake manage
ment. r·efers to " n ut r it io n" ur 
·· .~eowth", and when combined with 
"state" or "status", referring to " con
dition", means ·•condition of nu tri t ion 
or growt h". NuiTition may refer to 
pl<mt a,nd,'or animal incorporat-ion or 
utilization ni food substances . There
fore, assessrnept of the " true" trophic 
sta te of a bk·P would have to include its 
tot.a l plant and animal life. This ap
pfoach differs from cunent assess
ments of ' ' trophic condi tion" whicb for 
the most part appear to be considering 
algal production only. The present ap
proach and its dependency upon t he 
standing crop of primary producers 
seems questionable in light ol knowl
edge concerning the impact of ecologi
cal interactions (e.g., herbivore crop
ping. zooplankton-phytoplankton-fish 
relationships et.c.) and possibly toxic. 
compounds (e.g .. herb ici des, heav y 
metals, etr .. ) upon primary produe rs. 
A problem with basing trophic. status 
on the ' 'sum" of plant and an imal life is 
whether it should be based on rate o[ 
production ~growth rates ), net. produc
tion \Standing crop) or gross produc
t ion (total a n n ual or seasonal 
production). 

8valua t ion of a lake 's ' 'true" 
trophic state thus becomes a wry com
plex issue; algal, macrop hytic , inverte
brate a nd vertebrate productio n o r 
produc ivit.v mus t all be measured and 
given some value which. theoretically 
a t le-a st, woulcl be more indicative of 
the lake' s nutritive condition. To the 
best of our knowledge t his has not yet 

een done, although Lindeman (1942) 
init iated such research a ttempts usin g 
data from, among others, Lake Men
dota. Sucn ana lyses would he very 
costly and time consuming, thus re-

striding t.he number of lakes that could 
be evaJua ted. 

'Phis is why more pract ical •measures 
such as Carlson's il!)77J TSi or such 
multi-par;:trneti;'r evaluations a~ Ut
tormark and WaJI's ( 1975a :1 Lake Con
dition l ndt'..'i: or the LEI of Porcella et 
al. ( l 980 ·l havl' bt>corne so popular wil h 
limnologists who are attempting to 
classlfy lakes. 

ThP. application of thh;€ indices in 
class ifying Wisconsin lakes according 
to their perceived trophic .status i:> 
va'lid for general purposes. 1-Iowever. 
we believe that serious cun~ideration 
should be given to rlarific.ation of the 
present policies ccmcerning lake trophic 
dassifleation including : ( 1) redclining 
"trophic state" in relationship to the 
objectives in mind, (2) dearly stating 
the objectives for classiiication, and 
(3) class ification of lakes based on pu
raml:!ters shown to be directly relatt'd 
to the defin ition of ''troph ic condi
tion'·. In turn , i rnpetus should be ·given 
to tlu~ development of practical. cost-
ffective, alternative methods of classi

fication which would allow fol' the cat<>
gorization of Wisconsin lakes according 
to total primary and seconda y produe· 
lion. (Justification: some la kes exhib
iting high trophic cla....'\Sificat i.on ind t> x 
numbers !eut rophic) also possess some 
of the state's most valuable fi ·h re
sources.! P racticality must a lso be 
kep t in mind in devising new c1ass\fica
t.ion schemes, 

We can continue for theoretica l pur
poses to classify lakes in an attempt to 
discover or describe groupings in which 
they or ertain of t:heir cbaracteristics 
fall , but unless we can develop quanti
tative indices, our results will become 
philosophical e..x ' l'cises unavailable to 
the wider world. 

WA:rER QUALITY 

This studv revealed that in lakes 
with low colo~ and low turbidity levels, 
lh water generally appeared pleasant 
to observers ("biue" or "clear") when 
chlorophyll o lel7els were less than 10 
fl&/1. T hus. preven ing chlorophyll a 
levels rrom reaching 10 J.lg/1, or reduc
ing them below t hat level in lakes 
wher~ they already exceed it, could be 
regar ded as a possible m a nagement 
goal for some Jakes. In t he a bsence of 
l Oior and turbidity, lakes with chloro
ph,yU a conten t of less than 10 pgfl 
should be aesthetically p1easing ami ex
cellent for recreational p urposes. 

Ii we accept that a 10 ~lgj l chlo o· 
pbyll '' concent ra tion is or would be a 
worthwhile in-lak~ management ob jec_
tive for all lakes (withou t considering 
the import;mt role of aqua t ic macro
phytes m· the differences in t hlorophyll 
contt>nt of t b various .. )g-ae), the qu ~
tion cou ld be raised as to how that goal 
could be a chieved. Present ly, most 



man agemen t philosop hies, policies and 
guidelines are base I primarily on phos
Dhtll' US m ::iinagemen t. W hell either 
poi.nt or noJJ ~poi li l source pollution 
control prob'lems are addressed , phos
phorus is generally the key c.:mstituent 
upon whit:h regulat ions or con t rol mea
sun::s ure proposed or basPd . Reduction 
of the input of p hosplwms t.o any lake 
f t•gardless n( its existing c.ondition, ba
sin morphometry or biota should be 
bendicial in the long run; but, because 
of t he slow response of somt! lakes to 
this reduct ion in phosphorus inputs 
and the natural va riabili ty in water 
quali ty indicators, immediate improve
men ts a re often d ifficu lt to document 
and may not. be perceivable by the pub
lic. However . just because a n immedi
ate improvement is not observed does 
not mean that e>xist.ing controls are in
effective or should be discontinued. nor 
dues it suggest LhaL further controls a re 
necessary. If phosphorus inputs are 
cont.rolled , most. lakes , accord ing to ac
c.eptt>d phosphorus modejjng theories. 
should even tuaUy mac.h a new equilib
rium at a lower trop hic level. Based on 
our study and ot her lake sampling pro
grams, it is readi.ly appa rent that re
duc.tion of phosphorus i.n puts to orne 
of Wisconsin 's largest and most im por
tant lakes will not bring observable im
provement in eutrop hic symot.oms for 
many years due to internal phosphorus 
recycling and other factors . We believe 
it is important for t.he. publi c to fu lly 
understand this situation so that real is~ 
lie lake management plans can he 
formulated. 

There are cert ain p ractica l limita
t ions !both economica l and technologi
cal ) to the a pplication of a phosphorus 
management policy to Wiscon i.n's di
verse lakes . Bouldin e t a !. (1977 ) 
presen an excellen t discussion f the 
alternatives available for t he manage-
ment of water quality in l.alces (New 
York Stat e) us ing various control 
strategies for phosphorus. T he authors 
demonstrate that t.wo major sets of pol
icies are available: (1 i a varied set of 
policies which would at tempt to estab
lish uniform water quality in a JJ lak -, 
and (2 ) a uniform policy or regula t ion 
which would be a pplied to all inputs to 
lakes an d result -in different watP.l' qual
ity conditions in each lake. 

T he first option. a var-ied set of po li
cies to obtain uniform wa ter quali ty, is 
economically infeasible and/or techno
logically im practical for all la kes at the 
presen t time. Even H a uniform phos
phorus standard were established and 
were attainable, t here is no guaran tee 
that chlorophyll a concentrat ions or 
water clari ty will n:spond t the re
duced phosphorus levels or that the de
sired improvements in w· ter quality as 
perce iYed hy lake users will be a t 
tained. (It should be made d ear tha t. 
the apparent water quali ty index pa-

Faro eter values provided i.n 'fable 21 
are only rep.resentahvc l)f average con
ditions based on a.ll random Wisconsin 
lnke data and in no way should be con
strued to rf'present definitive lake 
standard,.;.) 

The secolild option, a uniformly ap
IPiied policy, is not r1ec~~~atily just ifia 
tble in all cases and may even Ue detri
mental in sornr cases (i .e. , decreased 
fish product ion as a result of t o few 
nutrients). It is 'beyond the scope (or 
expertise of the authors) of this report 
to discuss aU the pros and cons co.ncen'l 
ing application of a statt-wide uniform 
p hos p horus-loadin!S management 
strat-egy. However. d;_•pending upon 
t he loading changes which occur, sud1 a 
policy may have limi t ed impact on per
ceived water quali ty condit ions (see 
Gakst a.t!er et al. 1978). 

BouJdjn et al. (1977 ) suggest that 
ap p.rop1· ·iate water qua lity can be 
achieved at lowest cost by select.ive u~ 
of polici~s .. The DNR Lake Standards 
Task F orce (Lathrop et a l. 1981) 
l'each"'d :; similar consensus when sug
~esting that different set s of wa ter 
quality ubjec. ti.-es be establ~hed for 
Wisconsin's lakes based on existing 
lake water qua li ty conditions and the 
economic and Lechnological feasibili ty 
of protecti ng lak.e.s \~th already satis
factory water quaJity condition. or im
proving others wherever possi ble. 

Based on our studies an d t hose of 
others, we. concur with the a fo re
men t ioned sugges tions and h u·ther r ec
om mend that any for m. of phosphorus 
cont rol program for Wiscons in la kes 
land use ma nagement., detetgen t phos
phorus ba n, etc.- must take into ac
count the various limnological cl1arac-
er is tic;; a nd associated d ynam ic 

processes of the lakes involved . Be
cause of the d iverse nature of Wiscon
sin lakes a nd t he complexities involved 
in at tain men t of specific water quality 
objectives, deve!opm1mt of sound man
agement strateg]es must be a coopera
tive effor t between many different in
terested a nd knowledgeable groups of 
profe~sionals . laWTJJa ke.rs and members 
of t he public. We endorse t his approach 
to lake management and hope that the 
data provided io this repor t will serve 
a.s an aid in t he est.ablishmenL of ra
tional water quality objectives and in 
the further development of manage
ment. stra tegies for Wisconsin lakes. 

FURTHE R 
CONSIDER.A TIONS 
REGARDING 
MACROPHYTES 

early all the currently used lake 
water qual ity and trophic classification 
indices are based primarily on alga1 
standing crop and its effect on water 
darity. In our random survey we found 

tha~, based on chlorophyll a analyses 
( > 10 llg/1 ), 65% of the lakes sampled 
had eit1her an algal bloom in progre~s or 
the potential was there {or develop
ment of algal blooms of somf:.' degree. 
Thus, it appearg that a large number of 
Wisconsin ;s Jakes have algal popula
t.lons hi.gh enough during the summ<:r, 
at least occasionally, to impart color 
and/or reduce water clarity to a point 
that is aesthetically unple<~s-ant. Mac
rophytes, on t he other hand, affect aes
t het.ic and/or recreational quality of 
onl~· a small percentage of Wis!:onsin 
lakt-s; a DN-R Buteau of Fish Ma.nage
ment survey showed only 5 ~·; , of Wi~

consin's lakes had a macropbyte "prob
lem", and our survey also indiealed 
macmphyte growth in most Jakes was 
M t of suffit:ient magnitude to cause use 
prob lenns. Ba.:;ed on these dart a , it sl!em.'l 
that. algal growth may be a more wi.dP.
spr·ead "problem" in Vhis state ~ han 
macroph yte growth . Water qllal.ity 
classification (as opposed to trophic 
state a.ssessmen t) on the basis of alg<£1 
grtl\vtb (c.h lorophyll a concentralion) 
and the use of water clari ty-cluot ophyll 
rebtionshipsappears to be a Iogieal ap
pruaeh f r;:u ITiany lakes, provtded 
enough samples are collected on Lndi
vidnal la kes to determ i11e variabili ty. 
Bul even though a lga l growth m ay 
nagatively influence wate r quality con
ditions in a greater number of lakes 
t ha n maerophytes, aqua ti c plants 
probably have grea ter impact on lake 
use and are a bigger prob lem to lakE! 
managers . since problem-causing plant 
growths a re found in some of the state's 
largest and most heavily used lakes and 
impoundments. particularly in the 
sout hern part of t he state. T he im por
tance of the macropbyte problem is at..
tested to by the fact tha t of th<:o 130 
lake dis tr icts formed in Wisconsin for 
the purpose of la ke restoration or pro
tection, 52% sought a id to combat 
macrophyte problems while only 25 % 
had prirnarily algae problems. 

The role macrophytes p lay in t h.e 
a quatic ecosys tem is not well u.nder-

tood , but in many lakes they are igh
ly desirable aesthetically and for fis h 
a nd wildlife producti on. It is only 
wher macrophy tes interfe re with 
recreation or become unsigh tly that 
pro blems develop. Suc h conditions 
warrant sound and wise rnaoag~'ment 
o[ ur natural resources based on well
designed resea reh and exploratory 
management applications. T he man
agement oi aquatic macrophytes jn in
dividual lakes should be accompl:.Shed 
in such a ma nner as to provide the max
imum diversi ty oJ habitat types for 
fisher ies and wildlife while enhancing 
recreational opportunities for t he pub
lic where such objectives a re indeed 
compatible. 
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APPENDIX B. Correlation Matrixes Showing Strongest Relation
ships Between Parameters Based on Different 
Subsets of Lakes. 
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