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SUMMARY

We have successfully completed twelve years of monitoring the water quality in the 
major lakes o f Leelanau County. Data have been obtained from five stations in Lake 
Leelanau, and one each in Lime. Little Traverse, Cedar, and Big and Little Glen lakes. A 
total of 634 Hydrolab profiles (temperature, dissolved oxygen, pH, conductivity, and 
oxidation/reduction potential at discrete depth intervals from the surface to the bottom), 
2180 total phosphorus determinations, 1744 nitrate nitrogen determinations, 376 
chlorophyll a determinations, 686  secchi disk determinations, and 17 sediment 
phosphorus determinations have been collected.

Water quality is excellent in our lakes as evidenced by observed total phosphorus, nitrate 
nitrogen, and chlorophyll a concentrations. All lakes would be considered oligotrophic 
based on these parameters. Secchi disk depth data would classify lakes more toward a 
mesotrophic status, yet secchi data are subject to a high degree o f variability and are also 
influenced by photosynthetically induced “whiting” normal to hardwater, calcium 
carbonate based systems.

While the data establish that our lakes are o f high quality and that we have maintained 
that quality over the past twelve years, any shift in a very delicate balance of conditions 
could adversely affect the future of these lakes. Changes in conditions beyond local 
control (atmospheric deposition, climate changes, etc.) and others locally controllable 
(tributary erosion, increases in impervious surfaces, boating, agricultural practices, aging 
and failing septic systems, etc.) could shift this balance toward undesirable conditions. 
Thus, while some changes, such as increases in population, are inevitable, every effort 
should be made to minimize the impact of locally controllable variables.

Total phosphorus concentrations in all lakes have decreased .over the past decade. 
Reasons for the observed declines are likely a consequence o f a combination of increases 
in riparian owner education and stewardship programs, improved agricultural practices in 
and out of the watersheds, and reductions in total annual precipitation during the late 
1990s.

Reduced summertime hypolimnetic oxygen levels in all lakes are responsible for 
significant internal phosphorus inputs, however, these inputs have remained constant.

Nitrate nitrogen levels have generally decreased in most lakes, however, concentrations 
have remained somewhat constant over the past five years.

Nitrates seem to play a greater role in the nutrition of Glen Lake than other program 
lakes, and any additional phosphorus loading would likely result in Glen Lake becoming 
nitrogen limiting. Little Traverse Lake is similar in this regard, but not to the extent of 
what has been observed in Glen Lake.



Zebra mussels are known to exist in Lake Leelanau and Little Traverse Lake only at this 
time. Lake Leelanau (and Little Traverse Lake to some extent) has experienced 
significant blue green algal blooms that appear to be a direct result o f zebra mussel water 
filtering.

Chlorophyll a concentrations have decreased only in the lakes where zebra mussels have 
colonized (Lake Leelanau and Little Traverse Lake), while levels have remained constant 
in the other program lakes.
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PREFACE

I suppose that I should make the obligatory statement “I can’t believe that we have been 
doing this for twelve years.” Although it seems more like twelve hundred years after 
summarizing and analyzing all that we have accomplished during this time. What began 
as a scientifically sound, albeit frugal attempt to assess and then monitor the water quality 
of our lakes, has successfully continued and evolved as needed. We have collected and 
analyzed thousands of water samples and have stayed true to the core belief that we must 
be committed to the continued collection o f standard water quality measures (such as 
total phosphorus, chlorophyll a, etc.) to accurately determine true trends in our water 
quality. By allocating our resources in response to what the data tells us, we have been 
able to explore many other pertinent limnological aspects of our lakes (such as plankton 
assays, sediment phosphorus determinations, nutrient budget determinations, etc.) 
without sacrificing our core monitoring. Each new investigation then provides another 
insight into the workings of these systems and effectively adds to our expanding 
scientific database. We have witnessed the remarkable invasion of zebra mussels into 
some o f our lakes. In fact, its arrival perfectly illustrates the value o f having a sound 
program in place prior to such an occurrence; for a pre-invasion understanding of any 
perturbed system is invaluable for estimating and documenting and responding to 
resultant changes. As you should expect, we are actively investigating numerous aspects 
of zebra mussel biology with regards to our lakes.

Even though twelve years may seem like a long time, I still view the program as just 
emerging from its infancy. For those of you who have raised children, we are at a point 
where the child is beginning to speak in rudimentary sentences. Previous years were 
single words, now we can construct a few sentences having amassed a larger vocabulary.
I hope what we say was worth the wait.

I want to thank any and all who have given so generously o f their time and resources to 
make this program possible including Mike Stiffler o f the Cadillac MDEQ office, the 
Leelanau County Board of Commissioners, and the Leelanau Conservation District. In 
particular, I would like to thank my co-author for her time, effort and insight, both in the 
field and at the computer, and Walt Nielsen for doing anything and everything whenever 
asked.

Tim Keilty
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INTRODUCTION

Whenever discussing water quality and this program, we feel compelled to offer a 
definition of water quality and then explain how it is monitored. Part of that explanation 
will include a review for some and an introduction for others to some of the underlying 
limnological (study of freshwater) concepts, as they relate directly to why we measure 
what we measure and how we interpret those measurements. The interpretation of data 
for individual lakes can be found following a brief review of our methodology. A simple 
understanding of these concepts will provide you with the necessary background to better 
comprehend our interpretations of the data.

So, what is “water quality”? It is likely that there are as many interpretations or 
definitions as there are users o f the concept. Therefore, we offer the following definition: 
water quality reflects the composition of water as affected by the sum of natural 
processes and anthropogenic activities, expressed in terms of measurable quantities 
and related to intended use. That is, water bodies integrate all of the forces acting upon 
them, whether natural (such as direct precipitation, sunlight, etc.) or unnatural (septic 
leakage, fertilizer runoff, etc.). By measuring scientifically accepted variables (such as 
dissolved oxygen, phosphorus, etc.) whose values can be compared with a given set of 
standards, one can determine if the quality o f a given water body is acceptable for an 
intended use (such as the public water supply versus recreational activity).

Although water quality can be determined empirically (based on these numerous 
measurements), it is also a relative concept. Generally, the water quality o f Leelanau 
County lakes is “good”, relative to most lakes in southern Michigan, while the water 
quality o f lakes in southern Michigan is “excellent” relative to a sewer lagoon.

So then how is water quality monitored? Based on our definition, we can define it 
instantaneously or at any point in time by taking and assessing a set of measurements, so 
it follows that continued measurements would monitor it over time. Therefore, the 
program’s approach to monitoring our water quality involves the routine collection of 
data based on a comprehensive list of parameters collected with a frequency great enough 
to distinguish normal cyclical variations from true trends. The resultant dataset provides a 
current status of water quality conditions and any identified trends in the dataset would 
indicate both desirable and undesirable directions in which those conditions are heading. 
By developing such a dataset, we satisfy our ultimate program goal: to provide a 
continuous, scientifically valid, long-term record of measured indices of water quality to 
aid in the objective and judicious management of the County’s aquatic resources.

This objective has not, nor will it ever change. The core program (our comprehensive list 
o f parameters) may grow or shrink, or increased effort may be diverted to a specific or 
temporary project, but the ultimate objective cannot change.
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Before continuing, we would like to briefly summarize the specific water quality 
monitoring activities that have occurred in Leelanau County to place our program and 
effort into perspective.

Prior to establishment of our program, most work has involved single 
temperature/dissolved oxygen/water chemistry collections over depth (profiles) by the 
Michigan Department of Natural Resources (MDNR, now MDEQ), and the self-help 
secchi disk water visibility programs sponsored by the MDNR and carried out by 
respective Lake Associations. Profiles were normally collected about mid-summer, 
beginning in 1973, with maybe one or two follow-up collections prior to 1990. 
Specifically, in north Lake Leelanau, two profiles were collected in 1978, and two in 
1985. One profile was collected from Little Traverse Lake in 1980 and one in 1989, as 
well as one profile from Lime Lake each in 1978 and 1980. In Cedar Lake, one profile 
was obtained in 1975 and 1979, and two in 1989. In south Lake Leelanau, one profile 
was collected in 1974 and two in 1978. And in Big Glen Lake, one profile was collected 
in each o f 1973,1980, 1984, and 1985. Good secchi depth data exist for some of the 
lakes, particularly Lake Leelanau from the mid seventies to the mid eighties.

Most o f the above datasets contain information that is useful, but limited. Profiles of 
temperature and dissolved oxygen and concurrent water chemistry were generally 
obtained mid-summer, well before the peak thermal stratification (as we now know).
Also, some were not collected in the deepest basins, i.e., the 1978 profile in north Lake 
Leelanau only extended to 100 feet. Furthermore, the ability to measure extremely low 
levels o f total phosphorus was not nearly as refined as it is today and consequently most 
values are listed as O.OOlmg/L (or 1 ug/L). Almost all of our observed total phosphorus 
values range from approximately 2 to 8 ug/L, and we can assure you that it is extremely 
unlikely that phosphorus concentrations have increased by that magnitude since the 
seventies.

Additionally, an extensive EPA/MDNR/Glen Lake Association funded study o f Glen 
Lake was completed by Dr. Keilty in 1992. The project was a one year field study, 
primarily designed to facilitate the calculation o f a nutrient budget. It yielded some 
excellent results and where appropriate, these data are incorporated into the core program 
results.

In summary, previous monitoring efforts have been intermittent at best. Results provide 
limited “snap shot” glimpses of conditions reflective of what was measured at the time of 
sampling.

Beginning in 1990, wre successfully set out to collect profile data and limited nutrient 
chemistry data from five stations in Lake Leelanau and one each in Lime, Little Traverse, 
Little Glen and Big Glen lakes. One station in Cedar Lake was added in 1992. These 
stations remain our permanent sampling locations to this date (Fig. 1). Table 1 
summarizes the results of our efforts to date. Our monitoring program, because o f its 
continuity, consistency, and commitment, has and will continue to provide the necessary 
scientific data to better assess the “water quality” of our lakes.
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Table 1. Summary of total number of profiles and individual water chemistry analyses 
from 1990 through 2001 at each lake/station.

Lake

(Station)

Hydrolab

Profiles

Total

Phosphorus

Nitrate

Nitrogen

Chlorophyll-

a

Secchi

Disc

Bottom

Sediment

Lake Leelanau (1) 77 305 245 42 68 1

Lake Leelanau (2) - 22 177 137 66

Lake Leelanau (3) 67 182 148 36 64 1

Lake Leelanau (4) 21 152 137 60

Lake Leelanau (5) 73 215 164 41 66 1

Big Glen 79 314 215 43 67 1

Little Glen 65 212 152 40 60

Little Traverse 107 250 216 82 110 7

Lime Lake 79 223 184 50 75 5

Cedar Lake 44 150 146 42 50 1

Total 634 2180 1744 376 686 17

All hydrolab profiles include measurements o f temperature, dissolved oxygen, pH, 
conductivity, and oxidation/reduction potential (redox) at the deepest location in each 
lake and they incorporate the entire water column.

Other studies/datasets obtained through our program include seasonal quantitative assays 
o f phytoplankton in all program lakes in 1993. These determined assemblages of 
phytoplankton not only provide another instantaneous measure o f water quality (in 1993), 
but also provide an excellent biological benchmark, that is currently invaluable for pre- 
and post-zebra mussel establishment comparisons.

A tremendous baseline dataset combining discharge and nutrient composition for some 
25 Leelanau County streams has been also been compiled. This was made possible by 
funding from the MDEQ (through Mike Stiffler in the Cadillac office) and a team of 
volunteer field technicians. These data provided an important component of the resultant 
estimated nutrient budgets calculated by Dr. Ray Canale and Walt Nielsen. Another 
component o f their work required extensive sampling in Little Traverse Lake (note the 
relatively high number of profiles, chlorophyll a, etc. in Table 1). Their report is a first 
step toward accurately pinpointing the sources and relative contributions of nutrition to 
our lakes and consequently our ability to improve upon our management practices.

Additionally, we have determined which lakes presently contain zebra mussels (Lake 
Leelanau and Little Traverse Lake), and we are refining density estimations using a 
combination o f underwater video and field collections. Artificial substrates have been
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placed within lakes currently thought not to have zebra mussels to document if and when 
they colonize these lakes. The information gained from the examination o f existing 
populations and their impacts (such as the promotion of blue green algal blooms) should 
provide great insight and predictive capabilities when addressing realized and potential 
impacts of colonization.

Although much has been accomplished, we would like to emphasize just how “‘young” 
the dataset is. It takes time to detect true trends. While twelve years o f physical profile 
data and water chemistry do not comprise the perfect program or dataset capable of 
answering all questions regarding the water quality of Leelanau County’s lakes, one 
could spend many times over what we are spending and not satisfactorily address all 
questions. Thanks to a great deal o f donated time and expertise, we are spending an 
extremely small amount of money to obtain very valuable (and envied by other regional 
and state agencies that fortunately has resulted in additional support) data that otherwise 
would not be collected. As long as we remain committed to the marathon, not the sprint, 
the dataset will continue to grow, and as it does, become more and more valuable.

METHODS

Dr. Keilty collected all profile data and water samples. Profile data were obtained using a 
Hydrolab (a multiple probe instrument used to simultaneously measure depth, 
temperature, dissolved oxygen, pH, conductivity, and oxidation reduction potential).
Prior to daily use, the Hydrolab was calibrated pursuant to the manufacturers 
recommendations and post-calibrated on occasion (being a two day sampling effort, the 
following morning served as a post-calibration and values rarely drifted significantly. 
Depending on the time of the year, data were collected in 1 to 5 meter increments at all 
stations starting at the surface and continuing to the bottom.

All water chemistry analyses were conducted by the Battelle Great Lakes Laboratory in 
Traverse City, Michigan (now independent of Battelle and operating as the Great Lakes 
Environmental Center). Field samples were collected with a 5 L vertical Wildco water 
sampler and sub-sampled to an acid-washed and pre-acidified glass 250 ml bottle 
(supplied by GLEC) for phosphorus and nitrate nitrogen determinations. Sample bottles 
were maintained on ice (or refrigerated) prior to delivery and at least one sample per 
round was taken in triplicate for quality control purposes. Variability in quality control 
samples has been negligible and consistent.

Chlorophyll a was determined from 50 ml composite samples, with equal fractions 
(approximately 16 ml) coming from the surface, the secchi depth, and twice the secchi 
depth. Samples were pre-filtered (0.45 micron) in the field, wrapped in foil, and frozen 
upon return from the field.
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Secchi disk depths were determined from the shaded side o f the boat. A standard 
limnological secchi disk was lowered until not visible and the depth noted to the nearest 
half foot. It was then raised until visible and again the depth was noted. The mean of the 
two observations was the final recorded secchi depth.

Lake station determinations were initially made using a depth sounder and bathymetric 
charts. The deepest location in each basin (or lake) was chosen. Latitude/longitude 
coordinates have been recorded for each station using Global Positioning (GPS).

All statistical analyses were computed using Microsoft Excel. Least squares linear 
regression models were used for time series analyses. The first day a sample was 
collected at a given location was converted to “day 1”, and all subsequent collection dates 
were converted to the appropriate day number to be in the correct sequence with “day 1” . 
A confidence interval of 95 percent (alpha = 0.05) was used for significance in all 
statistical tests. O f particular interest was the determination of significance o f the 
calculated slope (change over time) for any time series data line, as significance could be 
interpreted as a real trend in the data. Lines that best fit the data points are included on all 
scatters o f data where the slopes are statistically significant. R-squared values (the 
percent o f the variability which the line explains) are also included on figures with 
significant slopes (they are very low due to the high variability of the data). Before 
analyses, any point greater than three standard deviations from a given mean value was 
considered an outlier and not included. Generally, this resulted in the elimination of 
approximately one percent o f the values, i.e., 3-4 out of 350. Additionally, mean values 
were used as individual data points so as to not bias the data when multiple samples were 
collected at a particular depth strata in a lake (for instance, hypolimnetic samples at 36, 
37, and 38 meters in Big Glen in the summer of 2001 were averaged for the regression 
analysis). One way analysis o f variance (ANOVA) was used to compare means where 
appropriate, and plotting of residuals indicated that there were no significant deviations 
from normality.

SOME BASIC LIMNOLOGY

The following discussion of some basic limnological concepts was placed apart just prior 
to our review of the data. This was done to provide the reader with a better appreciation 
and comprehension of our analyses and comments regarding the water quality dataset 
through a better understanding of some of the biology/chemistry behind why, where, 
when, and what we sample. Not wanting to make this report more cumbersome than it 
already is, we are not “citing literature” in this report as we don’t feel it would be that 
useful to the intended readership. We would suggest as an excellent resource with regards 
to limnology that you refer to LIMNOLOGY/  Lake and River Ecosystems, Third Edition, 
by Robert Wetzel (2001).
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The larger and deeper lakes in Leelanau County thermally stratify each summer because 
of temperature induced density changes in the water. Warmer water is less dense and 
remains near the surface, while cooler and cold water sinks. Water is most dense at 4 
degrees Celsius, therefore ice floats (it freezes at 0°C); this simple property is crucial to 
aquatic life and to keep the ice cubes at the top of your drink. When a lake is stratified, a 
band o f warm water remains near the surface (the epilimnion). Just beneath the 
epilimnion exists a narrower band of water that exhibits a sharp decrease in temperature 
(the metalimnion or thermocline as most fishermen know it). Below the metalimnion is a 
cold deep layer extending to the lake bottom (the hypolimnion). The colder, more dense 
hypolimnion generally does not interact with the warmer, less dense overlying water until 
the surface waters cool (and become more dense) in the fall. Continued cooling 
(increasing density) and wind-induced wave action mix the cooler water deeper and 
deeper and eventually the entire water column mixes. Until this “fall overturn” occurs, 
oxygen can be depleted or eliminated from the bottom waters by oxygen-requiring 
(aerobic) bacterial decomposition o f organic materials on the bottom. The resultant 
oxygen depletion can then directly influence the release o f phosphorus (P) from the 
sediments. This is important because phosphorus is the least abundant nutritional 
component and limits biological growth in approximately seventy five percent of 
freshwater systems. It is said to be the “limiting nutrient” because when it is no longer 
available, growth stops regardless o f the availability o f  all other nutrients. Therefore, our 
program places a great deal o f emphasis on P concentrations.

A large portion o f P (> 95%) is associated with the biota. It is bound in organic 
phosphates in both living and dead cell tissues and it is adsorbed to colloids and 
particulate matter. Soluble P (orthophosphate) is the only form readily available for direct 
biological usage. It is extremely reactive and often used instantaneously by the biota or 
adsorbed to particulates such as clay or carbonates as it becomes available. Hence, the 
measurement o f total phosphorus (TP) is commonly used to assess the productivity of 
lakes and it generally ranges from less than 5 ug/L for very unproductive waters (ultra 
oligotrophic) to greater than 100 ug/L in highly productive waters (eutrophic). Ultra 
oligotrophic lakes show little variation in TP from the surface to the bottom, while oligo- 
mesotrophic to eutrophic (trophic status is discussed later) lakes which stratify thermally 
in the summertime generally show an increase in TP in the deeper strata (hypolimnion) as 
a result o f P release from the sediments. This internal sink or reservoir o f P can be a very 
significant source of nutrition for a lake, and so it is something that our sampling is 
designed to examine.

Exchange of P across the sediment-water interface is regulated by many complex factors. 
We concentrate on the level o f dissolved oxygen in the overlying waters. If dissolved 
oxygen remains greater than 2 mg/L, the oxidized surface layer of sediment can form an 
effective barrier against P release and prevent/reduce diffusion of P into the overlying 
water. As oxygen is lost, or becomes less than 2 mg/L, significant quantities of soluble P 
can diffuse into the oxygen-less (anoxic) water. Instead of an “oxidizing” environ, it 
becomes a “reducing” environ. Our measure of the oxidation-reduction potential (redox

Thermal Stratification, Dissolved Oxygen, Redox Potential Phosphorus, Chlorophyll a
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potential) is a direct measure o f this, and when conditions are '‘reducing”, there is a high 
probability of increased P release from the sediments. When the thermal structure breaks 
down in the fall, this P will either be rapidly assimilated by the biota or it will precipitate 
out of solution and return to the sediments (the latter is more likely to occur in the 
presence of ferrous iron, which we may be looking at in the future in the lakes which 
have the greatest depletions of hypolimnetic oxygen).

Reductions in hypolimnetic oxygen are caused primarily by bacteria decomposing 
organic material in the sediments, with the source of the organic matter being the 
overlying water. Chlorophyll a, the photosynthetic pigment of plants, is a reasonable 
measure o f this productivity, for the phyto (plant) plankton form the base of the food 
web. The greater the productivity, the greater the input of material to the sediments, and 
hence the greater demand for oxygen. It is easy to see how a very productive lake can 
actually “fuel” itself utilizing the P reservoir of the sediments.

As P is lost from overlying waters to the sediments (simply by biota and particulates 
settling), new sources o f P will come into the system to either reduce, maintain, or 
increase productivity.

Therefore, from a monitoring standpoint, we want to limit the amount of P entering our 
lakes, if  we want to limit productivity. We measure TP to assess the existing water 
quality and to determine the extent o f incoming nutrition and the resultant potential for 
growth. Aside from internal sources, P enters our lakes from atmospheric deposition, 
surface runoff/streams, and groundwater. Each of these vectors is greatly influenced by 
numerous factors, such as watershed soil types and geology, land use patterns in and out 
of the watershed, surrounding septic/sewer practices, fertilizer use and other agricultural 
practices in and out of the watershed, the morphology or shape o f the watershed basin, 
weather patterns, etc.

Nitrogen

Nitrogen (N) is a major nutrient that affects the productivity o f fresh waters. Although P 
is generally the limiting nutrient in all of our systems, nitrogen is essential for biological 
growth and is very important to the water quality of our lakes. In fact, it appears that 
there may be times during the summer in at least one lake (Glen) that nitrate nitrogen 
may, if  not limit growth, certainly promote it.

The nitrogen cycle in fresh waters is a complex biochemical process in which nitrogen is 
influenced by fixation (use o f elemental N2 by blue green algae/cyanobacteria and other 
photosynthetic bacteria), assimilation (photosynthetic use of nitrates and other forms by 
plant life), and the reduction of nitrates to N2 by bacterial denitrification).

The dominant forms of nitrogen in fresh waters include: dissolved molecular N2, 
ammonia (NH3), nitrate (NO3), nitrite (NO2). and numerous organic compounds (amino
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acids, proteins, etc.). We measure nitrate nitrogen (plus nitrite) as it is the dominant form 
and its inputs are directly related to human activities in and out of the watershed.

Sources of nitrogen include dry “fallout” and wet precipitation directly on the lake 
surface, nitrogen fixation in the water and sediments, and groundwater and stream inputs. 
Nitrate is the common form of inorganic N entering our lakes from the drainage basin 
and atmosphere and it can be severely reduced or depleted at times by photosynthetic 
assimilation. If phosphorus loads were to increase in our lakes, nitrogen would become 
far more important as a growth limiting nutrient and therefore we will continue to 
monitor nitrate levels in our lakes.

Salinity (conductivity), pH

The conductivity o f lake water is a measure of its resistance to electrical flow. It declines 
with increasing ionic content, i.e., the more pure (salt free) the water, the greater its 
resistance to electrical flow. The salinity of our waters is comprised primarily o f the four 
major cations (calcium, magnesium, sodium, and potassium) and the major anions 
(bicarbonate, carbonate, sulfate, and chloride). Atmospheric input and the weathering of 
soil and rocks in the watershed are the primary sources o f our salinity. In terms of our 
monitoring program it is a minor parameter at this point, however, it could become quite 
useful to identify point sources o f pollution. Observed small increases in some 
summertime hypolimnetic waters are likely due to resolubilizing calcium carbonate 
precipitated from the photosynthetically active overlying water. Apparent declines in 
conductivity in the late nineties are thought to be due to the use of a new Hydrolab.

As would be expected, there is a positive correlation between pH (measure o f the 
hydrogen ion concentration) and conductivity in the intermediate pH range in bicarbonate 
fresh waters such as ours. Our lakes are extremely well buffered and would not be 
influenced by acidic precipitation. In terms of our program, we are interested in the 
observed hypolimnetic decreases during summertime, as they are ultimately related to the 
overlying productivity.

REVIEW OF WATER QUALITY DATA

Overview o f  Water Quality Data /  Trophic Status

Overall, the water quality o f Leelanau County lakes is excellent. Mean total phosphorus 
values (averaged over the past eleven years) range from a high of 6.47 ug/L for Little 
Glen to a low of 4.54 ug/L for Lime Lake; and chlorophyll a concentrations range from a 
high 2.58 ug/L in Little Traverse Lake to a low of 1.57 ug/L (Table 2). All measured 
indices in the program indicate that our lakes are oligotrophic to oligo-mesotrophic 
(Table 3). Oligotrophic is the most desirable classification for our regional lakes, as
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oligotrophic lakes are characterized by very low algal and plant growth. The resultant 
conditions usually support the coldwater fishes such as trout by retaining high oxygen 
concentrations from the surface to the bottom of the lake. Eutrophic conditions are 
characterized by high algal and plant growth, greatly reduced water clarity, fish 
populations dominated by the warm water species, and a complete loss of oxygen in the 
lower strata of the lake. Mesotrophic conditions are in the middle along the continuum of 
oligotrophic to eutrophic.

Table 2. Summary of total phosphorus (ug/L), nitrate nitrogen (ug/L), resultant N:P 
ratios, chlorophyll a (ug/L) concentrations, and associated standard errors (S.E.) and total 
observations (n) for all parameters in all lakes/stations from 1990 through 2001 
(ammonia and organic nitrogen are not included in calculating nitrogen/phosphorus 
ratio).

Lake
(Station)

Total
Phosphorus

Nitrate
Nitrogen N:P Chlorophyll

a

Mean S.E. n Mean S.E. n N/P Mean S.E. n

Lake Leelanau (1) 5.02 0.11 305 277 10.50 245 55 1.57 0.08 42

Lake Leelanau (2) 4.60 0.13 177 262 13.24 137 57

Lake Leelanau (3) 5.25 0.15 182 175 8.84 148 33 1.84 0.16 36

Lake Leelanau (4) 4.74 0.13 152 185 8.84 137 39

Lake Leelanau (5) 5.01 0.14 215 187 8.11 164 37 1.77 0.14 41

Big Glen 5.09 0.12 314 70 8.25 215 14 1 96 0.16 43

Little Glen 6.47 0.13 212 55 5 13 152 8 231 0 14 40

Little Traverse 5.37 0.13 250 139 682 216 26 2.58 0.12 82

Lime Lake 4 54 0.13 223 222 10.08 184 49 2.24 0.11 50

Cedar Lake 5.83 0.25 150 394 16.34 146 68 1.99 0.16 42

Total 5.19 0.14 2180 197 9.62 1744 39 2.03 0.13 376

Using the classification criteria found in Table 3, it is clear that most o f our lakes would 
be considered ultra-oligotrophic from the standpoint of total phosphorus, nitrogen, and 
chlorophyll a. They would be classified as more mesotrophic with regards to secchi disk 
transparency. We believe that the reduced secchi depths (relative to the indicated 
standards for oligotrophy) are to some extent due to the fact that these are hardwater 
calcareous based lake systems. The cloudy appearance of water during the summertime 
(particularly noticeable in Big Glen Lake) is a consequence of the depletion of carbon 
dioxide by phytoplanktonic photosynthesis that results in the precipitation of calcium 
carbonate in the water column (essentially marl formation). That is, as algae in the water 
column use carbon dioxide for photosynthesis, they shift the equilibrium in the local 
carbonate chemistry to favor the precipitation of calcium carbonate. A tangible example
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of this that you may be familiar with would be the rough, granular (marl) material on the 
stem of a submerged plant or any substrate that supports plant growth (whether micro or 
macroscopic).

Because our lakes are hardwater calcium carbonate buffered systems, they can not only 
reduce the observed secchi depth, but also the amount of available reactive phosphorus 
for algal growth (by precipitation). Normally a reduction in P would result in an increase 
in secchi depths due to the resultant decrease in primary productivity, however primary 
productivity during peak periods results in a clouding of the water due to calcium 
carbonate precipitation (whiting), which then results in the reduction o f the secchi depths.

All lakes show a slight decrease in total phosphorus over the twelve year monitoring 
period, but only the lakes with zebra mussels show a decrease in chlorophyll a (although 
the limited springtime data for Little Glen show a decrease). We feel that these 
chlorophyll a reductions are a direct consequence of the tremendous filtering capacity of 
zebra mussels.

Table 3. General trophic classification o f lakes (after Wetzel, 2001).

Parameter
(annual mean values) Oligotrophic Mesotrophic Eutrophic

Total Phosphorus (ug/L)
Mean 8.0** 26.7 84.4
Range 3.0-17 .7 10.9-95.6 16-386
N 21 19 71

Total Nitrogen (ug/L)
Mean 661 753 1875
Range 307-1630 361 -1387 393 - 6100
N 11 S 37

Chlorophyll a (ug/L)
Mean 1.7 4.7 14.3
Range 0 .3 -4 .5 3 -1 1 3 -7 8
N 22 16 70

Chlorophyll a maxima (ug/L)
Mean 4.2 16.1 42.6
Range 1.3-10.6 4.9 - 49.5 9 .5 -275
N 16 12 46

Secchi Disk Transparency (ft)
Mean 32.5 13.5 8.0
Range 17.5-93.0 5.0-26 .5 2 .5 -23 .0
N 13 20 70

** Ultra-oligotrophic is considered less than 5 ug/L
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At this point in our program, salinity (or conductivity) concentrations are about what one 
would expect in our region and they have remained somewhat constant except for an 
apparent decrease in all lakes after 1999. This decrease is most likely an artifact of the 
data due to the use of a new Hydrolab instrument in 1999. Similarly, pH values are what 
we would expect as well, ranging in the 7.5 to 8.5 range. During periods of summertime 
thermal stratification, values in some lakes with extreme hypolimnetic oxygen depletions 
have experienced pH values slightly less than 7 and this is of some concern, for such 
relatively low pH values are indicative of conditions that are conducive to the release of P 
from the sediments. However, our use of hypolimnetic dissolved oxygen concentrations 
currently are our best indicator of this.

LAKE LEELANAU

Phosphorus

Total phosphorus (TP) levels in Lake Leelanau have averaged 5.02, 4.60, 5.25, 4.74, and 
5.01 ug/L at Stations 1 through 5 respectively, for a combined 1031 individual 
determinations to date (Table 2). Overall, this would classify the lake as ultra- 
oligotrophic to oligotrophic.

TP levels have declined during the past eleven years in north Lake Leelanau as evidenced 
by statistically significant negative slopes (change over time) associated with the 
mathematical lines that best fit the data collected at Station 1 (Fig. 2a) and Station 2 (Fig 
3a). As with all o f our data scatters, the R-squared values are quite low. The R-squared 
value represents the percent o f the variability (i.e., 0.2 = 20 percent) that the 
mathematical line o f best fit explains, and it is low due to the high variability or scatter o f 
the values. Without getting into a statistical discussion, we want to emphasize the 
significance or lack o f significance associated with the slope of each line, for it is how we 
objectively determine the presence or absence o f a real trend, and we will use (with 
caution because of the low R-squared value) the equation of the line to predict a total 
phosphorus level at the beginning o f the program and at the end of the 2001 season. We 
feel comfortable doing this because the mean TP concentrations for the 1990 and 2001 
years are extremely close to the values predicted from the line o f best fit.

Although there is an observed decrease in TP at Station 1 using all the data points (Fig.
2a, b), the actual decrease has occurred in the trophogenic zone (basically where 
photosynthesis occurs). When we scatter the hypolimnetic values (35 meters and deeper), 
we do not observe a decrease over time. We would expect this due to the large P reservoir 
in the lake sediments from years and years o f productivity in the overlying water. So if 
there were real decreases in the external P loads coming into the lake, we would expect 
them to be most evident in the TP concentrations o f the trophogenic zone. This is 
important to note, because consistent and relatively high hypolimnetic TP concentrations
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Figure 2a. Total phosphorus: all values plotted.

16 

14 

12 

i  10

2000 2500 3000 3500 4000 4500

S 6 
H 4 

2 

0

8 >
♦ ♦

♦ ♦
♦ ♦

♦
♦

♦
♦

♦
♦

♦♦ *

0 500 1000 1500 2000

Figure 2b. Total phosphorus: hypolimnetic values plotted.
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Figure 2c. Chlorophyll a: all values plotted. 
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Figure 2d. Secchi disk transparency: all values plotted.

Time (days)
Figure 2a, b, c, d. Total phosphorus (ug/L) (note: Figure a utilizes values from all depths and 
Figure b utilizes values from the hypolimnion only), chlorophyll a (ug/L) and secchi disk transparency 
(feet) in Lake Leelanau Station 1 (Leelanau County) from day 1 (5 June 1990) to day 4171
(6 November 2001). 14
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Figure 3a. Lake Leelanau Station 2 total phosphorus: all values plotted.
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Figure 3b Lake Leelanau Station 2 secchi disk transparency: all values plotted. 
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Figure 3c. Lake Leelanau Station 4 total phosphorus: all values plotted. 
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Figure 3d. Lake Leelanau Station 4 secchi disk transparency: all values plotted.

Time (days)
Figure 3a, b, c, d. Total phosphorus (ug/L) and secchi depth transparency (feet) in Lake Leelanau 
Station 2 (Figures 3a and b) and Lake Leelanau Station 4 (Figures 3c and d) from day 1 (6 June 1990) 
to day 4016 (4 June 2001).
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Figure 4a. Total phosphorus: all values plotted.
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Figure 4c. Chlorophyll a: all values and spring values plotted.

Figure 4d. Secchi disk transparency: all values plotted.

Time (days)
Figure 4a, b, c, d. Total phosphorus (ug/L) (note: Figure a utilizes values from all depths and 
Figure b utilizes values from the hypolimnion as a function of dissolved oxygen), chlorophyll a 
(ug/L) and secchi disk transparency (feet) in Lake Leelanau Station 5 (Leelanau County) from day
1 (7 June 1990) to day 4171 (6 November 2001).
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in other lakes can make the regression slopes non-significant. However, when only 
considering TP concentrations from the trophogenic zone, the negative (decrease with 
respect to time) slopes associated with these data become significant.

Because a certain loading of P must come into the lake system to support our observed 
levels o f TP, we can use a standard limnological model (after Rechow, see Watershed 
Council Report No. 97-2 by Canale and Nielsen, 1997) to predict the annual P load 
necessary to result in this observed level. Using the mean value o f 5.02 ug/L at Station 1 
to represent the TP concentration in the north basin and a mean value o f 5.01 ug/L at 
Station 5 to represent the southern basin (Table 2) along with hydrological data from 
Canale and Nielsen, we arrive at a total annual load of 7965 pounds o f P associated with 
these overall observed mean TP concentrations.

Assuming that there has been a decrease in P over time, we can then use our lines o f best 
fit for each station (Fig. 2a, 4a) to determine that at day 1 (7 June 1990) there would have 
been an approximate TP concentration of 5.58 ug/L at Station 1 and 5.93 ug/L at Station 
5. These mean concentrations result in an estimated lake-wide annual load of 9183 
pounds. At day 4172 (6 November 2001) we find corresponding approximate 
concentrations of 4.16 ug/L at Station 1 and 3.75 ug/L at Station 5. Using these values in 
our loading model yields a comprehensive load o f 6231 pounds, or a reduction o f 1734 
pounds (22 percent). Although a simplistic estimation, it provides another way of 
quantifying the reduction of P over the past twelve years.

So what is responsible for the reduced loadings and the resultant reduced mean TP 
values? We feel that it is a combination o f factors driving this trend. There have been 
increases in riparian stewardship programs (such as providing responsible septic system 
maintenance protocols, fertilizer application guidelines, and the extremely informative 
Lake Leelanau Landowners Handbook, etc.) over the recent past. Additionally, better 
agricultural practices within the watershed (such as increases in no-till seed drilling, the 
Groundwater Stewardship program, fencing livestock out o f riparian zones, etc.) have 
contributed to the decrease o f TP in the lake.

O f particular note may be the reduced levels of local annual precipitation over the late 
1990’s. Using rainwater data from the MSU Horticultural Station in Bingham Township 
collected from April 1 through October 31 each year and snowfall data from the Road 
commission in Maple City (assuming 10 inches of snow to equal 1 inch water), we can 
plot the annual total precipitation levels beginning in 1990 and continuing through 2001 
(Fig. 5). The decline in the late nineties period is an approximate 10 percent decrease 
(and it would be much greater were it not for the very low total in 1992) which would 
result in a corresponding 10 percent reduction of the P load associated with the 
precipitation falling directly on the lake’s surface as well as the combined effect of 
reduced groundwater and stream input from the consecutive drought-like conditions each 
year during this time period. One needs to look no further than Lake Michigan and most 
o f the water bodies in the area not regulated by dams (Glen and Lake Leelanau) and their 
lower water levels to appreciate the reduced inputs. Using our stream discharge data in 
the same way as the precipitation data, we find that stream discharges have decreased by
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3 cm in length), while the northern basin’s (in the proximity of Station 1) population is 
dominated by juvenile or first year individuals (0.5 cm in length as o f late summer 2001), 
indicating that there has been a successful northward expansion.

Because a mature individual can filter one liter of water per day, these organisms have 
the potential to dramatically influence the lake’s biology. Extensive populations in Lake 
Erie are known to filter the entire lake volume in a matter o f days. We do not have such 
densities at this point, but it seems clear from preliminary work in the summer o f 2001 
that the Lake Leelanau population is on the rise, particularly in the northern basin.

Mussel filtering results in a reduction o f chlorophyll a (and a resultant decrease in total P 
by removing P associated with the biological component) and an increase in water clarity. 
Excreted pseudo-feces also add P to the surrounding bottom area which promotes the 
growth of bottom dwelling algae and macrophytes. In a sense, the mussels are shifting the 
energy of the system from the pelagic (open water) to the benthic (bottom) component by 
filtering activity.

Additionally, zebra mussel filtering can result in toxic blue green algal blooms, and in 
particular, the species Microcystis aeruginosa. This occurs because the mussels 
selectively reject Microcystis, and Microcystis has an air vacuole that makes it more 
buoyant and tends to keep it away from the bottom (and hence the area o f greatest 
filtering). The reduction and removal o f other algal species by zebra mussels results in a 
huge competitive advantage for Microcystis in the already limited nutrient pool 
environment, and a population explosion or “bloom” results (as witnessed in August of 
2001 in Lake Leelanau). A future report will go into more detail on the life history o f the 
zebra mussel and it will summarize what we know to date about their densities and their 
influences on our lakes. Suffice it to say, that phytoplankton samples collected in early- 
mid August from all program lakes indicated that Microcystis was the dominant algal 
species (biovolume) in Lake Leelanau and Little Traverse Lake and these are the only 
two lakes with documented zebra mussel populations. Furthermore, Microcystis was not 
observed (or was observed in very low densities) in these lakes in our 1993 
phytoplankton samples (before zebra mussel establishment). Nor has Microcystis been 
observed to any appreciable degree in any samples from Big Glen or Lime lakes. 
Microcystis did occur in July 1993 in Cedar Lake, as well as in April and July 1993 in 
Little Glen. However, Microcystis has not been seen in any other 1993 or 2001 samples.

Consistent with Station 1, total phosphorus levels at Station 2 (located just south o f 
Brady’s point) have decreased with time, especially from the late nineties (Fig. 3a). It 
appears that there may be a concurrent slight increase in the secchi disk depths similar to 
Station 1 (Fig. 3b). This could be the result of the burgeoning zebra mussel population.

A decrease in TP was also observed with a concurrent decline in chlorophyll a at Station 
3, the northernmost sampling location in South Lake Leelanau (Fig. 6a, b). Reductions in 
TP were also observ ed at Stations 4 and 5 (Fig. 3c, 4a). Overall, there is not a significant 
decline in chlorophyll a at Station 5 (Fig. 4c); however recent very high summertime
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in other lakes can make the regression slopes non-significant. However, when only 
considering TP concentrations from the trophogenic zone, the negative (decrease with 
respect to time) slopes associated with these data become significant.

Because a certain loading of P must come into the lake system to support our observed 
levels o f TP, we can use a standard limnological model (after Rechow, see Watershed 
Council Report No. 97-2 by Canale and Nielsen, 1997) to predict the annual P load 
necessary to result in this observed level. Using the mean value o f 5.02 ug/L at Station 1 
to represent the TP concentration in the north basin and a mean value o f 5.01 ug/L at 
Station 5 to represent the southern basin (Table 2) along with hydrological data from 
Canale and Nielsen, we arrive at a total annual load of 7965 pounds of P associated with 
these overall observed mean TP concentrations.

Assuming that there has been a decrease in P over time, we can then use our lines of best 
fit for each station (Fig. 2a, 4a) to determine that at day 1 (7 June 1990) there would have 
been an approximate TP concentration of 5.58 ug/L at Station 1 and 5.93 ug/L at Station 
5. These mean concentrations result in an estimated lake-wide annual load of 9183 
pounds. At day 4172 (6 November 2001) we find corresponding approximate 
concentrations of 4.16 ug/L at Station 1 and 3.75 ug/L at Station 5. Using these values in 
our loading model yields a comprehensive load o f 6231 pounds, or a reduction o f 1734 
pounds (22 percent). Although a simplistic estimation, it provides another way o f 
quantifying the reduction of P over the past twelve years.

So what is responsible for the reduced loadings and the resultant reduced mean TP 
values? We feel that it is a combination o f factors driving this trend. There have been 
increases in riparian stewardship programs (such as providing responsible septic system 
maintenance protocols, fertilizer application guidelines, and the extremely informative 
Lake Leelanau Landowners Handbook, etc.) over the recent past. Additionally, better 
agricultural practices within the watershed (such as increases in no-till seed drilling, the 
Groundwater Stewardship program, fencing livestock out of riparian zones, etc.) have 
contributed to the decrease o f TP in the lake.

O f particular note may be the reduced levels of local annual precipitation over the late 
1990’s. Using rainwater data from the MSU Horticultural Station in Bingham Township 
collected from April 1 through October 31 each year and snowfall data from the Road 
commission in Maple City (assuming 10 inches o f snow to equal 1 inch water), we can 
plot the annual total precipitation levels beginning in 1990 and continuing through 2001 
(Fig. 5). The decline in the late nineties period is an approximate 10 percent decrease 
(and it would be much greater were it not for the very low total in 1992) which would 
result in a corresponding 10 percent reduction of the P load associated with the 
precipitation falling directly on the lake’s surface as well as the combined effect of 
reduced groundwater and stream input from the consecutive drought-like conditions each 
year during this time period. One needs to look no further than Lake Michigan and most 
o f  the water bodies in the area not regulated by dams (Glen and Lake Leelanau) and their 
lower water levels to appreciate the reduced inputs. Using our stream discharge data in 
the same way as the precipitation data, we find that stream discharges have decreased by
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approximately 35 percent countywide during this period (Table 4). If we look at the 
estimated loads from the model generated by Canale and Nielsen for the two largest 
streams entering south Lake Leelanau, we find values of 583 and 743 pounds for the 
Cedar River and Solon Creek. Using the discharge data from Table 4, we observe 45 and 
19 percent decreases, respectively, which would result in load decreases o f 265 and 139 
pounds. Combined, we can account for a reduction of 404 pounds o f P entering the 
southern basin from two streams. Considering that the lake-wide estimated decrease in 
loading was 1734 pounds, 404 pounds represents almost 25 percent o f this total and 
clearly demonstrates the obvious impact of the reduced annual precipitation levels on 
nutrient loading to our lakes.

45 -

Figure 5. Estimated annual precipitation (inches) in Leelanau County from 1991 through 2000.

Unfortunately we cannot control precipitation, and therefore must focus our management 
efforts on other sources of P. Changes in conditions beyond local control (atmospheric 
deposition, climate changes, etc.) and others locally controllable (tributary erosion, 
increases in impervious surfaces, boating, agricultural practices, aging and failing septic 
systems, etc.) could shift what is now a delicate balance of P dynamics and result in 
undesirable increases in productivity.

Chlorophyll a, secchi disk and zebra mussels

Chlorophyll a in Lake Leelanau has averaged 1.57, 1.84, and 1.77 ug/L at Stations 1, 3, 
and 5 respectively over the entire sampling period (Table 2). These values are considered 
well within the oligotrophic range, especially when averaging the three values and 
assuming the mean to represent a lake-wide indication of primary production (algal 
growth).

With a reduction in TP, we would hope to see a concurrent reduction in chlorophyll a and 
that is the case for Station 1 (Fig. 2c). Our goal from a management perspective is to limit 
or reduce the productivity in the water column and this is an indication that we are 
heading in the right direction. Perhaps reduced precipitation levels are helping at this
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point in time, yet we should point out that our region could experience a sustained period 
o f above average precipitation resulting in additional P loading. We feel that as we 
continue to study these systems, we will refine our understanding of exactly what is 
driving them, and to what extent, and therefore be in the best position to make proper 
management recommendations.

Table 4. Summary of Leelanau County groundwater-fed stream discharges (cubic feet 
per second) from 1990 through 2000. Data are not available for 1997 and 1998.

STREAM YEAR

1990 1991 1992 1993 1994 1995 1996 1999 2000

Beaudwin Creek 3.47 3.02 3.48 2.85 2.41 2.62 2.19
Belanger Creek 8.22 7.02 6.35 5.60 6.00 4.59 2.46
Belnap Creek 6.94 5.86 6.03 4.75 4.59 4.56 4.48
Cedar Creek 5.42 5.41 5.63 5.03 5.07 4.82 5.15
Cedar River @ Cedar 19.10 23 30 18.70 11.80 15.20 9.24 9.97
Ennis Creek 2.29 1.69 1.59 1.23 1.08 0.46 0.43
Hatlem Creek 7.76 6.84 6.47 8.95 6.05 4.99 6.04 4.88 4.53
Houdek Creek 3.15 4.68 4.07 3.55 2.72 3.87 1.75 1.41
Leo Creek 4.69 4.19 3.97 3.55 3.77 2.68 2.18
Mebert Creek 3.18 3.75 3.24 3.78 2.77 1.76 1.75
Northport Creek 3.69 2.82 2.45 3.25 2.29 1.57 1.74
Provemont Creek 1.02 1.15 1.57 1.44 1.15 1.23 1.00 0.65
Rice Creek 2.36 2.91 2.32 1.10 2.27 1.18 1.31
Skeba Creek 1.60 2.40 2.03 1.01 1.56 0.67 0.67
South Lime Creek 1.16 2.12 1.08 1.01 1.02 0.68 0.50
Solon Creek 31.03 30.50 29.44 25.17 26.75 25.07 21.41
Weaver Creek 3.42 2.52 1.93 1.74 1.69 0.76 0.66

TOTAL 108.4 112.6 98.65 80.29 87.82 67.86 60.6:

1992-1996 AVERAGE 97.6
1999-2000 AVERAGE 64.3

Although water clarity should also improve, it is not surprising that there is not a trend in 
the secchi disk depth data (Fig. 2d), for this indication of water transparency or visibility 
is influenced by many factors (such as the time of the day, cloud cover, wind/wave 
action, etc.). It does appear that there are some heightened values over the past few years 
and this may be the start of a trend.

Another aspect o f the observed TP and chlorophyll a reductions that cannot be ignored is 
the impact of the introduction and subsequent proliferation of zebra mussels (Dreissena 
polymorpha) in Lake Leelanau. It is believed that the first zebra mussels were discovered 
in 1996 at Perrin’s landing located at the southeastern end o f the lake. Currently, the 
southern basin has both an established and extensive population of mature individuals (2-
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3 cm in length), while the northern basin’s (in the proximity of Station 1) population is 
dominated by juvenile or first year individuals (0.5 cm in length as of late summer 2001), 
indicating that there has been a successful northward expansion.

Because a mature individual can filter one liter of water per day, these organisms have 
the potential to dramatically influence the lake’s biology. Extensive populations in Lake 
Erie are known to filter the entire lake volume in a matter o f days. We do not have such 
densities at this point, but it seems clear from preliminary work in the summer o f 2001 
that the Lake Leelanau population is on the rise, particularly in the northern basin.

Mussel filtering results in a reduction o f chlorophyll a (and a resultant decrease in total P 
by removing P associated with the biological component) and an increase in water clarity. 
Excreted pseudo-feces also add P to the surrounding bottom area which promotes the 
growth of bottom dwelling algae and macrophytes. In a sense, the mussels are shifting the 
energy of the system from the pelagic (open water) to the benthic (bottom) component by 
filtering activity.

Additionally, zebra mussel filtering can result in toxic blue green algal blooms, and in 
particular, the species Microcystis aeruginosa. This occurs because the mussels 
selectively reject Microcystis, and Microcystis has an air vacuole that makes it more 
buoyant and tends to keep it away from the bottom (and hence the area o f greatest 
filtering). The reduction and removal o f other algal species by zebra mussels results in a 
huge competitive advantage for Microcystis in the already limited nutrient pool 
environment, and a population explosion or “bloom” results (as witnessed in August of 
2001 in Lake Leelanau). A future report will go into more detail on the life history of the 
zebra mussel and it will summarize what we know to date about their densities and their 
influences on our lakes. Suffice it to say, that phytoplankton samples collected in early- 
mid August from all program lakes indicated that Microcystis was the dominant algal 
species (biovolume) in Lake Leelanau and Little Traverse Lake and these are the only 
two lakes with documented zebra mussel populations. Furthermore, Microcystis was not 
observed (or was observed in very low densities) in these lakes in our 1993 
phytoplankton samples (before zebra mussel establishment). Nor has Microcystis been 
observed to any appreciable degree in any samples from Big Glen or Lime lakes. 
Microcystis did occur in July 1993 in Cedar Lake, as well as in April and July 1993 in 
Little Glen. However, Microcystis has not been seen in any other 1993 or 2001 samples.

Consistent with Station 1, total phosphorus levels at Station 2 (located just south of 
Brady’s point) have decreased with time, especially from the late nineties (Fig. 3a). It 
appears that there may be a concurrent slight increase in the secchi disk depths similar to 
Station 1 (Fig. 3b). This could be the result of the burgeoning zebra mussel population.

A decrease in TP was also observed with a concurrent decline in chlorophyll a at Station 
3, the northernmost sampling location in South Lake Leelanau (Fig. 6a, b). Reductions in 
TP were also observed at Stations 4 and 5 (Fig. 3c, 4a). Overall, there is not a significant 
decline in chlorophyll a at Station 5 (Fig. 4c); however recent very high summertime

20



12 T 

10 -10 •- ♦ ♦

5 ♦ :  ♦ ♦ *

5 ^ ---- 3 
,2 4 *  ♦ $  V  ♦ * *♦ **

► ♦ ♦ ♦
2 ••

♦
*

♦
♦

R2 = 0.0739

♦
♦

- V I

♦

0 500 1000 1500

Figure 6a. Total phosphorus: all values plotted.

5 T

2000 2500 3000 3500 4000 4500

R = 0.2366

0 500 1000

Figure 6b. Chlorophyll a: all values plotted. 

25 -

♦

%

1500 2000 2500 3000 3500 4000 4500

20

S. 15vo
10 ♦ ♦♦

wCO ♦♦ ♦

♦
♦ ♦ ♦ ♦

*
♦

♦♦
\

♦

+
0 500 1000 1500

Figure 6c. Secchi disk transparency: all values plotted.

2000

Time (days)

2500 3000 3500
—I—  
4000 4500

Figure 6a, b, c. Total phosphorus (ug/L), chlorophyll a (ug/L), and secchi disk transparency (feet) 
in Lake Leelanau Station 3 (Leelanau County) from day 1 (5 June 1990) to day 4168 (1 November 2001).
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values result in a statistically non-significant slope. The high values were observed in 
August o f 2001 in what we feel was a zebra mussel related Microcystis bloom. Anyone 
out on the water this past summer (and to some extent the past few years) would have 
noticed the bloom, for the water clarity was dramatically reduced.

Another common way to examine chlorophyll a is to plot only the springtime data and o f 
course that would eliminate the effects o f the zebra mussel related Microcystis blooms. 
When doing so, we find that there is a significant and rather steep negative slope to these 
data (Fig. 4c).

Examination of seasonal secchi values (comparing estimated pre- and post-mussel 
colonization time periods: 1990 to 1996 and 1997 to 2001) yields a pattern that is best 
illustrated at Station 5, or the basin with the greatest mussel densities. When comparing 
mean values from 1990 to 1996 with mean values from 1997 to 2001 for the time periods 
of April, May/June, July, August, September, and October/November, it is evident that 
zebra mussels are increasing clarity in the spring and in the fall (April and 
October/November) (Fig. 7). In the springtime, characteristically high diatom populations 
are likely being exploited by the tremendous filtering abilities of the mussels. Removal of 
this rich food resource likely results in a dramatic increase in water clarity, but as the 
water warms in July, Microcystis populations left unfiltered and with few competitor 
species, explode, which results in a sharp reduction in water clarity. We see a pattern 
indicative o f these events at Station 5 (Fig. 7c). There is an increase in mean secchi depth 
in July for the 1997 to 2001 period compared with the 1990 to 1996 period (essentially 
before and after zebra mussel establishment). This is then followed by a sharp decrease in 
secchi depth in August as Microcystis densities reach their peak. As water temperatures 
decline in September, blue green densities decrease and the secchi depth increases. As 
zebra mussels continue to filter into October and November, we then see an added 
increase in secchi depth compared to the 1990 to 1996 data. Typically, in a system not 
influenced by zebra mussels, we would expect higher values in the spring followed by a 
gradual decrease into the summer as the water warms and conditions become conducive 
for the growth of many species including blue green algae. After fall turnover, the clarity 
should begin to increase again.

A similar pattern of increased secchi depth in the spring and fall comparing the 1997 to 
2001 mean values with the 1990 to 1996 values was observed at Station 3 and Station 1 
(Fig. 7a, b). At Station 3, where higher mussel densities and older individuals should 
exist relative to Station 1, it appears that there may be the beginning of a trend where the 
secchi depths increase in July, but reductions are about the same for pre and post mussel 
establishment periods. A similar pattern is evident in Little Traverse Lake (Fig. 8a), the 
only other lake in the program with a documented population of zebra mussels. It should 
be noted that the observed population density is relatively low, suggesting that they have 
not been in the lake for a very long time, or if they have, something unique to Little 
Traverse is keeping the population in check.
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Figure 7a, b, c. Mean secchi disk transparency (feet) during April, May/June, August, September, 
and October/November time intervals, comparing years 1990 through 1996 and 1997 through 2001. 
Figure 7a represents Lake Leelanau Station 1, Figure 7b represents Lake Leelanau Station 3, and 
Figure 7c represents Lake Leelanau Station 5. Y error bars indicate standard error.
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Figure 8a represents Little Traverse Lake, Figure 8b represents Lime Lake, Figure 8c represents 
Cedar Lake, and Figure 1d represents Big Glen Lake. Y error bars indicate standard error.
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In Glen, Lime, and Cedar lakes, where vve have not been able to find evidence o f zebra 
mussel infestation to date, seasonal secchi patterns are about what one would expect, 
much like the 1990 to 1996 data for stations in Lake Leelanau (Fig. 8b, c, d). We will be 
watching these lakes very closely in the future for indications of zebra mussel 
colonization. In the fall of 2001, numerous artificial substrates were placed in these lakes 
as a quick way to monitor their establishment and in the 2002 field season we will be 
doing some planktonic tows to look for zebra mussel veliger larvae (microscopic larval 
stage of zebra mussels). Successful completion of planned field work in Lake Leelanau in 
the summer of 2002 should provide excellent insight into the population and dispersal 
dynamics and subsequent biological impacts of zebra mussels in one of our systems; and 
these data should permit us to predict potential impacts in lakes that may be colonized by 
zebra mussels in the future.

Nitrogen

Nitrate nitrogen levels are relatively high in north Lake Leelanau, averaging 277 and 262 
ug/L at Station 1 and Station 2 respectively, while Station 3, Station 4, and Station 5 in 
the southern basin averaged 175, 185, and 187 ug/L (Table 2). Accordingly, N:P ratios 
averaged 56 in the northern basin and 36 in the southern basin (we are underestimating 
the total N in that we do not include organic nitrogen or ammonia). TP is considered to be 
the limiting nutrient with a ratio over 23 (although we have seen it reported lower). We 
will discuss this further in the section devoted to Glen Lake. What is o f interest, is that it 
is commonly thought that blue green algae are rare where N:P ratios are greater than 29. 
Because they have the ability to fix atmospheric nitrogen, they obtain a competitive 
advantage where nitrogen sources are limited. We feel that the summertime prevalence of 
blue greens in Lake Leelanau in the presence of excess nitrogen further illustrates the 
ability of zebra mussels to alter community structure.

As expected in an oligotrophic system, there is some nitrate accumulation in the 
hypolimnion during stratification at Station 1 (Fig. 9a). Stations 2-5 typify the mean 
seasonal concentrations of nitrates in the lake, i.e., a general decrease through the 
summer, with peak lows in the August to September time periods (Fig. 9b, 10a, b, c). 
There has also been a significant decrease in nitrates over the monitoring period at all 
stations in the lake (Fig. 1 la, b, c). It does appear that high values early on in the program 
may be causing the significance of the negative slope; however, we have no reason to 
question the validity o f those data. Reasons for the decreases in nitrate levels would be 
the same as those for the observed decreases in TP.
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Figure 9b. Mean seasonal nitrate: Lake Leelanau 2

Figure 9a, b . Mean seasonal nitrate concentration (ug/L) at Station 1 and Station 2 in north Lake 
Leelanau (Leelanau County) from 1990 through 2001. Trophogenic zone (0, 10, 20m) and 
hypolimnetic values (35m) are plotted for Station 1. Y-error bars indicate standard error.
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Figure 10a, b, c. Mean seasonal nitrate concentration (ug/L) at Station 3, Station 4, and Station 5 
in south Lake Leelanau (Leelanau County) from 1990 through 2001. Y-error bars indicate standard 
error.
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(feet) in Little Traverse Lake (Leelanau County) from day 1 (5 June 1990) to day 4168 
(1 November 2001). 2 9



LITTLE TRAVERSE LAKE

Phosphorus

TP in Little Traverse Lake has averaged 5.37 ug/L (s.e. of 0.13) for 250 measurements 
over the entire program (Table 2). By this standard the lake would be considered 
oligotrophic. When examining all values over time, we do not see a significant trend in 
TP values (Fig. 12a). However, when we remove the hypolimnetic values, or simply plot 
the 0 and 7 meter values, we find that there has been a slight decrease in TP since 1990 as 
evidenced by the significant negative slope o f the line (Fig. 12b). This reduction is very 
similar in magnitude to that observed in Lake Leelanau and it also appears that the real 
decline occurred in the mid-nineties (about day 2250, Fig. 12b). We believe that the 
decline is due to the same reasons as discussed for Lake Leelanau. That is, better riparian 
education and agricultural practices as well as reduced precipitation all resulting in a 
decreased TP loading to the lake.

Because TP values in the hypolimnion have not changed over time, it suggests that 
phosphorus release rates from the sediments during stratification have not changed since 
the inception of the program. However, sediments remain a significant source o f 
phosphorus for the lake. As with all o f the lakes in the program, where there is a decrease 
in the summertime dissolved oxygen to levels below 2 mg/L (Station 1 in north Lake 
Leelanau is the only location that consistently stays just above this threshold), there is an 
observed statistically significant increase in the hypolimnetic TP concentrations in Little 
Traverse Lake. Hypolimnetic values average well over 8 ug/L when oxygen levels are 
less than 2 mg/L and they average about 6 ug/L when oxygen concentrations are in 
excess of 2 mg/L dissolved oxygen (Fig. 13).

In the nutrient budget study put forth by Canale and Nielsen, it was estimated that the 
internal input o f phosphorus to the system was approximately 6 percent, and regardless of 
the true value, it is likely not to change appreciably in the near future. It is likely to vary 
year to year depending on how quickly thermal stratification occurs and its duration, both 
which will influence the hypolimnetic dissolved oxygen levels. Canale and Nielsen also 
determined that the largest source of TP to Little Traverse Lake is Shetland Creek, which 
is going to be directly affected by lower groundwater levels and lower water levels in 
Lime Lake, which again would be related to the reduced levels of annual precipitation 
observed in the mid-late nineties.
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Big Glen L  Leelanau 5 Little Traverse Lime Cedar

Figure 13. Comparison of mean hypolimnetic total phosphorus concentrations (ug/L) where 
dissolved oxygen concentrations are greater than two and less than two mg/L, in Big Glen, Lake 
Leelanau Station 5, Little Traverse Lake, Lime Lake, and Cedar Lake (Leelanau County). Y-error 
bars indicate standard error.

Chlorophyll a, secchi disk and zebra mussels

Chlorophyll a averaged 2.58 ug/L for 82 measurements over the entire program (Table 
2). Approximately half of those measurements were made during a study to refine our 
nutrient budget data during the summer of 1999. Even though the grand mean of 2.58 
ug/L is the greatest for all lakes (although this may be a bit biased because almost half of 
the measurements were made during only one summer), it is still in the oligotrophic to 
oligotrophic-mesotrophic range (Table 3). And perhaps more importantly, chlorophyll a 
values have declined slightly over the past decade as evidenced by a significant negative 
slope associated with the data (Fig. 12c). We feel that this is likely related to zebra 
mussel filtering, for the only two lakes which have had a statistical decrease in 
chlorophyll a over time are the two lakes with zebra mussel populations (Leelanau and 
Little Traverse). And while we might expect to see an increase in secchi disk depths, we 
do not at this time (Fig. 12d). The lack of any seasonal trend, especially one similar to 
that observed for Lake Leelanau Station 5 where there is the most prolific and mature 
zebra mussel population, can likely be attributed to the fact that the Little Traverse Lake 
population is very young. Fieldwork in 2002 should permit a reasonable population 
density estimate for zebra mussels in Little Traverse Lake.

Nitrogen

Nitrate nitrogen has averaged 139 ug/L for 216 observations (Table 2), resulting in an 
overall N:P ratio of 26; however, summertime ratios are approximately 20, 10, and 18 for 
July/August, August/September, and September/October time periods, respectively (Fig
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14a). Although we only have the nitrate nitrogen (+nitrite) component to use in our ratio, 
these values certainly suggest that nitrates play an important role in the nutrition o f Little 
Traverse Lake. Levels o f nitrate nitrogen have decreased with respect to time, as 
evidenced by a significant negative slope associated with the regression analysis, 
however, high concentrations observed early in the program are undoubtedly the reason 
for the significance o f the slope (Fig. 15a). Subsequent values appear to be relatively 
constant.

LIM E LAKE

Phosphorus, chlorophyll a, secchi disk, and nitrogen

Total phosphorus in Lime Lake has averaged 4.54 ug/L for 223 determinations over the 
entire course o f sampling (Table 2). This is the lowest observed mean TP value for all o f 
our lakes, and it places Lime Lake in the ultra-oligotrophic range (Table 3). Anyone who 
has spent time around Lime Lake in the summer would clearly note the cloudy, lime 
green aspect o f the water. This is due to the hard water calcareous nature o f the system, 
and it undoubtedly results in some summertime co-precipitation of phosphorus with 
calcium carbonate, ultimately removing phosphorus from the system. All o f our lakes 
experience this phenomenon, but Lime Lake and Glen Lake in particular seem to be the 
most remarkable in this regard.

Consistent with other program lakes, there has been a slight, yet statistically significant 
decrease in TP with time over the course o f the program (Fig. 16a). Additionally, there 
has been no change in hypolimnetic values (Fig. 16b), indicating that internal inputs o f P 
have been fairly constant over the past twelve years. We feel that the reasons for the 
decreases in TP concentrations observed in our lakes are universal, so we will not 
reiterate them.

Hypolimnetic TP values where dissolved oxygen concentrations are less than 2 mg/L are 
significantly higher than hypolimnetic TP values where oxygen levels exceed 2 mg/L 
(Fig. 13). This suggests, as with the other lakes where anoxia (no oxygen) occurs, that the 
sediments are providing a significant source of nutrition to the lake. And because the 
reduction in hypolimnetic dissolved oxygen is related to the productivity in the overlying 
water (by supply organic matter to the sediments), our best recourse is to reduce external 
P loads to the lake. Such reductions will reduce the productivity in the trophogenic zone, 
which will reduce the organic inputs to the sediments, which will ultimately reduce the 
bacterial demand for oxygen.

Chlorophyll a concentrations averaged 2.24 ug/L for 50 observations (Table 2).
Compared to a mean value of 2.03 ug/L for all lakes/stations, it seems a bit higher than 
we would expect, given the very low average TP concentration (4.54 ug/L); however, 
Lime Lake would still be considered oligotrophic-mesotrophic by this standard (Table 3).
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Figure 14a, b, c. Mean seasonal nitrate concentration (ug/L) in Little Traverse Lake, Lime Lake, 
and Cedar Lake (Leelanau County) from 1990 through 2001. Y-error bars indicate standard error.
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Figure 15a, b, c. Nitrate nitrogen (ug/L) in Little Traverse Lake, Lime Lake, and Cedar Lake 
(Leelanau County) from 1990 through 2001.
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There has been no change in chlorophyll a concentrations in Lime Lake since the early 
1990’s as evidenced by the scatter o f all the data (Fig. 16c), nor has there been any 
observable trend when plotting just the springtime values. Concurrently, there has been 
no change in the secchi disk depths (Fig. 16d).

To date, there have been no observed or reported signs of zebra mussel colonization in 
Lime Lake. Artificial substrates were placed in the lake during the summer o f 2001 and 
they will be routinely monitored in the future. Additionally, plankton tow's targeting 
veliger larvae will also be done on Lime Lake. Consistent with the fact that zebra mussels 
have not yet colonized Lime Lake, the seasonal secchi disk depth data comparing time 
periods associated with the pre and post invasion periods in Lake Leelanau (1990-1996 
and 1997-2001) yield no differences between the time intervals and the overall pattern is 
what would be expected (Fig. 8b). The observed low summertime values are a 
consequence of the productivity and to some extent, the clouding of the water associated 
with photosynthetic carbon dioxide depletions in this hardwater, calcium carbonate based 
system.

Nitrate levels in Lime Lake averaged 222 ug/L for 184 observations (Table 2), resulting 
in a N:P ratio of 49. It is a bit surprising that the nitrate levels are so much higher than 
those observed in Little Traverse Lake (222 vs. 139 ug/L), however, groundwater 
comprises an estimated 53 percent of the water coming into Lime Lake, while 
groundwater comprises only 16 percent o f the incoming water to Little Traverse Lake 
(from Canale and Nielsen). It is possible that there are more extensive submergent weed 
beds in Little Traverse and that these macrophytes are assimilating much o f the nitrate 
during the growing season.

Seasonal depletions of nitrate in Lime Lake are consistent with those in Little Traverse 
and the other area lakes (Fig. 14b), w ith the greatest reductions of nitrate observed during 
the August/September time period (N:P ratio approximately 25). There has not been a 
reduction o f nitrates over time in Lime Lake as evidenced by a non-significant slope of 
the data (Fig. 15b). This is likely due to the high percent that groundwater contributes to 
the water budget. Even though groundwater levels may have dropped over the past few 
years, its contribution to the system is such that the reduction is not significant.
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Figure 16c. Chlorophyll a: all values plotted.

Figure 16d Secchi disk transparency: all values plotted.

Time (days)
Figure 16a, b, c, d. Total phosphorus (ug/L) (note: Figure a utilizes values from all depths and 
Figure b utilizes values from the hypolimnion only), chlorophyll a (ug/L), and secchi disk transparency 
(feet) in Lime Lake (Leelanau County) from day 1 (5 June 1990) to day 4168 (1 November 2001).
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CEDAR LAKE

Phosphorus levels in Cedar Lake have averaged 5.83 ug/L for 150 observations to date 
(Table 2), placing the lake in the oligotrophic range, although for the larger bodies o f 
water in the county, this is the highest observed mean TP value (Little Glen Lake’s 
average TP was higher, yet it is a very shallow and different system).

Perhaps more importantly, TP values have decreased over the entire sampling period, as 
evidenced by the significant negative slope associated with the scatter o f the data (Fig. 
17a). Consistent with Lake Leelanau, Little Traverse, and Lime lakes, hypolimnetic TP 
concentrations have not changed over time (Fig. 17b).

Hypolimnetic TP concentrations where dissolved oxygen levels are below 2 mg/L are 
significantly much higher than values where there is sufficient oxygen to prevent 
phosphorus release from the sediments (Fig. 13). Compared to other lakes experiencing 
anoxic conditions during thermal stratification, this difference between hypolimnetic TP 
values observed during extremely reduced levels of oxygen and hypolimnetic TP values 
with dissolved oxygen concentrations greater than 2 mg/L is the greatest for Cedar Lake. 
This implies that the sediments exposed to anoxia pose a great potential source of 
nutrition for the lake. Canale and Nielsen estimated that the internal loading o f 
phosphorus to the lake was 12 percent, and based on our data, it is clear that this internal 
source is quite significant. Unfortunately, there is not anything practical that can be done 
to reduce or eliminate this source o f nutrition, short of aerating the hypolimnion during 
the summertime and continuing to reduce external P loading to the lake. The practice of 
aerating a hypolimnion is occasionally employed for some lakes, but it is quite expensive, 
and such lakes are generally far more eutrophic than Cedar Lake. Ideally, we want to 
monitor what is happening with our lakes to prevent them from ever reaching such a 
eutrophic condition that would warrant such an extreme measure, and at the same time, 
reduce or limit all controllable sources o f P to the lake.

Chlorophyll a averaged 1.99 ug/L for the 42 observations representing the entire 
sampling program (Table 2). This places the lake in the oligotrophic-mesotrophic range 
based on this standard (Table 3). Consistent with the other lakes without zebra mussels, 
there is no apparent trend in chlorophyll a concentrations using all the data (Fig. 17c) or 
just plotting the springtime values. Seasonal secchi patterns comparing the early/mid 
nineties with the late nineties are what we would expect as well without any influence 
from zebra mussel filtering (Fig. 8c). Not surprisingly, secchi disk depths have not 
changed in any detectable manner as well (Fig. 17d).

Phosphorus, chlorophyll a, secchi disk and nitrogen
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Figure 17a. Total phosphorus: all values plotted.

18 T
16 -  ♦  ♦

♦?  12 -
10 -- “ n 
8 1

6 -
4 
2 |

3)3
Q.

So ♦ ♦ ♦ 
♦ ♦ ♦

♦ ♦♦ 
♦

*♦
♦

500 1000 1500 2000 2500 3000 3500 4000

Figure 17b. Total phosphorus: hypolimnetic values plotted.
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Figure 17c. Chlorophyll a: all values plotted.
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Figure 17d. Secchi disk transparency: all values plotted.

Time (days)
Figure 17a, b, c, d. Total phosphorus (ug/L) (note: Figure a utilizes values from all depths and 
Figure b utilizes values from the hypolimnion only), chlorophyll a (ug/L), and secchi disk transparency 
(feet) in Cedar Lake (Leelanau County) from day 1 (26 June 1992) to day 3416 (1 November 2001).
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Nitrate concentrations in Cedar Lake have consistently been the highest for all area lakes. 
Levels averaged 394 ug/L for 146 observations, resulting in a N:P ratio of 68 (Table 2). 
Cedar Creek, which supplies approximately 50 percent of the water entering the lake, 
appears to be the most significant source of nitrate to the lake. Like the other lakes, '  
nitrates are depleted over the course of the summer in the expected pattern (Fig. 14c) 
from plant assimilation, and there appears to have been a reduction with respect to time 
(Fig. 15c). High concentrations observed early in the program are undoubtedly 
responsible for the significant negative slope to the line. Concentrations after 
approximately day 1000 (or 1995) seem to be fairly constant.

BIG GLEN LAKE

Phosphorus, chlorophyll a, and secchi disk

TP averaged 5.09 ug/L for 314 observations over the entire program (Table 2). This is 
approximately the average for all lakes (5.19 ug/L, Table 2), and places the lake right at 
the ultra-oligotrophic classification using the TP standard (less than 5 ug/L) (Table 3).

Consistent with other program lakes, there has been a decline in TP in Big Glen as 
evidenced by a significant negative slope to the scatter of all the TP data (Fig. 18a). There 
has not been any change in hypolimnetic TP concentrations (Fig. 18 b) as expected; 
however, hypolimnetic TP concentrations where dissolved oxygen concentrations are less 
than 2 mg/L are significantly higher than hypolimnetic TP values where oxygen exceeds
2 mg/L (Fig. 13). As expected, this implies that the sediments are contributing to the 
phosphorus loading to the lake. During the past 2001 field season, where thermal 
stratification developed early and lasted into November, multiple samples taken as high 
as four meters off the bottom, yielded TP concentrations in excess of 10 ug/L and the 
water had a distinct hydrogen sulfide (the “rotten egg”) smell to it. This is not a good 
situation, as it can cause ferrous sulfide to precipitate. If large enough quantities of 
ferrous sulfide precipitate, enough iron is removed to permit much of the soluble 
phosphorus released from the sediments to enter the system during fall turnover, as the 
ferrous iron is normally what precipitates out phosphorus when oxygen returns to the 
hypolimnetic waters.

Because of the extremely reduced environment observed in the hypolimnion of Big Glen 
Lake in the summer o f 2001, we chose to determine a hypolimnetic oxygen deficit for 
each year of the monitoring program. A hypolimnetic oxygen deficit calculation is a 
measure of the rate o f oxygen consumption within the entire hypolimnion and it is related 
to the overall productivity of the lake. This is determined by measuring the volume of the 
hypolimnion and quantity o f oxygen in it early in the summer. The calculation is then 
repeated later in the summer to determine how much oxygen has been consumed in the 
time period (therefore, a rate). In Big Glen, it would seem that for average years it is
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Total phosphorus: all values plotted, including MDNR whole number values from the 1992 study.
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Figure 18b. Total phosphorus: hypolimnetic values plotted.
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Figure 18c. Chlorophyll a: all values plotted. 
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Figure 8d. Secchi disk transparency: all values plotted.

Time (days)
Figure 18a, b, c, d. Total phosphorus (ug/L) (note: Figure a utilizes values from all depths and 
Figure b utilizes values from the hypolimnion only), chlorophyll a (ug/L), and secchi disk transparency 
(feet) in Big Glen Lake (Leelanau County) from day 1 (5 June 1990) to day 4173 (6 November 2001).
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approximately six metric tons/day, and in years where the thermocline develops early 
(usually a warm spring/early summer) and remains well into fall, this rate is closer to ten 
and results in reducing conditions that are extremely conducive to P release from the 
sediments (Fig. 19).

15 -

■  Maximum Hypolimnetic TP 

B Rate of Oxygen Consumption
t  15

Figure 19. Maximum hypolimnetic phosphorus concentrations (ug/L) and corresponding rates of 
oxygen consumption (metric tons/day) for each year (note: data not available for years 1997 and 
1998) in Big Glen Lake (Leelanau County).

Consistent with this, is the fact that the lowest observed hypolimnetic TP concentrations 
correspond to the lowest hypolimnetic oxygen consumption rates (Fig. 19). What this 
means is that there appears to be a significant reservoir o f phosphorus in the lake 
sediments that will contribute to the loading to the lake relative to the type of thermal 
stratification that develops in a given year. The overall productivity in the trophogenic 
zone is what continues to input organic material to the sediments and that ultimately is 
what consumes the oxygen (bacterial decomposition). So from a management standpoint, 
once again it needs to be stated that reducing (or at least not increasing) external 
phosphorus loads to our lakes is imperative.

Chlorophyll a averaged 1.96 ug/L for 43 observations (Table 2). This is in the 
oligotrophic to mesotrophic range and is slightly less than the average observed for all 
program lakes (2.03 ug/L). There has not been any detectable trend in chlorophyll a 
concentrations over the past decade, consistent with the other lakes without zebra mussels 
(Fig. 18c), nor has there been a significant change in secchi disk depths (Fig. 18d). 
Seasonal secchi patterns comparing the early/mid nineties with the late nineties are also 
what we would expect without any influence from zebra mussels (Fig. 8d).
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Nitrogen

Perhaps one of the most interesting limnological aspects of Glen Lake is the fact that 
large quantities o f nitrate nitrogen are entering the lake and they are either utilized by the 
biota, end up in the sediments, or are exported from the system via the Crystal River. Big 
Glen has an average concentration o f 70 ug/L for 215 observations (Table 2). This is well 
below the average o f the other program lakes (230, calculated from Table 2 exclusive of 
the Glen Lake data). A very small concentric diatom species, Cyclotella comensis, may in 
part have something to do with this, as it seems to thrive in extremely low levels of 
phosphorus, allowing it to utilize the available nitrate nitrogen and we know it to be a 
component of the phytoplankton from our 1993 assay. (It does however, occur in other 
program lakes). Regardless of C. comensis, assuming that inputs o f nitrate nitrogen are 
somewhat constant year round, it is obvious that the biotic component is utilizing this 
resource in Glen Lake. Trophogenic (at 0, 10, and 20 meters) nitrate concentrations 
diminish right through the productive summer months, while they correspondingly 
accumulate in the hypolimnion (Fig. 20a). This assimilation o f nitrate and consequent 
reduction by plant life in the trophogenic zone has been noted for oligotrophic lakes. In 
more eutrophic lakes, nitrate nitrogen usually does not accumulate in the hypolimnion, as 
bacteria reduce it through denitrification to elemental nitrogen.
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Figure 20a. Mean Seasonal Nitrate: Big Glen Lake
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Figure 20a, b. Mean seasonal nitrate concentration (ug/L) in Big Glen Lake and Little Glen Lake 
(Leelanau County) from 1990 through 2001. Trophogenic zone (0, 10, 20m) and hypolimnetic 
values (35m) are plotted for Big Glen Lake. Y-error bars indicate standard error.



Because nitrate nitrogen moves relatively freely through most o f our soil types (relative 
to phosphorus) and because the annual inputs to all of our lakes are substantial, we will 
watch this situation very closely in Glen Lake. Any additional continued input of 
phosphorus would likely not only make the lake more productive, but instead shift the 
limiting factor in the direction o f nitrogen, a much more available and less controllable 
nutrient.

Typically, it is thought that a nitrogen to phosphorus ratio less than 23 would mean that 
phosphorus was not limiting growth. We observe an overall ratio o f 14:1 for Big Glen 
and 8:1 for Little Glen (Table 2). Granted, the nitrogen value is underestimated, as we are 
not including organic nitrogen and ammonia and with their inclusion it may approach or 
even exceed this standard, but it is obvious that nitrogen is playing a much greater role in 
Glen Lake than it is in the other county lakes. N:P ratios (nitrate+nitrite N) in other lakes 
range from a high of 68 in Cedar Lake to a low of 26 in Little Traverse Lake (Table 2). 
Interestingly, the only other lake where late summertime hypolimnetic water occasionally 
exhibits an obvious hydrogen sulfide smell is Little Traverse Lake, and it has the next 
lowest N:P ratio after Glen Lake, i.e., 26. It’s possible that there is something intrinsic to 
these systems (such as a particular phytoplankton or macrophyte species or assemblage of 
species) that permit them to better utilize the excess nitrate nitrogen. It is something that 
we will undoubtedly investigate further in the future. Surprisingly, north Lake Leelanau, 
which is similar to Big Glen in may ways, has an N:P ratio of approximately 56.

Although marginal because of the highly variable nature of the nitrate data, there appears 
to be a decrease of nitrate with respect to time in Big Glen (Fig. 21a). MDNR data from 
the nutrient budget study conducted by Keilty in 1992 were not included in this analysis 
as their level of detectability (1 ug/L) was an order of magnitude greater than that of the 
then Battelle Lab (10 ug/L) skewing the data at the start o f the program. The apparent 
decrease is likely the result o f the same factors responsible for observed TP decreases, i.e. 
better informed riparian owners, reduced precipitation, etc.
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Figure 21a. Nitrate nitrogen: Big Glen Lake.

2000 2500 3000 3500 4000 4500

43



400 T

300 -

200 -

100 - -

♦ ♦

U  f t  ♦
♦♦ ♦ t  ♦ 

v  ♦ \ $

♦» $♦
0 500 1000 1500

Figure 21b. Nitrate nitrogen: Little Glen Lake.
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Figure 21a, b. Nitrate nitrogen (ug/L) in Big Glen Lake and Little Glen Lake (Leelanau County) 
from 1990 through 2001.

LITTLE GLEN LAKE

Phosphorus, chlorophyll a, secchi disk, and nitrogen

Little Glen is typical o f a shallow water body with a reasonably large surface area. It 
warms up fairly quickly and supports macrophtye growth over most o f the lake bottom 
where accumulation occurs (not in the sandy wind swept areas). Its TP has averaged 
higher than any of the other County lakes over the course o f the monitoring program 
(6.47 ug/L for 212 observations, Table 2), yet it would still be classified as oligotrophic 
(Table 3).

Chlorophyll a has averaged 2.31 ug/L for 40 observations, that places the lake in the 
oligotrophic to mesotrophic category (Table 2).

Consistent with the other lakes, there has been a decrease in TP over the course o f the 
program (Fig. 22a), and no change in either the chlorophyll a or the secchi disk depth 
data with respect to time (Fig. 22b,c).

Nitrate nitrogen levels in Little Glen are the lowest of any of our monitored lakes, 
averaging 55 ug/L for 152 observations. This is not surprising with the extensive 
macrophtye beds occurring over most o f the bottom. Undoubtedly these plants are 
assimilating a great deal o f the incoming nitrogen. Nitrates become extremely low during 
the summer season when plant growth is at its peak (Fig. 20b), resulting in an N:P ratio 
overall of 8 (nitrate+nitrite:P, Table 2). This once again suggests the importance of 
nitrogen to the Glen Lake system.
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Figure 22a. Total phosphorus: all values plotted, including MDNR whole number vaules from the 1992 study.
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Figure 22b. Chlorophyll a: all values plotted.
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Figure 22c. Secchi disk transparency: all values plotted.
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Figure 22a, b, c. Total phosphorus (ug/L), chlorophyll a (ug/L), and secchi disk transparency 
(feet) in Little Glen Lake (Leelanau County) from day 1 (5 June 1990) to day 4168 (1 November 2001).
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Although it appears that there is a developing trend toward a decrease in nitrates, it is not 
significant at this time (Fig. 21b), and given the importance of nitrates as a nutritional 
resource in the Glen Lake system, every effort to limit their input should be made.

FUTURE WORK

The continuation of the core sampling portion o f our program is essential, for as the 
dataset grows, so does our ability to determine not only the state o f the water quality in 
our lakes, but perhaps more importantly, we learn if it is improving or declining. With 
that said, we will continue to average 6-8 profiles per station per year, as well as our total 
phosphorus, nitrate nitrogen, chlorophyll a, and secchi disk depth determinations. We 
will be adding the measure o f hardness (as mg CaCC^/L) to the core program in 2002.

Additionally, we will be estimating zebra mussel densities in Lake Leelanau and Little 
Traverse Lake through the use of underwater video and SCUBA. In Cedar, Lime, and 
Glen lakes, we will monitor artificial substrates as well as look for veliger larvae with 
plankton tows.

Concurrent with zebra mussel density and expansion/population dynamic estimations, we 
will be repeating our 1993 phytoplankton survey in the summer of 2002. This will 
involve establishing permanent benthic plots to track potential long-term development of 
benthic algal/macrophyte beds caused by zebra mussel excretion of pseudofeces.

As exotics seem to be establishing themselves in the Great Lakes watershed at an 
alarming rate, we will be using periodic plankton tows in all of our lakes to look for 
exotic species such as Bythotrepes and Cercopagis in our inland systems.

As a final note, we will continue to refine our nutrient budgets, either by concentrating on 
a specific aspect (such as hypolimnetic TP inputs) or a specific water body. An accurate 
nutrient budget ultimately identifies the relative contributions of nutrition to our lakes, 
and in doing so highlights areas that may be improved upon through appropriate 
management, i.e., if you don’t know what the problem is, you can’t fix it.
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