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LAKE TYRONE IMPROVEMENT FEASIBILITY STUDY REPORT: 
AN AERATION AND BIOAUGMENTATION PLAN FOR LAKE TYRONE,  

LIVINGSTON COUNTY, MICHIGAN 

 

September, 2014 

 

1.0    EXECUTIVE SUMMARY 

 

Lake Tyrone is a 102-acre lake with nearly 2.7 miles of shoreline, a maximum water depth of 20 feet 
and an average depth of approximately 5.2 feet.  The lake is located section 34 of Tyrone Township 

and sections 2 and 3 of Hartland Township (T.3N and 4N, R.6E) in Livingston County, Michigan.  The lake 
elevation is 982 feet above sea level and the water volume is approximately 527 acre-feet.  It was 
formerly named “Russell Lake” and was built in the 1920’s and has a dam at the northeast corner.  
Lake Tyrone receives its water from springs and from a seepage wetland at the southeast corner.  
The north outlet flows into North Ore Creek which empties into the Shiawassee River and into 
Saginaw Bay via the Saginaw River.  The immediate watershed area is approximately 702 acres and 
thus the watershed to lake ratio is 6.9:1 which qualifies as a moderate-sized watershed.  The 
immediate watershed is primarily forested with residential land surrounding the lake shoreline. The 
sediments of certain areas of the lake are thick, highly anoxic, high in sediment phosphorus and 
nitrogen, and compromise the health of the Lake Tyrone ecosystem and impact recreation and 
property values as a result of these undesirable characteristics.  Prior studies have not adequately 
addressed the sediment nutrients and composition throughout the lake. Excess “muck” created 
from a combination of internal decomposition and external inputs are largely confined to the lake 
basin and have led to accumulation of sediments which have decreased overall lake water depth in 
some areas.   
 
On April 26 of 2014, seventeen sediment samples were collected throughout the lake and 
analyzed for sediment organic matter content, nitrogen, and phosphorus. Organic matter 
percentage ranged from 1.2-65% which indicated high variability of organic matter in lake 
sediments. Due to the unconsolidated nature of these sediments, dredging would not be 
recommend due to the fluid nature of the sediments, presence of metals which would require 
specialized land fill disposal, and high cost.  As a result, it is recommended that a bioaugmentation 
system which consists of laminar (non-turbulent) flow aeration (inversion oxygenation) and 
microbes (aerobic bacteria) be implemented to biodegrade the thick sediments in the lake and 
reduce nutrients in the lake.  
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Water quality parameters such as water temperature, pH, oxidative reduction potential, dissolved 
oxygen, conductivity, total alkalinity, total dissolved solids, total phosphorus, ortho-phosphorus, 
total nitrogen, and chlorophyll-a were also measured at the central deep basin of the lake on  
April 26, May 29, and July 21 of 2014.  The conductivity was high with a mean of 567 µS cm-1.  
Dissolved oxygen virtually disappears from the lake beyond depths of 6 feet in mid-summer.   
 
The lake also contains elevated nitrogen and phosphorus at the lake bottom and beyond a depth 
of 12 feet during stratified periods. Bottom phosphorus concentrations indicate internal loading is 
occurring and exacerbates all algal growth throughout the late spring and through early fall.  
Chlorophyll-a concentrations ranged from 4.7-12.7 µg L-1.  This supports the measured low Secchi 
transparency which was noted throughout the study (range from 2.5-8.0 feet). 
 
An inversion oxygenation aeration system is recommended for Lake Tyrone to increase dissolved 
oxygen throughout the lake and especially in the deep basin where phosphorus release most 
readily occurs.  The system will also be used in conjunction with microbes that will assist with muck 
digestion.  Additionally, the aeration system will reduce water column nutrients and associated 
chlorophyll-a which will increase water clarity.  Spot-treatments of nuisance exotic and native 
aquatic vegetation are also recommended with the aeration system as an integrated management 
program.  Lastly, the implementation of a riparian educational program or community 
engagement program for understanding the aeration technology, its benefits, and limitations is 
also recommended. 
 

Although it is difficult to measure the current sediment depths throughout the lake basin due to the 
extensive thickness, the efficacy of the bioaugmentation system can be evaluated with time through 
the measurement of freeboard which is the distance between the sediment surface and the surface 
of the water or by changes in the ratio of hard to soft bottom.  This measurement will attain 
accuracy as long as lake-level is also measured and accounted for in the calculation of water depths.  
Sediment organic matter and nutrients may also be measured, but it is recommended after a 
substantial amount of sediment has been biodegraded since lower sediment layers are still likely to 
contain high amounts of these sediment nutrients and organic content.   
 
Water quality data in the vicinity of the deep basin should be collected to determine the impacts of 
the increased dissolved oxygen and added microbes on sediment degradation throughout the 
duration of the bioaugmentation study.   
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2.0    LAKE SEDIMENT BACKGROUND INFORMATION 

 

2.1     Introductory Concepts 

 
The following terms are provided for a more thorough understanding of the forthcoming lake 
management recommendations for sediment reductions within Lake Tyrone.  A basic knowledge of 
sedimentary processes is necessary to understand the complexities involved and how management 
techniques are applicable to the current condition of Lake Tyrone.   Although laboratory analyses 
are used to determine the composition and nutrient profiles in the lake sediment, it must be 
realized that sediments also change with time due to dynamic wind and lake energy processes 
which re-distribute sediments among the entire lake basin.  The origin of the sediments throughout 
Lake Tyrone cannot be determined as a single source, but rather a result of inputs from multiple 
areas around the lake.   
 

2.1.1 Lake Sediment Composition and Biogeochemistry 

 

Lake sediments originate from external (allochthonus) and internal (autochthonous) sources within a 
lake system.  External sources include materials such as pollen, terrestrial vegetation inputs, and 
erosional matter that enter the lake from the drainage basin (immediate watershed) and metals and 
particulates from the atmosphere.   The majority of those substances settle at the lake bottom, but 
may be resuspended during high energy events which may lead to re-distribution of the sediments.  
Internal sources of sediment are produced from the decay of organic materials such as aquatic 
vegetation, phytoplankton (algae), zooplankton, and other higher organisms.  Lake sediments usually 
contain a bulk density (mineral) component which consists of little organic matter and originates 
from the lake drainage basin.  The less consolidated or flocculent component of sediment is derived 
from internal sources and is generally much higher in organic matter content than external sources.  
However, some external inputs from wetlands or marshes can also be high in organic matter content.  
In general, coarse sediments tend to accumulate near shoreline areas and finer silts deposit at the 
deeper basin(s). This is evidenced by the presence of sands along some portions of the shoreline 
around Lake Tyrone.   In lake systems with an abundant microbial community, the organic fraction is 
usually degraded as an energy source for the microbes, resulting in a reduction in the organic matter 
content of lake sediments.   
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Unfortunately, the sediments in the deep basin and in other offshore areas are anoxic (lacking in 
oxygen) and the essential conversion of ammonia to a less usable nitrogen form (such as nitrate) 
cannot easily occur. Fortunately, the NH3+ concentrations in Lake Tyrone are low so toxicity is not a 
concern.  The imminent accumulation of NH3+ then results in toxicity to aquatic organisms (Camargo 
et al., 2005; Beutel, 2006) over time.   Beutel (2006) found that NH3+ release rates in anoxic sediment 
were > 15 mg N m-2 day-1, but were nearly absent in oxic (high oxygen) conditions.  The majority of 
rooted aquatic plants are able to oxidize the rhizosphere and overcome anoxic conditions as a 
method of compromised growth (Bodelier et al., 1996).   Additionally, the low oxygen levels at the 
sediment allow release of phosphorus into the water column and reduce the oxidation-reduction 
potential which results in the formation of black hydrogen sulfide (H2S) sediments.  A study 
conducted by Ramco in 1993, utilized a Biological Activity Reaction Test (BART) to determine the 
degree of activity by various bacteria such as Iron and Sulfate metabolism microbes, slime-forming 
bacteria, fluorescing pseudomonads, cyanobacteria, and total aerobes.  Although the current study 
did not measure these parameters, it is useful information to assess the pre-existing microbial flora 
in anticipation of bioaugmentation methods.  The result of their study indicated that the numbers of 
aggressive aerobic bacteria increased with an increase in aeration relative to the non-aerated control 
region.  The BART test indicated higher activity of sulfate-reducing bacteria, slime-forming bacteria, 
Iron-related bacteria, fluorescing pseudomonads, and total aerobes in the barge and tube-aerated 
sites than in the control (non-aerated) site.  Such data suggests a strong synergy between 
bioaugmentation and aeration which may be adequately utilized to decompose organic matter in the 
sediments.   
 
Phosphorus cycling occurs between the sediments and overlying water and is significantly influenced 
by wind action and resuspension of particulate matter in lakes (Krogerus and Ekholm, 2003).  The 
lake water is high in phosphorus and sediment pore water is usually significantly higher.  Thus, under 
anoxic conditions, release of phosphorus from lake sediments contributes to internal nutrient loading 
and can cause sporadic algal blooms and declines in water quality.  Phosphorus enters a lake system 
from the immediate watershed and from smaller particulate contributions from the atmosphere.   
Sediments are usually sampled with a coring device or a hand-held Ekman dredge (Figure 1). 
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Figure 1.   An Ekman hand-dredge sampler used to sample sediments throughout Lake Tyrone. 

 

2.1.2      Lake Sediment Functions in Lake Tyrone 

 

The majority of inland lake sediment originates from glacial material that was deposited in lake 
basins nearly 8,000 years ago (Straw et al., 1978).  Lake sediments may function as a rooting 
medium and source of nutrients for rooted aquatic vegetation.  In addition, lake sediments are 
active components of the biogeochemical cycles present in aquatic ecosystems in that they recycle 
nutrients and organic matter via microbial metabolism.  Odum (1971) showed that lake bottom 
sediments regulated the metabolism of aquatic ecosystems.  In general, lake sediments with coarse 
particle size are associated with higher water clarity, while those with smaller particle size such as 
silts and clays are usually correlated with increased turbidity.  Sediments with large particle size may 
inhibit rooted aquatic plant growth through mechanical impedance, whereas sediments with 
smaller particle sizes tend to favor rooted vegetation growth unless those sediments are highly 
flocculent and rooting is not possible.  Sediments may also function with rooted aquatic vegetation 
as receivers of oxygen supplied by the plant roots.  A study by Bodelier et al. (1996) determined that 
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the emergent macrophyte, Glyceria maxima utilized root aerenchymatous tissue to oxidize an 
anoxic portion of the lake sediment which encourages ammonia-oxidizing bacteria.  In general, 
sediments in lake systems are highly heterogeneous having been derived from glacial and 
anthropogenic (man-induced) activities over time.   
 
Lake circulation patterns ultimately dictate the distribution of sediments in an aquatic ecosystem.  
Coarse sediment particles tend to appear near shore, whereas finer particles settle out in the 
deeper basins of a lake.  Sediments may also be utilized as a large source of siliceous diatoms and 
other macro biota which forms the base of the food chain for higher organisms that feed on benthic 
biota.  The majority of lake sediments offshore in Lake Tyrone support submersed rooted aquatic 
vegetation growth, whereas, the coarser sediments support macro-algae such as Chara. 
 

2.1.3     Lake Sediment Impairments in Lake Tyrone 

 

The accumulation of lake sediment in the deep basin of Lake Tyrone is more closely related to 
nutrient release but the accumulation of sediment in shallow areas causes limitations in 
navigational activities due to low freeboard which is the distance between the water surface at 
lake level and the surface of the lake sediment.  Boats may easily contact the lake bottom and re-
suspend sediments which results in degradation of water quality or damage to boat components.  
The high organic content of the sediments also may lead to substantial increases in all forms of 
aquatic vegetation.  Over time, this accumulation of aquatic vegetation can attempt decomposition 
on the lake bottom but in the absence of adequate dissolved oxygen may not adequately 
decompose.  Most of the external sources of sediment are derived from the immediate watershed 
around Lake Tyrone.   
 
A watershed may be defined as an area of land that drains to a common point and is influenced by 
both surface water and groundwater resources that are often impacted from land use activities.  In 
general, a large watershed of a particular lake possesses more opportunities for pollutants to enter 
the system and alter water quality and ecological communities.  In addition, watersheds that 
contain abundant development and agricultural sites (such as Lake Tyrone) are more vulnerable to 
water quality degradation since the fate of pollutant transport may be increased and negatively 
affect surface waters and groundwater.   
 
Land use activities have a dramatic impact on the quality of surface waters and groundwater. 
Engstrom and Wright (2002) cite the significant reduction in sediment flux of one non-aerated lake 
which was attributed to substantial reduction of sediment loading from the surrounding catchment.  
The topography of the land and the morphometry of the lake dictate the ultimate fate transport of 
pollutants and nutrients into the lake within a particular watershed.   
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Steep slopes on the land surrounding a lake may cause surface runoff to enter the lake more readily 
than if the land surface was at grade relative to the lake.   
 
Many types of land use activities can influence the watershed of a particular lake.  Such activities 
include residential land use, industrial land, agricultural land, water supply land, wastewater 
treatment land, and storm water management.  All land uses may contribute to the water quality of 
the lake through the influx of pollutants from non-point sources or from point sources.  Non-point 
sources are often diffuse and arise when climatic events carry pollutants from the land into the lake.  
Point-source pollutants exit from pipes or input devices and empty directly into a lake or 
watercourse.  Residential land use activities involve the use of lawn fertilizers on lakefront lawns, 
the utilization of septic tank systems for treatment of residential sewage, the construction of 
impervious (impermeable, hard-surfaced) surfaces on lands within the watershed, the burning of 
leaves near the lakeshore, the dumping of leaves or other pollutants into storm drains, and removal 
of vegetation from the land and near the water.  In addition to residential land use activities, 
agricultural practices by vegetable crop and cattle farmers may contribute nutrient loads to lakes 
and streams.  Industrial land use activities may include possible contamination of groundwater 
through discharges of chemical or thermal pollution. 
 

3.0 LAKE TYRONE PHYSICAL & WATERSHED CHARACTERISTICS 

 

3.1 The Lake Tyrone Basin 

 

Lake Tyrone is a 102-acre lake with nearly 2.7 miles of shoreline, a maximum water depth of 20 feet 
and an average depth of approximately 5.2 feet.  The lake is located section 34 of Tyrone Township 

and sections 2 and 3 of Hartland Township (T.3N and 4N, R.6E) in Livingston County, Michigan.  Lake 
Tyrone is located at an elevation of 982 feet above sea level and the water volume is approximately 
527 acre-feet.  The lake was formerly named “Russell Lake” and was built in the 1920’s and has a 
dam at the northeast corner.  Lake Tyrone receives its water from springs and from a seepage 
wetland near the southeast corner of the lake.  The outlet flows into North Ore Creek which empties 
into the Shiawassee River and into Saginaw Bay via the Saginaw River.  The lake bottom consists 
primarily of sand and fibrous and pulpy peat.   
 

 

 



Restorative Lake Sciences 
Lake Tyrone Improvement Board  

Aeration/Bioaugmentation Feasibility Study Report 
September, 2014 

Page 14 

 

 

3.2  Lake Tyrone Extended and Immediate Watershed and Land Use 

 

Lake Tyrone is located within the Shiawassee River extended watershed which is approximately 
742,400 acres (approximately 1,160 mi2) in area and includes portions of 8 counties, including 
Midland, Saginaw, Gratiot, Tuscola, Shiawassee, Genesee, Livingston, and Oakland counties. The 
Lake Tyrone extended watershed consists of approximately 57% agricultural lands, 14% deciduous 
mixed forest, 11% woody wetlands, 7% grasslands, and 5% urban land.  Historical land uses 
consisted of approximately 57% woody wetlands and 38% deciduous mixed forests (Great Lakes 
Protection Fund, 2014).   
 
The Lake Tyrone immediate watershed is the area around the lake draining directly to the lake 
and is approximately 702 acres in size (Figure 2). The immediate watershed is approximately 6.9 
times larger than the size of the lake, which indicates the presence of a moderately large 
immediate watershed. 
 
Agricultural/crop, wetland, and residential land constitute the largest land use types within the 
immediate watershed of Lake Tyrone.   Forested lands are also present but are highly fragmented 
due to surrounding developments.  The Southeast Michigan Council of Governments (SEMCOG) 
reports that nearly 80% of Tyrone Township consists of lands that are cultivated, vacant, or 
wetlands.  Thus there is considerable interest in populous areas, especially around natural resources 
such as Lake Tyrone. 
 

The majority of the Lake Tyrone shoreline is developed with residential properties and may 
therefore have significant impacts on water quality.   A shoreline development factor (SDF) is a ratio 
assigned to a lake to describe the degree of shoreline irregularity compared to the lake surface area.  
Lakes with a perfectly circular shoreline have an SDF of 1.0.  Lakes with higher SDF values (> 1.0) are 
more irregular and may accommodate greater shoreline development.  The SDF of Lake Tyrone is 
1.9 and thus may contain substantially more development than a lake of similar size with a 
perfectly circular shoreline. 
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Figure 2.   Immediate watershed boundary around Lake Tyrone (Restorative Lake Sciences, 2014). 
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3.3      Lake Tyrone Shoreline Soils  

 

The 12 major soil types immediately surrounding Lake Tyrone may have impacts on the water 
quality of the lake and may also dictate the particular land use activities associated within a location.  
Figure 3 (created with data from the United States Department of Agriculture and Natural Resources 
Conservation Service, 1977) demonstrates the precise soil types and locations around Lake Tyrone.   
 
Major characteristics of the dominant soil types directly surrounding the Lake Tyrone shoreline are 
listed in Table 1 below.   
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USDA-NRCS 

Soil Series 

Lake Tyrone Location  Prominent Soil Characteristics 

Spinks-Oakville Loamy Sands (0-6% 

slopes); SvB 

Northwest shore Rapid permeability, slow runoff, 

erosion moderate 

Miami Loam (12-18% slopes); MoD West shore Deep, moderately well-drained, 

moderate runoff with high slope 

Hillsdale-Miami Loams (6-12% slopes); 

HmC 

Hillsdale-Miami Loams (2-6% slopes); 

HmB 

Conover Loam (0-2% slopes); CvA 

West shore 

 

Southwest shore 

 

North end, southwest 

corner 

Deep, well-drained, high runoff, 

moraines 

Deep, well-drained, moderate 

runoff, moraines 

Very deep, poorly drained, low till 

plains 

Bronson Loamy Sand (0-2% slopes); BwA 

 

Fox Sandy Loam (0-2% slopes); FoA 

 

Miami Loam (2-6% slopes), MoB 

 

Carlisle Muck; Cc 

Brady Loamy Sand (0-2% slopes); BuA 

 

Gilford Sandy Loam; Gd 

Pewamo Clay Loam; Pc 

Northeast corner, east 

shore, south shore 

Northeast shore 

 

East shore, northwest 

corner, west shore 

Northeast corner 

East shore and southeast 

corner 

Southeast shore 

Southeast corner 

Very deep, moderately well-

drained, low lying moraines 

Very deep, well drained, 

calcareous 

Very deep, well drained 

 

Deep, poorly drained, ponded 

Very deep, poorly drained, on 

plains 

Very deep, very poorly drained 

Very deep, very poorly drained 

 

Table 1.   Lake Tyrone Shoreline Soil Types (USDA-NRCS data, 1977). 
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The Conover Loams, Carlisle Mucks, Brady Loamy Sands, Gilford Sandy Loams, and Pewamo Clays 
are moist poorly drained soils that are frequently ponded during heavy rainfall.  These soil series are 
located at the north and northeast, southwest, southeast, and east shore regions of Lake Tyrone.  
These soils contain high concentrations of moist organic substrates that are very poorly drained and 
have low to moderately low permeability.  Ponding is the accumulation of water on the soil surface 
and may occur on soils which are poorly drained and generally contain high proportions of organics 
or muck.  All of these soils are present in low-lying areas where erosion is not a risk. 
 
Excessive ponding of such soils may lead to flooding of some low lying shoreline areas.  As a 
result, organic nutrients may enter the lake via surface runoff since these soils do not promote 
adequate drainage or filtration of nutrients.   
 
Additionally, nutrients such as nitrogen and phosphorus may still be present in these soils due to 
previous drain field activities.  Nitrogen in particular can take several decades to reach the 
sediment/lake interface and cause measureable changes in water quality (Jermalowicz-Jones, 
2007, MS Thesis).   
 
High erosion areas exist in areas of high slope (> 6%) with the Miami Loams and Hillsdale-Miami 
Loams located along the west shore of Lake Tyrone.  It is critical that Best Management Practices 
(BMP’s) be followed, such as assuring that vegetation is on the ground all year to prevent soils from 
entering the lake from steep slopes nearby. 
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Figure 3.   Soil types around the shoreline of Lake Tyrone (map from USDA-NRCS, 1977 data) 

4.0 LAKE TYRONE WATER QUALITY, SEDIMENT, & AQUATIC PLANT DATA 

 

The quality of water is highly variable among Michigan inland lakes, although some characteristics 
are common among particular lake classification types.  The water quality of each lake is affected by 
both land use practices and climatic events.  Climatic factors (i.e. spring runoff, heavy rainfall) may 
alter water quality in the short term; whereas, anthropogenic (man-induced) factors (i.e. shoreline 
development, lawn fertilizer use) alter water quality over longer time periods. Since many lakes 
have a fairly long hydraulic residence time, the water may remain in the lake for years and is 
therefore sensitive to nutrient loading and pollutants. Furthermore, lake water quality helps to 
determine the classification of particular lakes.  Lakes that are high in nutrients (such as phosphorus 
and nitrogen) and chlorophyll-a, and low in transparency are classified as eutrophic; whereas those 
that are low in nutrients and chlorophyll-a, and high in transparency are classified as oligotrophic.  
Lakes that fall in between these two categories are classified as mesotrophic.  Lake Tyrone is 
considered eutrophic to hyper-eutrophic due to its moderate to low water clarity, high 
chlorophyll-a concentrations, and elevated water column and sediment nutrients. 
 

4.1 Water Quality Parameters 

 

Water quality parameters such as dissolved oxygen, water temperature, conductivity, pH, oxidative 
reduction potential, turbidity, and total dissolved solids all respond to changes in water quality and 
consequently serve as indicators of water quality change. The deep basin results are discussed 
below and are presented in Tables 2-4.   A map showing the sampling locations for all water 
quality samples is shown below in Figure 4. All water samples and readings were collected on 
April 26, 2014, May 29, 2014, and July 21, 2014 with the use of a Van Dorn horizontal water 
sampler and Hanna® multi-meter probe with parameter electrodes, respectively. 
 
A total of 17 sediment samples were collected in the lake on April 26, 2014 and analyzed for 
sediment organic matter percentage, sediment nitrogen, and sediment phosphorus (Table 5).  A 
map showing the locations of all sediment sample sites is displayed below in Figure 5.  
Additionally, Figure 6 shows the relative soft versus hard bottom areas in Lake Tyrone.  Note: On 
this map, the black area at the south basin of the lake was not read due to dense canopies of 
Curly-leaf Pondweed at the time of the lake bottom scan. 
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Figure 4.  Lake Tyrone deep basin water quality sampling location site (May-July, 2014). 
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Figure 5. Lake Tyrone sediment sampling sites (April 26, 2014). 
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4.1.1 Dissolved Oxygen 

 

Dissolved oxygen is a measure of the amount of oxygen that exists in the water column.  In general, 
dissolved oxygen levels should be greater than 5 mg L-1 to sustain a healthy warm-water fishery.  
Dissolved oxygen concentrations may decline if there is a high biochemical oxygen demand (BOD) 
where organismal consumption of oxygen is high due to respiration.  Dissolved oxygen is generally 
higher in colder waters. Dissolved oxygen is measured in milligrams per liter (mg L-1) with the use of 
a dissolved oxygen meter and/or through the use of Winkler titration methods.  The dissolved 
oxygen concentrations in Lake Tyrone were plentiful at all depths in April and late May before the 
lake stratified.  In mid to late July, however, the dissolved oxygen levels declined dramatically 
beyond a depth of 6 feet.  Dissolved oxygen values in April and May ranged between 8.9-6.3        
mg L-1.  By mid to late July of 2014, dissolved oxygen levels ranged from 7.9 mg L-1 at the surface 
to 0.3 mg L-1 at the bottom.   Lake Tyrone loses dissolved oxygen rapidly beyond a depth of 6 feet 
during stratified periods.  This can cause great stress for the lake fishery and interfere with 
nutrient cycling by allowing more phosphorus to be released from the lake bottom. 
 
During summer months, dissolved oxygen at the surface is generally higher due to the exchange of 
oxygen from the atmosphere with the lake surface, whereas dissolved oxygen is lower at the lake 
bottom due to decreased contact with the atmosphere and increased biochemical oxygen demand 
(BOD) from microbial activity.  A decline in dissolved oxygen may cause increased release rates of 
phosphorus (P) from lake bottom sediments if dissolved oxygen levels drop to near zero milligrams 
per liter.  Historical data of Lake Tyrone dissolved oxygen levels at the lake bottom (Progressive AE, 
2006) indicated that the dissolved oxygen levels typically ranged 6.6 – 1.0 mg L-1 during late July.  
Thus, the dissolved oxygen values for Lake Tyrone appear to be sufficiently high at the surface and 
low at the lake bottom during the summer months.   
 

4.1.2 Water Temperature 

 

The water temperature of lakes varies within and among seasons and is nearly uniform with depth 
under winter ice cover because lake mixing is reduced when waters are not exposed to wind.  When 
the upper layers of water begin to warm in the spring after ice-off, the colder, dense layers remain 
at the bottom.  This process results in a “thermocline” that acts as a transition layer between 
warmer and colder water layers.  During the fall season, the upper layers begin to cool and become 
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denser than the warmer layers, causing an inversion known as “fall turnover”.  In general, lakes with 
a deep central basin such as Lake Tyrone will stratify during early to mid-summer.   Water 
temperature is measured in degrees Celsius (ºC) or degrees Fahrenheit (ºF) with the use of a 
submersible thermometer.  The April 26, 2014 water temperatures exhibited the lack of a  
 
thermocline and the range was from 49.8°F at the surface to 45.0°F at the lake bottom.  On May 29, 
2014, the lake exhibited a 7 degree difference in temperature from top to bottom with surface 
temperatures around 77.5°F and bottom temperatures around 70.5°F.  On July 21, 2014, the surface 
temperature was 77.3°F and the bottom temperature was 60.7°F with the thermocline occurring at 
around 12 feet of water depth.   
 
4.1.3 Conductivity 

 

Conductivity is a measure of the amount of mineral ions present in the water, especially those of 
salts and other dissolved inorganic substances.  Conductivity generally increases as the amount of 
dissolved minerals and salts in a lake increases, and also increases as water temperature increases.  
Conductivity is measured in microsiemens per centimeter (µS cm-1) with the use of a conductivity 
probe and meter.  Conductivity values for Lake Tyrone ranged between 415-567 µS cm-1 for the 
May-July 2014 sampling events.   The highest values were noted at the lake bottom in late July 
and were previously noted to be high by Dr. David Jude in July of 2011. Baseline parameter data 
such as conductivity are important to measure the possible influences of land use activities (i.e. road 
salt influences, industrial discharges) on Lake Tyrone over a long period of time, or to trace the 
origin of a substance to the lake in an effort to reduce pollutant loading.  Given the scarcity of data 
for this parameter, it is difficult to determine whether the values have significantly increased with 
time and future measurements are needed.  Values are usually higher in the spring due to road salt 
runoff, even though water temperatures may be lower at that time than in late summer.  
 

4.1.4 Total Dissolved Solids and Turbidity 

 

Total dissolved solids (TDS) are another measure of combined inorganic and organic solids dissolved 
in the water that pass through a 2µm sieve.  In general, the higher the turbidity of the water, the 
greater the quantity of TDS.  The TDS present in Lake Tyrone water ranged from 173-262 ppm for 
all samples collected in May-July, 2014.  The highest values were measured in late April and the 
lowest values were noted in late May.  Most aquatic ecosystems can tolerate TDS levels up to 1,000 
ppm (Boyd, 1999). The water quality standard for drinking waters in the United States is 500 ppm. 
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Turbidity is a measure of the loss of water transparency due to the presence of suspended particles.  
The turbidity of water increases as the number of total suspended particles increases.  Turbidity may 
be caused by erosion inputs, phytoplankton blooms, storm water discharge, urban runoff, re-
suspension of bottom sediments, and by large bottom-feeding fish such as carp.  Particles 
suspended in the water column absorb heat from the sun and raise water temperatures.  Since  
 
higher water temperatures generally hold less oxygen, shallow turbid waters are usually lower in 
dissolved oxygen.  Turbidity is measured in Nephelometric Turbidity Units (NTU’s) with the use of a 
turbimeter.  The World Health Organization (WHO) requires that drinking water be less than 5 
NTU’s; however, recreational waters may be significantly higher than that.  The turbidity of Lake 
Tyrone is moderate and ranged from 1.1-3.4 NTU’s during the May-July, 2014 sampling events and 
increased near the lake bottom.  The lake bottom is predominately pulpy peat organic which may 
be suspended in the water column and may temporarily increase turbidity.  Spring values would 
likely be higher due to increased watershed inputs from spring runoff and/or from increased algal 
blooms in the water column from resultant runoff contributions. The late May turbidity values were 
higher than during the other sampling dates. 
 

4.1.5 pH and Total Alkalinity 

 

pH is the measure of acidity or basicity of water.  The standard pH scale ranges from 0 (acidic) to 14 
(alkaline), with neutral values around 7.  Most Michigan lakes have pH values that range from 6.5 to 
9.5.  Acidic lakes (pH < 7) are rare in Michigan and are most sensitive to inputs of acidic substances 
due to a low acid neutralizing capacity (ANC).  pH is measured with a pH electrode and pH-meter in 
Standard Units (S.U).  The pH of Lake Tyrone water ranged from 8.5 – 7.8 S.U. during the May-July 
2014 sampling events with the lower values at the lake bottom in late July.  Typically, the pH 
values will be lower at the lake bottom than at the surface.  The overabundance of photosynthesis 
occurring near the surface due to Curly-leaf Pondweed canopies results in a higher pH value.  The 
pH of lakes is generally dependent upon submersed aquatic plant growth and underlying geological 
features.  From a limnological perspective, Lake Tyrone is considered “slightly basic” on the pH 
scale. 
 
Total alkalinity is the measure of the pH-buffering capacity of lake water.  Lakes with high alkalinity 
(> 150 mg L-1 of CaCO3) are able to tolerate larger acid inputs with less change in water column pH.  
Many Michigan lakes contain high concentrations of CaCO3 and are categorized as having “hard” 
water.  Total alkalinity is measured in milligrams per liter of CaCO3 through an acid titration method.  
The total alkalinity of Lake Tyrone is considered “elevated” (> 150 mg L-1 of CaCO3), and indicates 
that the water is alkaline.  Total alkalinity in the deep basin ranged from 121-139 mg L-1 of CaCO3 
during the May-July, 2014 sampling events.  The lower values were recorded at the surface and 
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higher values at the lake bottom. Total alkalinity may change on a daily basis due to the re-
suspension of sedimentary deposits in the water and respond to seasonal changes due to the cyclic 
turnover of the lake water.  
 
 

4.1.6 Secchi Transparency 

 

Secchi transparency is a measure of the clarity or transparency of lake water, and is measured with 
the use of an 8-inch diameter standardized Secchi disk.  Secchi disk transparency is measured in feet 
(ft) or meters (m) by lowering the disk over the shaded side of a boat around noon and taking the 
mean of the measurements of disappearance and reappearance of the disk.  Elevated Secchi 
transparency readings allow for more aquatic plant and algae growth.  Eutrophic systems generally 
have Secchi disk transparency measurements less than 7.5 feet due to turbidity caused by excessive 
planktonic algae growth.  The Secchi transparency of the Lake Tyrone deep basin in May-July 
ranged from 4.5-8.0 feet. The lowest values were noted in late April and the highest values (most 
clarity) were measured in late May.   This transparency is adequate to allow abundant growth of 
algae and aquatic plants in the majority of the littoral zone of the lake.  Historical values have 
ranged from 2.8-9.5 feet (Progressive AE, 2003) from spring to summer.  Secchi transparency is 
variable and depends on the amount of suspended particles in the water (often due to windy 
conditions of lake water mixing) and the amount of sunlight present at the time of measurement. 
 
4.1.7      Oxidative Reduction Potential 

 

The oxidation-reduction potential (Eh) of lake water describes the effectiveness of certain atoms to 
serve as potential oxidizers and indicates the degree of reductants present within the water.  In 
general, the Eh level (measured in millivolts) decreases in anoxic (low oxygen) waters.  Low Eh values 
are therefore indicative of reducing environments where sulfates (if present in the lake water) may 
be reduced to hydrogen sulfide (H2S).  Decomposition by microorganisms in the hypolimnion may 
also cause the Eh value to decline with depth during periods of thermal stratification.  The Eh (ORP) 
values for Lake Tyrone ranged from 169.5 - -216.4 mV with higher negative values at the lake 
bottom.  This is common, especially in lakes with an anoxic bottom.  All values collected at the 
sediment-water interface had negative values.   
 
 
4.1.8 Chlorophyll-a and Algal Composition 
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Chlorophyll-a is a measure of the amount of green plant pigment present in the water, often in the 
form of planktonic algae.  High chlorophyll-concentrations are indicative of nutrient-enriched lakes.  
Chlorophyll-a concentrations greater than 6 µg L-1 are found in eutrophic or nutrient-enriched 
aquatic systems, whereas chlorophyll-a concentrations less than 2.2 µg L-1 are found in nutrient-
poor or oligotrophic lakes.  Chlorophyll-a is measured in micrograms per liter (µg L-1) with the use of 
an acetone extraction method and a spectrometer.  The chlorophyll-a concentrations in Lake Tyrone  
 
were determined by collecting a composite sample of the algae throughout the water column in the 
deep basin site from just above the lake bottom to the lake surface.  The chlorophyll-a 
concentrations in the deep basin ranged from 4.7 µg L-1 in the spring to 12.7 µg L-1 in late summer, 
which indicates a fair amount of planktonic algae throughout the water column.   This increase 
may be due to higher water temperatures in late July that exacerbate all forms of algae growth. 
 
Algal genera from a composite water sample collected over the deep basin of Lake Tyrone were 
analyzed under a compound bright field microscope. Genera are listed here in the order of most 
abundant to least abundant.  The genera present included the Chlorophyta (green algae): 
Scenedesmus sp., Ulothrix sp., Cladophora sp., Chlorella sp., Rhizoclonium sp., Gleocystis sp., 
Pediastrum sp., Haematococcus sp., Spirogyra sp., Euglena sp., and Chloromonas sp. the Cyanophyta 
(blue-green algae): Anabaena sp., Oscillatoria sp., and Microcystis sp.,; the Bascillariophyta 
(diatoms): Navicula sp., Fragilaria sp., Synedra sp., Cymbella sp., Rhoicosphenia sp., and Tabellaria 
sp. The aforementioned species indicate a moderately diverse algal flora and represent a relatively 
balanced freshwater ecosystem, capable of supporting a strong zooplankton community in 
favorable water quality conditions.  The waters of Lake Tyrone are rich in the Chlorophyta (green 
algae) and Cyanobacteria (blue-green algae) but contain less diatoms.  If the dissolved oxygen 
levels of the lake were increased, diatoms may increase and be beneficial for a healthy fishery.   
 

4.1.9 Water Column Total and Ortho Phosphorus 

 

Total phosphorus (TP) is a measure of the amount of phosphorus (P) present in the water column.  
Phosphorus is the primary nutrient necessary for abundant algae and aquatic plant growth.  Lakes 
which contain greater than 20 µg L-1 or 0.020 mg L-1 of TP are defined as eutrophic or nutrient-
enriched.  TP concentrations are usually higher at increased depths due to higher release rates of P 
from lake sediments under low oxygen (anoxic) conditions.  Phosphorus may also be released from 
sediments as pH increases.  Total phosphorus is measured in micrograms per liter (µg L-1) or 
milligrams per liter (mg L-1) with the use of a chemical auto-analyzer or titration methods.  The TP 
values for the deep basin of Lake Tyrone ranged from 0.014-0.095 mg L-1, which denotes internal 
loading.  It is typical for values to be lower at the surface and in spring than in late summer at the 
lake bottom.  Ortho-phosphorus or “soluble reactive phosphorus” refers to the proportion of 
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phosphorus that is bioavailable to aquatic life.  Higher concentrations of ortho-phosphorus 
concentrations in the lake result in increased uptake of the nutrient by aquatic plants and algae.  
The ortho-phosphorus concentrations in the deep basin of Lake Tyrone were all ≤ 0.010 mg L-1, 
which were quite low.   
 

 

4.1.10 Water Column Total Nitrogen 

 

Total Kjeldahl Nitrogen (TKN) is the sum of nitrate (NO3
-), nitrite (NO2

-), ammonia (NH4
+), and 

organic nitrogen forms in freshwater systems.  Much nitrogen (amino acids and proteins) also 
comprises the bulk of living organisms in an aquatic ecosystem.  Nitrogen originates from 
atmospheric inputs (i.e. burning of fossil fuels), wastewater sources from developed areas (i.e. 
runoff from fertilized lawns), agricultural lands, septic systems, and from waterfowl droppings. It 
also enters lakes through groundwater or surface drainage, drainage from marshes and wetlands, or 
from precipitation (Wetzel, 2001). In lakes with an abundance of nitrogen (N: P > 15), phosphorus 
may be the limiting nutrient for phytoplankton and aquatic macrophyte growth.  Alternatively, in 
lakes with low nitrogen concentrations (and relatively high phosphorus), the blue-green algae 
populations may increase due to the ability to fix nitrogen gas from atmospheric inputs.  Lakes with 
a mean TKN value of 0.66 mg L-1 may be classified as oligotrophic, those with a mean TKN value of 
0.75 mg L-1 may be classified as mesotrophic, and those with a mean TKN value greater than 1.88 
mg L-1 may be classified as eutrophic.  Lake Tyrone contains significantly higher TKN at the bottom 
than at the surface (0.75-3.8 mg L-1). These values indicate that the lake is phosphorus limited.  
Thus, any additional inputs of phosphorus would lead to increased aquatic plant and algae 
growth. 
 

4.1.11 Sediment Organic Matter, Sediment Nitrogen, and Sediment Phosphorus 

 

Sediment Organic Matter 

Organic matter (OM) contains a high amount of carbon which is derived from biota such as decayed 
plant and animal matter.  Detritus is the term for all dead organic matter which is different than 
living organic and inorganic matter.  OM may be autochthonous or allochthonous in nature where it 
originates from within the system or external to the system, respectively.  Sediment OM is 
measured with the ASTM D2974 method and is usually expressed in a percentage (%) of total bulk 
volume.  The range of organic matter for the Lake Tyrone sediments was between 1.2 - 65%, which 
indicates a high variability of organic matter for lake sediments.  In contrast, sediments collected 
from similar depths in White Lake (Muskegon County, Michigan) had mean organic matter values of 
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< 0.8% (Jermalowicz-Jones, MS thesis, unpublished data).  Many factors affect the degradation of 
organic matter including basin size, water temperature, thermal stratification, dissolved oxygen 
concentrations, particle size, and quantity and type of organic matter present.  There are two major 
biochemical pathways for the reduction of organic matter to forms which may be purged as waste.  
First, the conversion of carbohydrates and lipids via hydrolysis are converted to simple sugars or 
fatty acids and then ferment to alcohol, CO2, or CH4.  Second, proteins may be proteolyzed to amino 
acids, deaminated to NH3+, nitrified to NO2- or NO3-, and denitrified to N2 gas. 
 
Sediment Phosphorus 
 
Sediment phosphorus (TP) is a measure of the amount of phosphorus present in the lake sediment.  
Phosphorus is the primary nutrient necessary for abundant algae and aquatic plant growth.  The TP 
concentrations in lake sediments are often up to several times higher than those in the water 
column since phosphorus tends to adsorb onto sediment particles and sediments thus act as a 
“sink” or reservoir of nutrients.  TP concentrations are usually higher at increased depths due to 
higher release rates of phosphorus from lake sediments under low oxygen (anoxic) conditions.  
Sediment TP is measured in milligrams per kilogram (mg kg-1) with EPA Method 6010B.  These TP 
concentrations are high and anoxic sediment conditions at the lake bottom likely result in higher 
release rates of phosphorus from lake sediments.  A study by Krogerus and Ekholm (2003) measured 
the release rates of phosphorus from sediment in shallow, agriculturally impacted lakes and found 
that the mean daily rate of gross sedimentation was 0.04 -0.18 g m-2 day-1 of phosphorus.  Sediment 
TP concentrations in Lake Tyrone ranged from 80-790 mg kg -1. 
 

Sediment Nitrogen 
 
Sediment nitrogen consists of nitrate, nitrite, and ammonia forms.  The total nitrogen is measured in 
milligrams per kilogram (mg/kg) of total sediment mass.  In general, the nitrite form is very low and 
the nitrate form is slightly higher but typically less than ammonia or other forms.  Denitrifying 
bacteria in the water and sediment then convert most of the nitrate to nitrogen gas.  Nitrogen in the 
sediments is derived primarily from decaying plant matter.  The redox potentials in the lake 
sediments must be sufficient for the ammonia in the sediment to be converted to nitrite.  The 
conversion of ammonia (NH3+) to organic nitrogen is necessary for the formation of lake bottom 
sediment and adds bulk density.  The release of NH3+ under anoxic conditions follows the 
accumulation of NH3+ in sediments where nitrification cannot occur, and NH3+ assimilation by 
anaerobic microbes declines.  The imminent accumulation of NH3+ then results in toxicity to aquatic 
organisms (Camargo et al., 2005; Beutel, 2006).  Beutel (2006) found that NH3+ release rates in 
anoxic sediment were > 15 mg N m-2 day-1, but were nearly absent in oxic conditions.  The majority 
of rooted aquatic plants are able to oxidize the rhizosphere and overcome anoxic conditions as a 
method of compromised growth (Bodelier et al., 1996).   
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Sediment NH3+ concentrations were all below 0.400 mg kg-1 which is quite low.  Sediment total 
nitrogen, however, was high and ranged from 790-19,000 mg kg-1.  
 
 
 
 
 

A map showing the relative hard to soft bottom of Lake Tyrone is shown below in Figure 6.  This 
algorithm can be applied to the lake bottom scanning every few years to measure reduction in soft 
bottom areas if aeration is pursued to reduce soft bottom deposits. 
 

 

Depth 

ft. 

Water 

Temp  

ºF 

DO   

mg  L-1 

pH 

S.U. 

Cond.   

µS cm-1 

Turb. 

NTU 

Total 

Kjeldahl 

Nitrogen 

mg L-1 

Total 

Alk. 

mgL-1 

CaCO3 

Total 

Phos.     

mg L-1 

0 49.8 8.9 8.2 423 1.1 0.85 121 0.014 

10 

20 

49.3 

45.0 

8.2 

8.4 

8.1 

7.9 

420 

430 

3.1 

3.4 

0.90 

0.75 

126 

139 

0.029 

0.040 

 
Table 2.   Lake Tyrone water quality parameter data collected in the deep basin (April 26, 2014). 
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Depth 

ft. 

Water 

Temp  

ºF 

DO   

mg  L-1 

pH 

S.U. 

Cond.   

µS cm-1 

Turb. 

NTU 

Total 

Kjeldahl 

Nitrogen 

mg L-1 

Total 

Alk. 

mgL-1 

CaCO3 

Total 

Phos.     

mg L-1 

0 77.5 8.4 8.2 424 1.8 0.8 128 0.025 

10 

20 

74.5 

70.5 

7.9 

6.3 

8.5 

8.5 

428 

428 

2.0 

3.3 

2.9 

3.5 

133 

131 

0.045 

0.075 

 
Table 3.   Lake Tyrone water quality parameter data collected in the deep basin (May 29, 2014). 
 

 

Depth 

ft. 

Water 

Temp  

ºF 

DO   

mg  L-1 

pH 

S.U. 

Cond.   

µS cm-1 

Turb. 

NTU 

Total 

Kjeldahl 

Nitrogen 

mg L-1 

Total 

Alk. 

mgL-1 

CaCO3 

Total 

Phos.     

mg L-1 

0 77.3 7.9 8.4 415 1.1 0.90 134 0.025 

10 

20 

70.1 

60.7 

2.8 

0.3 

7.9 

7.8 

423 

567 

2.7 

3.3 

3.5 

3.8 

138 

135 

0.045 

0.095 

 
Table 4.   Lake Tyrone water quality parameter data collected in the deep basin (July 21, 2014). 
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Sampling 

Location 

Sediment Organic 

 Matter 

% 

 

Sediment Total 

Nitrogen 

(mg/kg) 

Sediment Ammonia 

Nitrogen 

(mg/kg) 

Sediment 

Phosphorus 

(mg/kg) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

37 

37 

37 

19 

37 

36 

26 

28 

34 

65 

20 

20 

17 

8.7 

24 

1.2 

19 

14,000 

11,000 

13,000 

3,800 

12,000 

15,000 

8,300 

9,100 

13,000 

19,000 

12,000 

11,000 

9,600 

4,800 

12,000 

790 

18,000 

< 0.30  

< 0.21 

< 0.30 

< 0.29 

< 0.34 

< 0.20 

< 0.17 

< 0.20 

< 0.38 

< 0.18 

< 0.25 

< 0.26 

< 0.19 

< 0.098 

< 0.24 

< 0.13 

< 0.19 

650 

490 

580 

400 

530 

650 

360 

550 

730 

790 

610 

580 

480 

290 

490 

80 

470 
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Table 5.   Lake Tyrone sediment parameter data collected throughout the lake basin  
on April 26, 2014. 
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Figure 6.  Relative hard (red) to soft bottom (grey) in Lake Tyrone, Livingston County, MI (RLS, 2014). 

 

 

4.2 Aquatic Vegetation Communities in Lake Tyrone 

 

There are hundreds of native aquatic plant species in the waters of the United States.  The most 
diverse native genera include the Potamogetonaceae (Pondweeds) and the Haloragaceae (Milfoils).  
Native aquatic plants may grow to nuisance levels in lakes with abundant nutrients (both water 
column and sediment) such as phosphorus, and in sites with high water transparency.  The diversity 
of native aquatic plants is essential for the balance of aquatic ecosystems, because each plant 
harbors different macroinvertebrate communities and varies in fish habitat structure.   
 
Figure 7 below shows the total biovolume (height of the aquatic plants in the water column) of all 
aquatic vegetation in Lake Tyrone.  Dark red and orange colors represent dense areas of growth, 
whereas green areas represent low-lying growth.  Blue areas denote a lack of aquatic vegetation 
growth.  These scans can be performed each year around the same time to monitor changes in 
aquatic vegetation growth and management control efforts.  Since the presence of dense aquatic 
vegetation can contribute to the pool of organic matter in Lake Tyrone, a close look at the aquatic 
vegetation communities is offered in the proceeding section. 
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Figure 7.  Biovolume map showing relative height in the water column of all aquatic vegetation in 
Lake Tyrone (BioBase® map, Restorative Lake Sciences, May 29, 2014). 
 

4.2.1 Exotic Aquatic Vegetation Communities in Lake Tyrone 

 

Exotic aquatic plants (macrophytes) are not native to a particular site, but are introduced by some biotic 
(living) or abiotic (non-living) vector.  Such vectors include the transfer of aquatic plant seeds and 
fragments by boats and trailers (especially if the lake has public access sites), waterfowl, or by wind 
dispersal.  In addition, exotic species may be introduced into aquatic systems through the release of 
aquarium or water garden plants into a water body.  An aquatic exotic species may have profound 
impacts on the aquatic ecosystem.  Eurasian Watermilfoil (Myriophyllum spicatum; Figure 8) is an 
exotic aquatic plant first documented in the United States in the 1880’s (Reed 1997), although other 
reports (Couch and Nelson 1985) suggest it was first found in the 1940’s.  Eurasian Watermilfoil has since 
spread to thousands of inland lakes in various states through the use of boats and trailers, waterfowl, 
seed dispersal, and intentional introduction for fish habitat.  Eurasian Watermilfoil is a major threat to 
the ecological balance of an aquatic ecosystem through causation of significant declines in favorable 
native vegetation within lakes (Madsen et al. 1991), and may limit light from reaching native aquatic 

plant species (Newroth 1985; Aiken et al. 1979).  Additionally, Eurasian Watermilfoil can alter the 
macroinvertebrate populations associated with particular native plants of certain structural architecture 
(Newroth 1985).  
 

Curly-leaf Pondweed (Potamogeton crispus; Figure 9) is an exotic, submersed, rooted aquatic plant 
that was introduced into the United States in 1807 but was abundant by the early 1900’s.  It is easily 
distinguished from other native pondweeds by its wavy leaf margins.  It grows early in the spring and as 
a result may prevent other favorable native aquatic species from germinating. The plant reproduces by 
the formation of fruiting structures called turions. The plant does not reproduce by fragmentation as 
milfoil does; however, the turions may be deposited in the lake sediment and germinate in following 
seasons.  Fortunately, the plant naturally declines around mid-July in most lakes and thus is not likely to 
be prolific throughout an entire growing season.  Curly-leaf Pondweed is a pioneering aquatic plant 
species and specializes in colonizing disturbed habitats. It is highly invasive in aquatic ecosystems with 
low biodiversity and unique sediment characteristics.   
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Figures 10 and 11 show the general distribution of Eurasian Watermilfoil and Curly-leaf Pondweed, 
respectively, throughout Lake Tyrone in May of 2014.  Table 6 below shows all exotic aquatic plant 
species in the lake. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Eurasian Watermilfoil  
(©RLS, 2006). 

Figure 9.  Curly-leaf Pondweed     
(©RLS, 2006). 
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Figure 10. Locations of Eurasian Watermilfoil in Lake Tyrone (May 29, 2014). 
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Figure 11. Locations of Curly-leaf Pondweed in Lake Tyrone (May 29, 2014). 
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Exotic Aquatic Plant 

Species 

Common Name Growth Habit % Frequency in/or 

around Lake Tyrone 

Myriophyllum spicatum Eurasian Watermilfoil Submersed; Rooted 3.2 

Potamogeton crispus Curly-leaf Pondweed Submersed; Rooted 95 

 

Table 6.   Lake Tyrone exotic aquatic plant species (May 29, 2014).   

 

 

4.2.2 Native Aquatic Vegetation Communities in Lake Tyrone 

 

Lake Tyrone contained 5 native submersed, 0 floating-leaved, and 1 emergent aquatic plant species, 
for a total of 6 native aquatic macrophyte species (Table 7). The only emergent aquatic plant present 
was Typha sp (Cattail).  There were no floating-leaved aquatic plant species found in the lake.   
 
The most dominant aquatic plant in Lake Tyrone was Flat-stem Pondweed (Potamogeton 
zosteriformis) which occupied nearly 27.9% of the littoral zone.  Pondweeds serve as excellent fish 
forage habitat but sometimes become a nuisance in shallow areas.  Conversely, Curly-leaf Pondweed, 
the exotic described above is not a desirable species and forms dense canopies on the surface that 
impede navigation and diminish light availability from lower-growing native aquatic plants. 
 
The second most abundant native aquatic plant was Slender Naiad (Najas flexilis) which occupied 
approximately 19.8% of the lake littoral zone.  The naiads in general are low-growing and serve as fish 
cover.  Occasionally, they can become a nuisance and form dense boughs that float through the water 
column but this is rare.   
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Another fragile aquatic plant is Small-leaf Pondweed or (Potamogeton pusillus).  This aquatic plant 
occupied approximately 7.1% of the lake littoral zone and is limited by the dense canopy of Curly-leaf 
Pondweed.  Small-leaf Pondweed provides good cover for small fish and would be beneficial for the 
Lake Tyrone ecosystem if it became more abundant.  
 
The relative abundance of rooted aquatic plants (relative to non-rooted plants) in the lake suggests that 
the lake sediments are the primary source of nutrients (relative to the water column), since these plants 
obtain most of their nutrition from the sediments.  Photos of all native aquatic plant species are shown 
in Figures 12-17. 

 

 

Native Aquatic Plant  
Species Name 

Aquatic Plant 
Common Name 

% Frequency 
in/around  Lake 

Tyrone 

Aquatic Plant 
Growth Habit 

Chara vulgaris Muskgrass 0.6 Submersed, Rooted 

Potamogeton pectinatus Thin-leaf Pondweed 1.6 Submersed, Rooted 

Potamogeton zosteriformis Flat-stem Pondweed 27.9 Submersed, Rooted 

Potamogeton pusillus Small-leaf Pondweed 7.1 Submersed, Rooted 

Najas flexilis Slender Naiad 19.8 Submersed, Rooted 

Typha latifolia Cattails 1.6 Emergent 

 

Table 7.   Lake Tyrone native aquatic plants (May 29, 2014).  Note: Percent frequency is the number of 
sampling sites that a particular species is located divided by the total number of sampling sites (n=308). 
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Figure 12.  Chara 
(Muskgrass) 
 

Figure 13.  Thin-leaf 
Pondweed ©RLS, 2009 

Figure 14.  Flat-stem 
Pondweed ©RLS, 2006 
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5.0    LAKE TYRONE IMPROVEMENT METHODS CONSIDERED 

 

Improvement strategies considered for the sedimentation issues in Lake Tyrone including dredging, 
inversion oxygenation aeration, and selective management of nuisance aquatic vegetation.  The 
increased developmental pressures and usage of aquatic ecosystems necessitate inland lake 
management practices to restore balance within Lake Tyrone.  Ideally, lake management 
components involve within-lake (basin) and around-lake (watershed) solutions to protect and 
restore complex aquatic ecosystems.     
 

5.1     Mechanical, Hydraulic, and Suction Dredging 

 

Dredging is a lake management option used to remove accumulated lake sediments to increase 
accessibility for navigation and recreational activities.    Dredging is regulated pursuant to provisions of 
Part 301 (Inland Lakes and Streams) of the Natural Resources and Environmental Protection Act, P.A. 
451 of 1994, as amended, and requires a joint permit through both the Michigan Department of 
Environmental Quality (MDEQ) and the U.S. Army Corps of Engineers (USACE).   The two major types of 
dredging include hydraulic and mechanical.  A mechanical dredge utilizes a backhoe and requires that 
the disposal site be adjacent to the lake.  In contrast, a hydraulic dredge removes sediments in an 
aqueous slurry and the wetted sediments are transported through a hose to a confined disposal facility 
(CDF).  Selection of a particular dredging method and CDF should consider the environmental, 
economical, and technical aspects involved. The CDF must be chosen to maximize retention of solids 
and accommodate large quantities of water from the dewatering of sediments.  It is imperative that 
hydraulic dredges have adequate pumping pressure which can be achieved by dredging in waters 
greater than 3 foot of depth.  Dredge spoils cannot be emptied into wetland habitats; therefore a large 
upland area is needed for lakes that are surrounded by wetland habitats.  In addition, proposed 
sediment for removal must be tested for metal contaminants before being stored in a CDF.  If the 

Figure 15.  Slender Naiad 
©RLS, 2006 
 

Figure 16. Small-leaf 
Pondweed ©RLS, 2006 
 

Figure 17.  Cattails ©RLS, 
2006 
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sediment is not contaminated, it could be used for habitat restoration, landfill cover, agriculture, strip 
mine reclamation, or in other industrial or construction uses (U.S. EPA/USACE 2004).   
 
Dredging is a very expensive operation and generally costs between 20-30 dollars per cubic yard.  
Dredging was considered in the past for Lake Tyrone but would not address the dissolved oxygen 
depletion issue in the lake or reduce nutrient release within the lake.  It would also not provide a 
guarantee of overall weed reduction since buried aquatic plant seeds may be exposed and germinate 
even after rigorous dredging efforts. 
 

 
 
 
Suction Dredging involves removal of selected areas of lake bottom sediment with the use of a 
hand-operated suction hose.  Dredged spoils are dewatered on land or removed via fabric bags to 
an offsite location.  This method is generally recommended for spot-dredging of sediments and 
vegetation since it does not remove sediment as rapidly as the standard mechanical and hydraulic 
dredging methods. Furthermore, any dredging activity may cause re-suspension of sediments (Nayar 
et al., 2007) which may lead to increased turbidity and reduced clarity of the water.   
 

5.2 Inversion Oxygenation Aeration 

 

Inversion oxygenation (laminar flow) aeration systems are retrofitted to a particular site and 
account for variables such as water depth and volume, contours, water flow rates, and thickness 
and composition of lake sediment.  The systems are designed to completely mix the surrounding 
waters and evenly distribute dissolved oxygen throughout the lake sediments for efficient microbial 
utilization.   
 
An inversion oxygenation aeration system utilizes diffusers which are powered by onshore air 
compressors.  The diffusers are connected via extensive self-sinking airlines which help to purge the 
lake water of benthic carbon dioxide (CO2), which is a primary nutrient necessary aquatic plant 
photosynthetic growth and productivity and is also a byproduct of microbial metabolism.  Other 
gasses such as H2S are also purged out from the sediments. In addition to the placement of the 
diffuser units, the concomitant use of bacteria and enzymatic treatments to facilitate the microbial 
breakdown of organic sedimentary constituents is also used as a component of the treatment.   
 
Beutel (2006) found that lake oxygenation eliminates release of NH3+ from sediments through 
oxygenation of the sediment-water interface.  Allen (2009) demonstrated that  NH3+ oxidation in 
aerated sediments was significantly higher than that of control mesocosms with a relative mean of 
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2.6 ± 0.80 mg N g dry wt day-1 for aerated mesocosms and 0.48 ± 0.20 mg N g dry wt day-1 in 
controls.    
 
Although this is a relatively new area of research, recent case studies have shown promise on the 
positive impacts of inversion oxygenation aeration systems on aquatic ecosystem management with 
respect to organic matter degradation and resultant increase in water depth, and rooted aquatic 
plant management in eutrophic ecosystems (Restorative Lake Sciences, 2009-present).   
 
Toetz (1981) found evidence of a decline in Microcystis algae (a toxin-producing blue-green algae) in 
Arbuckle Lake in Oklahoma.  Other studies (Weiss and Breedlove, 1973; Malueg et al., 1973) have 
also shown declines in overall algal biomass.   
 
Conversely, a study by Engstrom and Wright (2002) found no significant differences between 
aerated and non-aerated lakes with respect to reduction in organic sediments.  This study was 
however limited to one sediment core per lake and given the high degree of heterogeneous 
sediments in inland lakes may not have accurately represented the conditions present throughout 
much of the lake bottom.  The philosophy and science behind the inversion oxygenation aeration 
system is to reduce the organic matter layer in the sediment so that a significant amount of nutrient 
is removed from the sediments and excessive sediments are reduced to yield a greater water depth.  
  

5.2.1 Benefits and Limitations of the Inversion oxygenation System 

 

In addition to the reduction in toxic blue-green algae (such as Microcystis sp.) as described by Toetz 
(1981), aeration and bioaugmentation in combination have been shown to exhibit other benefits for 
the improvements of water bodies.  Laing (1978) showed that a range of 49-82 cm of organic 
sediment was removed annually in a study of nine lakes which received aeration and 
bioaugmentation.  It was further concluded that this sediment reduction was not due to re-
distribution of sediments since samples were collected outside of the aeration “crater” that is 
usually formed.  A detailed study by Restorative Lake Sciences of Indian Lake (Van Buren County, 
Michigan) during 2010-2014 also indicated a significant reduction of organic sediments in 
bioaugmented/aerated regions, as well as a decline in the relative proportion of blue-green algae 
and the presence of the rooted, submersed, exotic aquatic plant, Eurasian Watermilfoil 
(Myriophyllum spicatum).  A study by Turcotte et al. (1988) analyzed the impacts of 
bioaugmentation on the growth of M. spicatum and found that during two four-month studies, the 
growth and re-generation of this plant was reduced significantly with little change in external 
nutrient loading.  Currently, it is unknown whether the reduction of organic matter for rooting 
medium or the availability of nutrients for sustained growth is the critical growth limitation factor 
and these possibilities are being researched.  A reduction of M. spicatum is desirable for protection 
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of native plant biodiversity, recreation, water quality, and reduction of nutrients such as nitrogen 
and phosphorus upon decay (Ogwada et al., 1984).   
 
Furthermore, bacteria are the major factor in the degradation of organic matter in sediments 
(Fenchel and Blackburn, 1979) so the concomitant addition of microbes to lake sediments will 
accelerate that process.  A reduction in sediment organic matter would likely decrease M. spicatum 
growth as well as increase water depth and reduce the toxicity of ammonia nitrogen to overlying 
waters.  A study by Verma and Dixit (2006) evaluated aeration systems in Lower Lake, Bhopal, India, 
and found that the aeration increased overall dissolved oxygen, and reduced biochemical oxygen 
demand (BOD), chemical oxygen demand (COD), and total coliform counts. 
 
The Inversion oxygenation aeration system has some limitations including the inability to degrade 
mineral sediments, the requirement of a constant Phase I electrical energy source to power the 
units, and unpredictable response by various species of rooted aquatic plants.  Thus, the main 
objective of inversion oxygenation system use should be related primarily to sediment parameters 
and not in generalized aquatic plant control. 
 

5.2.2 Design of Lake Tyrone Basin Inversion Oxygenation System 

 

The design of an inversion oxygenation aeration system which has been retrofitted to the entire basin 
of Lake Tyrone is described below in Figure 18.  The system has several components which consist of in-
water components such as 21 micro-porous ceramic diffusers, 33,500 feet of self-sinking airline, and 
bacteria and enzyme treatments which consist of 150 gallons of Clean and Clear® Enzymes and 150 
pounds of C-Flo® Bacteria for muck reduction.  On-land components consist of one C1142 compressor 
system with variable frequency drive technology and a protective sound-insulated enclosure.  Once the 
system has been installed, the MDEQ has instituted a required minimum sampling protocol to monitor 
the efficacy of the system for the intended purposes as determined by the Lake Tyrone Improvement 
Board. 
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Figure 18.  An inversion oxygenation (Clean-Flo®) aeration design retrofitted for the entire basin of Lake 
Tyrone.  Design courtesy of Lake Savers, LLC. 
 

5.2.3 Expectations of Lake Tyrone Basin Inversion Oxygenation System 

 

The scientific research supports inversion oxygenation for the increase in dissolved oxygen in deep 
basins and in lakes without adequate oxygen.  Additionally, the research supports a decline in 
sediment organic matter and ammonia nitrogen which fuel rooted aquatic plant growth.  Some 
studies (cited in this report) have even documented reductions in submersed rooted aquatic 
vegetation such as Eurasian Watermilfoil.  In Michigan, Restorative Lake Sciences has measured 
substantial reductions in milfoil growth in Paradise Lake (Emmet County, MI), and Pickerel Lake 
(Kalamazoo County, MI), among others.  The rationale for this observed reduction is likely related to 
the specific sediment types found in these lakes and is the focus of intensive lake research.  
 
Furthermore, the scientific research supports reductions in water column nutrients and chlorophyll-
a.  This phenomenon is also related to an observed increase in water clarity among aeration lakes.    
The water clarity of Lake Tyrone can expect to improve with implementation of an aeration system 
if it significantly reduces the planktonic algae and water column nutrients that fuel algae growth.  
Reductions in sediment organic matter will create improved navigability in shallow areas and may 
reduce rooted aquatic plant growth.  Since baseline data has been collected and would be collected 
again prior to aeration installation, post-installation data would offer definitive conclusions on the 
aeration program efficacy to assist in future decision-making. 
 

5.3     Continued Aquatic Vegetation Management in Lake Tyrone 

  

The management of exotic invasives such as submersed watermilfoil and other invasive aquatic plants is 
necessary in Lake Tyrone to protect the lake ecosystem.  Additionally, management of nuisance native 
aquatic plants should include environmentally-favorable methods that are also high in efficacy.  
Management options should be environmentally and ecologically sound and financially feasible.  
Options for control of aquatic plants are limited yet are capable of achieving strong results when used 
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properly.  Various methods and their application to the management of nuisance aquatic vegetation in 
Lake Tyrone are discussed below.  In May of 2014, scientists from Restorative Lake Sciences sampled 
308 locations throughout Lake Tyrone for aquatic vegetation and this intensity of whole-lake GPS-
location sampling is recommended to reduce the occurrence of invasive species in Lake Tyrone. 
 

5.3.1    Chemical Herbicide Applications 
 
The use of aquatic chemical herbicides is regulated by the MDEQ under Part 33 (Aquatic Nuisance) of the 
Natural Resources and Environmental Protection Act, P.A. 451 of 1994, and requires a permit.  The permit 
contains a list of approved herbicides for a particular body of water, as well as dosage rates, treatment  
 
areas, and water use restrictions.  Contact and systemic aquatic herbicides are the two primary categories 
used in aquatic systems.   
 
Contact herbicides such as diquat, hydrothol, glyphosate, and flumioxazin cause damage to leaf and stem 
structures; whereas systemic herbicides are assimilated by the plant roots and are lethal to the entire plant.  
Wherever possible, it is preferred to use a systemic herbicide for longer-lasting aquatic plant control.  There 
are often restrictions with usage of some systemic herbicides around shoreline areas that contain shallow 
drinking wells.   In Lake Tyrone, the use of contact herbicides such as high dose Aquathol-K® is 
recommended for the control of nuisance Curly-leaf Pondweed growth.  Unfortunately, there are not 
systemic herbicides to treat these types of aquatic vegetation. 
 
Systemic herbicides such as 2, 4-D and triclopyr are the two primary systemic herbicides used to treat 
milfoil that does not cover an entire lake.  Fluridone (trade name, SONAR®) is a systemic whole-lake 
herbicide treatment that is applied to the entire lake volume in the spring and is used for extensive 
infestations.  The objective of a fluridone treatment is to selectively control the growth of milfoil in order to 
allow other native aquatic plants to germinate and create a more diverse aquatic plant community.  Given 
the high probability of hybrid milfoil resistance to fluridone, the use of another effective systemic 
herbicide such as granular or liquid Triclopyr is recommended.  This herbicide was used very successfully 
on many lakes with hybrid watermilfoil.  Triclopyr must be used in near shore areas with shallow well (< 
30 feet deep) restrictions.  Also, the use of granular 2,4-D in offshore area may be considered.  The 
objective is to reduce the biomass of milfoil and rely on spot-treatments with significantly less herbicide 
once the population is under control, which it currently is within Lake Tyrone. 
 

5.3.2     Mechanical Harvesting 
 
Mechanical harvesting involves the physical removal of nuisance aquatic vegetation with the use of a 
mechanical harvesting machine.  The mechanical harvester collects numerous loads of aquatic plants as 
they are cut near the lake bottom.  The plants are off-loaded onto a conveyor and then into a dump truck.  
Harvested plants are then taken to an offsite landfill or farm where they can be used as fertilizer. 
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Mechanical harvesting is preferred over chemical herbicides when primarily native aquatic plants exist, or 
when excessive amounts of plant biomass need to be removed.  Mechanical harvesting is usually not 
recommended for the removal of Eurasian Watermilfoil since the plant may fragment when cut and re-grow 
on the lake bottom.  Harvesting would be a good option for dense Chara that does not respond to 
chelated copper and contact herbicide treatments or for the use of nuisance native pondweed growth in 
the future.  Mechanical harvesting does not require a permit from the Michigan Department of 
Environmental Quality (MDEQ); however, some counties require a launch site use permit from the Michigan 
Department of Natural Resources (MDNR) if a public access site is present.   
 

 

 

6.0    PROJECT RECOMMENDATIONS AND FINANCING 

 

It is highly recommended that the members of the Lake Tyrone Improvement Board and the 
residents around Lake Tyrone adopt the recommendations and guidelines suggested in this 
management plan.  To protect the biodiversity of biota within Lake Tyrone, enhance the safety of 
navigational and recreational activities, and protect the property values of homes around the lake, 
proper treatment of the sediments and water quality in Lake Tyrone should be executed.  
Additionally, an integrated management approach involving the use of other lake improvement 
strategies (i.e. nutrient-reducing BMP’s and selective management of nuisance aquatic vegetation) 
for water quality improvement is recommended for the management of nuisance rooted aquatic 
plant growth, control of exotic species, and improvement of water quality in Lake Tyrone.   
 

6.1    Recommendations for the Lake Tyrone Improvement Board 

 

Every lake improvement project should offer solutions that are ecologically sound, practical, and 
economically feasible.  Since funds for the suggested management improvements and oversight are 
limited, it is suggested that a Special Assessment District (SAD) under P.A. 451 of 1994, as amended, 
be utilized to fund the suggested bioaugmentation and aeration improvements.  The SAD should 
include all riparian properties around Lake Tyrone and back lot properties which would derive 
benefit from the intended aeration improvements (i.e. those with deeded or dedicated access).  
Under P.A. 451 of 1994, it is critical that the formation of the SAD be equitable to properties within 
a particular benefit category.  The Lake Tyrone Improvement Board is encouraged to continue 
monitoring the nutrient status of the lake and sediments both prior to lake improvements and for 
years after to reassess water quality improvements from implemented management techniques.  
The Board may also create additional educational programs for riparians to reduce nutrient loads to 
the lake.    At this time, it is recommended that the Lake Tyrone Improvement Board consider the 
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implementation of this integrated management approach for the reduction of organic muck in the 
lake, increase of dissolved oxygen throughout the lake basin during stratified periods, and spot-
treatment of nuisance exotic Eurasian Watermilfoil and Curly-leaf Pondweed. 
 
Jude (2011) mentioned the impairment of the benthos in Lake Tyrone in deep areas due to anoxic 
(low oxygen) sediments.  He found that the oxygenated shallow sediments contained a great 
diversity of benthos with high biotic integrity.  Another objective of the aeration system would be 
to increase the livable habitat for these benthic dwellers that are critical for the lake fishery. 
 
 
 
 
 
Furthermore, a professional limnologist (lake scientist) should perform regular assessments of the 
installed inversion oxygenation aeration system as an unbiased investigator of this innovative 
technology. The use of GPS technology will allow the limnologist to repeatedly sample specific 
locations over time so that accurate assessments of the inversion oxygenation aeration system 
efficacy can be determined in situ.  Furthermore, an educational newsletter which contains 
pertinent information regarding the project should be distributed to all riparians around the lake so 
that the technology is understood and accepted as a new component of the Lake Tyrone ecosystem.  
The newsletter should contain educational tips for residents to recognize and prevent areas of 
nutrient and sediment transport to the lake as efforts to reduce those non-point sources and 
improve the water quality of Lake Tyrone.  Reductions of sediment inputs will help the aeration 
system to function at its optimum so watershed awareness is important. 

 
 

6.1.1 Cost Estimates for Lake Tyrone Basin Improvements 

 

The proposed inversion oxygenation and bioaugmentation program for the control of sediment organic 
matter and sediment nutrients and water quality improvements would begin during the spring of 2015.  
A breakdown of costs associated with these improvements is presented in Table 8.   
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Proposed Lake Tyrone Improvement Item Estimated 

2015 Cost 

Estimated 2016 

Cost 

Estimated 2017-

2019 Cost 

 

Clean-Flo® Inversion oxygenation aeration 

system1 annual lease (maintenance 

included) 

 

$36,450 

 

$36,450 

 

$36,450 

Initial shipping/installation/electrical  $16,585 NA NA 

Electrical (@$0.12 Kw/h)2 $7,000 $7,000 $7,000 

Bacteria augmentation Included $5,000 5,000 

Professional services (limnologist surveys, 

oversight, sampling, monitoring, education, 

newsletter)3 

$9,500 $9,500 $9,500 

Contingency3 $6,954 $5,795 $5,795 

Total Annual Estimated Cost $76,489 $63,745 $63,745 

 

Table 8.  Lake Tyrone proposed lake improvement program costs (2015-2019).  

 
 

Note: 1Clean-Flo® leasing costs in year 1 (proposed to be 2015) would be $36,450.  Additionally costs 
for year one would include the MDEQ permit installation fee of $500, the installation fee from 
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Clean-Flo® of $7,200, shipping at $3,885, electrical installation at $5,500, and electrical power of 
approximately $7,000.  Clean-Flo® shipping and compressor sheds are estimated above and could 
change slightly in cost.  The cost estimates for the lease in years 2-7+ does not include the cost of 
inflation and a buy-out option is available after year 7.  Clean-Flo®and/or Lake Savers® promises to 
maintain and monitor the system for performance and full replacement or repair of equipment is at 
no cost (exceptions include vandalism, lightning strikes, and flooding). 
 
2Electrical costs may also change due to local power charges and increased demands so an estimate 
was generated.  
 
3Professional services includes limnologist monitoring of all water quality parameters desired by the 
Lake Tyrone Improvement Board, those required by the MDEQ for monitoring of the aeration  
 
system, and all aquatic vegetation mapping and oversight of any herbicide treatments or any other 
lake management activities as well as preparation of an educational newsletter for distribution to 
riparians and attendance at up to four annual Lake Tyrone Improvement Board meetings. 
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