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EXECUTIVE SUMMARY
American Lake is located approximately 24 kilometers (15 miles) south of Tacoma in Pierce
County, Washington. As the largest natural lake in the county, American Lake (446 hectares or 1,100 acres) is heavily used by area residents for recreational activities and aesthetic enjoyment. These uses are threatened by toxic blue-green algal blooms, which have resulted in animal poisonings and public health advisories that limit human use of the water. The first documented toxic algal bloom in American Lake occurred during November 1989. Toxic conditions lasted through February 1990 and 11 animal poisonings (including five deaths) were reported. Anabaena flos-aquae was identified as the toxic bluegreen algal species. Toxins isolated from the bloom were anatoxin A (a potent neurotoxin) and a hepatotoxin (liver toxin).
[image: ]In response to the toxic algal blooms, the Tacoma-Pierce County Health Department initiated a Phase I lake restoration study in February 1991 with funding from the Washington State Department of Ecology (Ecology) Centennial Clean Water Fund and the U.S. Environmental Protection Agency (EPA) Clean Lakes Program Section 314. The goals of the Phase I study were to identify the factors contributing to toxic blue-green algal blooms and to formulate a lake management and public health plan for their long-term control. By reducing blue-green algal blooms, overall lake water quality and aquatic habitat would improve, thus restoring and protecting American Lake.
Project goals were attained through a I-year monitoring program, review of background information, public education and involvement, and evaluation of management alternatives. The monitoring program was conducted from March 1991 through April 1992 and included hydrologic, water quality, and limnological assessments. In addition, an aerial shoreline survey to identify potential pollutant sources and a sanitary survey to assess the performance of onsite waste disposal systems were conducted. Samples were also collected during dense algal blooms and analyzed for toxicity, using mouse bioassays.
LAKE ECOLOGY
American Lake has two basins connected by a relatively narrow and shallow channel. The southern basin is much smaller (31 hectares or 77 acres) and shallower (maximum depth of 12 meters or 40 feet) than the main lake basin (414 hectares or 1,023 acres, and maximum depth of 27 meters or 90 feet). The general groundwater movement is from east to west, and a single surface outlet flows south from the small basin.
American Lake is a warm lake with one circulation period during the year. Thermal stratification was strong and stable from May 1991 through November 1991. The small [image: ]basin "turned over" or mixed in late October, and the large basin turned over in December
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1991. During the stratified period, the thermocline (zone of rapid temperature change) was an effective barrier to diffusion of dissolved oxygen from the epilimnion (surface layer) to the hypolimnion (bottom waters). The barrier effect of the thermocline and the high oxygen demand of the organic-rich sediments caused severe oxygen depletion in the hypolimnion between May and November 1991. Dissolved oxygen concentrations below 1 milligram per liter were measured in the large basin's hypolimnion at depths below 14 meters until lake overturn.
Nitrogen and phosphorus concentrations were elevated in the hypolimnion during stratification. High ammonia-nitrogen concentrations were likely to have been due to decomposition of organic matter; the high nitrite*nitrate-nitrogen concentrations may have been due to groundwater inputs. Elevated phosphorus concentrations were due to dissolution and release of phosphorus from iron minerals in the sediments under anoxic conditions (lack of oxygen), as well as groundwater inputs. The internal source of phosphorus via sediment release has major implications for phosphorus cycling and bluegreen algal growth in American Lake.
[image: ]From nitrogen-to-phosphorus ratios in the water column, phosphorus was determined to be the limiting nutrient to algal growth in American Lake. Phosphorus in the hypolimnion was apparently unavailable to algae growing in the epilimnion. As was the case for dissolved oxygen, the thermocline prevented phosphorus in the hypolimnion from moving up into the epilimnion, so that summer and fall algal biomass was low. Epilimnetic total phosphorus concentrations remained below 20 micrograms per liter and chlorophyll a (chl a) concentrations remained below 10 micrograms per liter until lake mixing occurred in winter 1991. Lake clarity, as measured by Secchi disk transparency, was also higher in the summer than in the winter. The lowest recorded water transparency (2.7 meters or 9 feet) and highest algal concentration (30 micrograms per liter chl a) were measured in January 1992. This algal bloom was dominated by the diatom genus Stephanodiscus.
During lake mixing in December 1991 and January 1992, total phosphorus was approximately 30 to 35 micrograms per liter throughout the water column, reflecting the mixing of phosphorus-rich hypolimnetic waters with the epilimnion. The addition of oxygen to the hypolimnion as the lake mixed should have resulted in the removal of phosphorus from the water column via precipitation with iron. However, the high watercolumn total phosphorus concentration following lake overturn indicates that phosphorus removal through this mechanism was incomplete. The low iron content of American Lake (often <0.005 milligrams per liter) was apparently not sufficient to remove phosphorus from the water column.
Blue-green algal species dominated phytoplankton cell concentrations. Diatoms, which are larger organisms, composed the greatest portion of the total cell volume. The blue-green alga Aphanizomenon flos-aquae was the dominant blue-green species between March and July 1991. Between September and December 1991, Anabaena flos-aquae dominated the
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[image: ]blue-green community. This species decreased in relative abundance in January during the diatom bloom, but resurged to high concentrations in February and March 1992.
Toxic conditions reappeared in American Lake during February 1992 and were again attributed to a potent neurotoxin produced by Anabaena flos-aquae. Development of toxic conditions in American Lake may be tied to lake overturn, with its accompanying increase in lake mixing and phosphorus availability. Consistent timing of algal toxicity during winters 1989-1990 and 1992 indicates that winter blue-green algal blooms following lake turnover may pose the greatest potential for algal toxicity. Input of nutrients (phosphorus, nitrogen) from groundwater during the winter and early spring of a year with typical rainfall may further fuel blue-green algal blooms and contribute to toxicity.
LAKE TROPHIC STATE
[image: ]On the basis of multiple water-quality indicators, American Lake is classified as a mesotrophic (moderately productive) lake with symptoms of accelerated eutrophication (increased nutrient inputs or loading). These symptoms include severe oxygen depletion in the hypolimnion, elevated phosphorus content of surface sediments, and elevated groundwater nutrient concentrations in some areas of the watershed. Those chemical factors, in turn, have had an impact on the lake's biological community. The benthic invertebrate community of the deep-water zone was found to be impoverished, both in number of species and number of individuals, relative to the nearshore areas of the lake, [image: ] which do not experience dissolved oxygen depletion. Increased nutrient loading to the lake, particularly of phosphorus, has caused increased algal biomass. Further increases in nutrient loading to the lake will exacerbate blue-green algal blooms and toxicity.
Several indices can be used to assess the trophic state of a lake. The most frequently used parameters are total phosphorus, chl a, and Secchi disk transparency. The trophic state index (TSI) is based on the relationships between these parameters and is widely used to predict changes in trophic status following changes in nutrient loadings. The use of this index also supported the mesotrophic classification of American Lake.
The mean (volume-weighted) summer (June through September) epilimnetic total phosphorus concentration was 7 micrograms per liter. The mean whole-lake summer total phosphorus concentration was 20 micrograms per liter, reflecting the high-phosphorus hypolimnetic waters. Winter (November through February) and annual whole-lake means were 29 miaograms per liter (winter) and 23 micrograms per liter (annual). Concentrations of 10 and 20 micrograms per liter total phosphorus are considered the limits for oligotrophy and eutrophy, respectively (Vollenweider 1976). Epilimnetic total phosphorus concentrations were usually well below 20 micrograms per liter, except during the winter following fall turnover, when total phosphorus concentrations rose to 35 micrograms per liter throughout the water column.
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[image: ]The mean summer chl a concentration in the epilimnion is also an index of the trophic state of the lake. The mean (volume-weighted) summer epilimnetic chl a concentration of American Lake was 9 micrograms per liter; this value falls on the high end of the mesotrophic range. Mean summer chl a concentrations between 10 and 100 micrograms per liter indicate eutrophy (Welch 1980). Winter chl a concentrations were higher than summer concentrations, with a mean of 23 and a high of 30 micrograms per liter in the large lake basin following lake turnover.
The mean summer Secchi disk transparency of American Lake was 6.0 meters (20 feet), which is fairly high and indicative of oligotrophic to mesotrophic conditions. However, the lower transparencies in the winter months resulted in a mean of only 4.6 meters (15 feet), which suggests that an oligotrophic rating is not warranted.
These data indicate the difficulty of classifying American Lake on the basis of mean concentrations in summer—the lake experiences its greatest phytoplankton productivity in the winter. A comparison of the indices indicates that American Lake falls within the upper range of mesotrophic conditions, particularly with regards to total phosphorus and chl a concentrations. [image: ]
WATER BUDGET
The available geologic and monitoring data indicate that American Lake lies within the [image: ] uppermost glacial sequence of sediments known as Vashon Drift. Water level measurements indicate that the groundwater surface lies from 5 to 12 meters (15 to 40 feet) below ground. Vashon Till serves as the bottom of the shallow aquifer and lake. It is possible, however, that the lake bottom has penetrated the till and is in hydraulic connection with the underlying deep Vashon Advance Outwash aquifer. The Advance Outwash serves as the principal water supply aquifer in the area.
Regional studies, supported by data collected in this investigation, indicate that groundwater flow is from east to west. The area east of the lake has undergone extensive development with a variety of land use activities that may impact the quality of groundwater flowing into the lake. Discharges from American Lake into the groundwater occur along the westem margin of the lake.
The water budget for American Lake indicates the major loss of water (82 percent) from the lake occurred by seepage into the groundwater. Evaporation and the outlet flows accounted for 11 and 7 percent of the water losses, respectively. Groundwater was the major water input (57 percent), followed by streamflow (26 percent) and precipitation (16 percent). The net movement of groundwater over the year was out of the lake, resulting in an overall drop in lake level during the study year.
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discolored lawns, which may be associated with septic drainfields. The sanitary survey (i.e., dye-testing) of 20 of the 55 residences along the Tillicum shoreline did not identify any failing systems. The sanitary survey revealed that septic tank pumping frequencies were highly variable, with nearly 20 percent of those surveyed having never been pumped (the age of these systems ranged from 19 to 30 years).
Questionnairæ were distributed to all shoreline residents to assess activities such as lawn fertilization, pesticide use, and burning of yard waste. Nearly 80 percent of the shoreline residents use fertilizers for yard care. Less than 40 percent use pesticides. Nearly half of the residents who responded to the survey have piles for burning yard waste. Thirty-nine percent of these burn piles are within 8 m (25 ft) of the lake. These burn piles likely contribute phosphorus both as smoke and ash, which is washed into the lake during storms.
PUBLIC HEALTH PLAN[image: ]
Recognizing the possibility that future toxic algal blooms may occur in American Lake, the Tacoma-Pierce County Health Department and the American Lake Protection Committee developed a public health plan for the lake. This plan addresses monitoring and identification of a toxic bloom, public notification, and lake use recommendations.
An Algae Watch Program was developed to monitor for potential toxic blooms. Volunteers [image: ]who live or work near the lake will examine the lake on a frequent and regular basis. The volunteers will target areas of the lake where toxicity has occurred in the past (e.g., Avenue Dubois cove, shoreline along the Veterans Hospital, Shoreline Park at Fort Lewis, the shoreline east of North Park). Ten individuals have volunteered to monitor eight sites on a routine basis, ranging from daily to weekly monitoring. During times when a toxic bloom appears likely, the sites will be monitored at least every other day. If signs of toxic algae are observed (e.g., dense blue-green or green surface scum or discoloration to the water), the volunteer will call the Tacoma-Pierce County Health Department and a sample will be collected for toxicity testing.
If a toxic bloom is identified, the Tacoma-Pierce County Health Department will notify the public through the following three-step process:
· Issue a news release to inform the general public
· Post caution signs at North Park, Harry Todd Park, and the Washington Department of Wildlife public boat launch, which inform the public of lake use recommendations
· Distribute fact sheets (which present information on the bloom, the potential health concerns, and use recommendations) to all shoreline residences.
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[image: ]NUTRIENT BUDGET
The primary cause of the observed water quality problems and toxic algal blooms is high concentrations of nutrients, particularly phosphorus, in American Lake. Nutrient inputs to the lake from various sources were quantified. The percent contribution to the overall nutrient load was as follows; streamflows—5 percent; precipitation—5 percent; fish pens— 4 percent; groundwater—43 percent; and internal sources—42 percent. Internal loading and groundwater are the two major sources of phosphorus to American Lake.
The primary internal loading mechanism was release of phosphorus from lake sediments under conditions of low oxygen. The buildup of high concentrations of phosphorus in American Lake bottom waters indicates that the sediments released a large amount of phosphorus to the lake both in the deep and shallow basins. The internal phosphorus loading is caused by excessive nutrient loading from the watershed in the past, and would not be occurring to the magnitude observed in American Lake had nonpoint pollution sources been smaller.[image: ]
Groundwater also serves as a significant source of nutrients to the lake. The groundwater study revealed that the aquifer supplying American lake is enriched with total phosphorus (mean of 87 micrograms per liter) and inorganic nitrogen (mean 1,419 micrograms per liter).
Total phosphorus was notably higher in the Camp Murray and Tacoma Country and Golf Club wells than in the other wells sampled. Concentrations ranged from 993 to 2,270 ug/L for the country club well and from 1,080 to 2,270 ug/L for the Camp Murray well. The [image: ] findings at the country club may indicate golf course overfertilization, while those at Camp Murray may be due to past ordnance or petroleum product handling practices. The well point at the country club also had elevated ammonia concentrations relative to the other well points. Nitrite+nitrate-nitrogen concentrations were generally higher in the unsewered Tillicum area than in the Camp Murray or golf course areas.
POTENTIAL LAND-USE IMPACrs
[image: ]An aerial shoreline analysis and a sanitary survey of shoreline residences were conducted to characterize watershed interactions with lake water quality. The aerial survey revealed considerable evidence of the effects of shoreline activity on the lake. In several locations, construction activities along the lakeshore had resulted in disrupted soils, exposed hillsides, and debris piles. Many lakeside lawns showed indication of overenrichment due to heavy fertilization. Many lakeside lawns extend to the water's edge, with little or no vegetative buffer to intercept nutrient inputs to the lake. In many cases, street runoff could be traced directly to the lake.
Houses in the Tillicum area are served by on-site waste disposal systems. Several locations Of suspected hydraulic failure or drainfields nearly exceeding their capacity were indicated by the aerial survéy. Numerous lots in the Tillicum area also had patches of brown
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[image: ]
[image: ]Several use recommendations were developed by the Tacoma-Pierce County Health Department and the Washington Department of Health during the first toxic bloom in winter 1989-1990. The most important use recommendation is that children and pets should be closely supervised when near the lake during a toxic algal bloom in American Lake. Access of pets to the lake should be strictly limited. Swimming and other water contact sports are permissible, provided there are no visible algae or water discoloration in the vicinity. Skin that contacts the water should be washed with soap immediately after leaving the water to reduce the potential for skin irritations. Where visible algae are present, boating and fishing activities should be restricted. All trailers and boat hulls should be rinsed with water before going to another lake.
LAKE MANAGEMENT PLAN
[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]The proposed plan to control toxic blue-green algal blooms and improve water quality in American Lake is based on control of both external and internal nutrient sources. The recommended approach is a combination of watershed management measures to control external phosphorus inputs to the lake with an aluminum sulfate (alum) treatment to address internal phosphorus loading. Long-term improvements in lake water quality will [image: ][image: ]require implementation of effective watershed controls. However, these efforts may not reduce the occurrence of toxic blue-green algal blooms in the short term, because these blooms appear to be fueled primarily by phosphorus generated by in-lake processes (i.e., sediment release).
Watershed control measures were categorized into three groups based on land use. The first land use category includes military properties, which encompass approximately 68 percent of the American Lake watershed. Federal lands are exempt from state and local ordinances which may protect water quality (for example, Aquifer Recharge Area, Pierce County Ordinance 91-11952). Because of the large acreage of land managed by military jurisdictions, it is recommended that best management practices, such as those outlined in the Clover/Chambers Creek Basin Groundwater Program, be implemented and that local and state ordinances be followed. In addition, for overall watershed management it would be useful to include nutrient analysis in ongoing water quality studies being conducted as part of contaminated site remediation work.
The second land use category—residential/commercial—includes low and high density residential, commercial, state highways, and county and local roadway uses. Most of the management measures described in this category can be implemented through public awareness programs. Public awareness programs would be led by the Pierce County Department of Public Works and coordinated through the American Lake Improvement Club. Costs for public awareness programs are estimated to be $24,000. Nutrient loading to American Lake can be reduced through improved landscaping techniques, alternative household practices, *water conservation measures, septic system maintenance and • conversion to sewers, and drainage controls. Some drainage controls can be implemented
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through existing or new Pierce County ordinances or policies, such as stream buffer zones, development practices, and the retrofit of stormwater drywells.
The third category—open space—includes golf courses, schools, and parks. The major management component within this land use category concerns development and implementation of a quantitative, site-specific, integrated golf course management plan using U.S. Environmental Protection Agency guidelines developed for the Pesticide Root Zone Model (PRIM). Implementation of this landscape management plan may reduce the use of pesticides and fertilizers, which in turn would result in less loading to groundwater and American Lake.
Overall costs to fully implement all watershed management measures are likely to exceed $20,000,000, excluding costs associated with conversion to sewers. However, because the watershed is multi-jurisdictional these costs would not be incurred by any one agency. Measures implemented on military properties would be the responsibility of the federal government. Drywell retrofitting would be a cost assumed by the Pierce County Departn-tent of Public Works. The Tacoma Country and Golf Club would be responsible for the development and implementation of the golf course management plan.
Alum treatment is recommended as the in-lake management measure. Through chemical binding of phosphorus, alum has been found to reduce the release of phosphorus from the sediments. Its beneficial effects (reduced internal phosphorus loadings following treatment) have lasted as long as 10 to 20 years (Cooke et al 1986; in press).
The use of the buffering agent sodium aluminate is recommended in conjunction with alum to maintain safe pH and alkalinity levels during the treatment. Careful jar tests and field studies need to be performed to determine the most effective yet safe alum and sodium aluminate dose for American Lake. Based on the dose and costs used in the October 1991 alum and sodium aluminate treatment of Green Lake in Seattle, the treatment of American Lake would cost approximately $450,000. The cost is based on hypolimnetic treatment in the large lake basin and a whole-lake treatment in the small basin. Additional costs for in-lake management are $375,000 for monitoring and documentation, $22,500 for citizen monitoring, and $100,000 for administrative and SEPA costs.
RECOMMENDATIONS
Implementation of a restoration plan is needed to meet the overall goal of enhancing lake water quality and reducing blue-green algal blooms in American Lake. Because the lake exhibits water quality problems indicative of progression to a eutrophic state, initiation of a management plan is timely. Control of nutrients from both external and internal sources will be necessary to reduce the occurrence of toxic blue-green algal blooms. The recommended plan is based on results of the Phase I program and represents an integrated approach to controlling nutrient loading to the lake through both watershed control measures and in-lake restoration techniques. Long-term improvements in water quality
will depend on the implementation of effective watershed controls, but these efforts will not control internal cycling of nutrients. An alum treatment will control internal nutrient loading, thereby reducing nutrients that stimulate toxic blue-green species. Additional groundwater monitoring is also recommended to track the effectiveness of watershed control measures.
[image: ][image: ][image: ][image: ][image: ]The lake restoration will cost approximately $975,000 for the in-lake and the public awareness watershed control measures. This cost includes $375,000 for monitoring and documentation, $22,500 for citizen monitoring, $24,000 for developed property management (i.e., public awareness), and $100,000 for administrative and SEPA costs
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