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EXECUTIVE SUMMARY 
Green Lake is an important recreational and aesthetic resource for Seattle residents and park 
visitors. Although the lake is heavily used, enjoyment of it has been diminished due to poor 
water quality related to intense blooms of cyanobacteria (blue-green algae), which have plagued 
the lake since at least 1916. Over the years, various techniques for reducing phosphorus 
concentrations have been used to reduce the amount of cyanobacteria in Green Lake. The most 
effective efforts to improve water quality and reduce cyanobacteria were lake-wide applications 
of aluminum sulfate (alum) in 1991 and 2004. 

Alum treatments inactivate the internal cycling of inorganic and organic phosphorus. The alum 
is applied near the water surface, removing phosphorus from the water column as it flocculates 
and settles. It then covers the bottom sediments to further prevent the internal release of 
phosphorus from the sediments. 

Although water quality goals for Green Lake have been met since the 2004 alum treatment, 
those goals are based on average summer measurements of total phosphorus (less than 
25 micrograms per liter [µg/L]) and Secchi depth (water clarity greater than 2.5 meters [8.2 feet]). 
In recent years (2012 through 2014), toxic cyanobacteria scums have occurred in isolated areas 
of the lake. High concentrations of microcystin, detected in scum samples, have resulted in 
closure of the lake to direct contact recreational use (swimming) for substantial periods. 
Microcystin is a cyanotoxin produced by some cyanobacteria but no other algae. 

The January 2015 Green Lake Phytoplankton Study (Herrera 2015a) documented effects of the 
1991 and 2004 alum treatments on the amount and type of phytoplankton (algae and 
cyanobacteria) in the lake, and identified significant water quality degradation in recent years. 
The study provided Seattle Parks and Recreation with the recommended next steps for 
controlling cyanobacteria and addressing additional lake needs. The recommendations included 
preparation and implementation of a plan to treat Green Lake with alum as soon as possible to 
control cyanobacteria and prevent lake closures. 

A phosphorus management plan was submitted to the Washington State Department of 
Ecology (Ecology) for an Aquatic Plant and Algae Management General Permit to perform the 
alum treatment (Herrera 2015b). The plan provides background information about the lake and 
detailed information on the methodologies and procedures used during the 2016 alum 
treatment. 

The 2016 alum treatment occurred over a 6-day period from April 5 through April 10, 2016. 
A total of 81,744 gallons of aluminum sulfate and 40,905 gallons of sodium aluminate were 
applied to the lake. The volumes of chemicals applied are similar to those planned, but the 
applied alum dose was determined to be 9.6 mg Al/L, which is higher than planned dose of 
8.2 mg Al/L due to a higher aluminum concentration in the sodium aluminate and a lower 
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updated value for the lake volume. The 2016 dose is approximately 40 percent of the 23.0 mg 
Al/L dose applied in 2004 and is slightly more than the 8.6 mg Al/L dose applied in 1991. As 
done in 2004, liquid alum was applied concurrently with liquid sodium aluminate (alkaline 
buffer) at a ratio of 2:1 by volume to ensure that the water pH did not decrease below 6.0. 

In accordance with the phosphorus management plan (Herrera 2016b), engineering oversight 
and short-term water quality monitoring were conducted before, during, and 2 weeks after the 
treatment to ensure proper material application, prevent potential impacts to fish from low or 
high pH, and meet permit requirements. In addition, a public involvement plan was used to 
inform and educate park users and nearby residents of the alum treatment. 

The short-term water quality objectives were met. The average lake pH ranged from 7.3 to 7.9, 
which meets the objective of between 6.0 and 8.7. The average alkalinity in the lake was greater 
than 42 mg/L, which meets the objective of greater than 12 mg/L. 

Although the treatment did not change the pH or dissolved oxygen concentrations in the lake, 
minor fish mortality was observed during the alum treatment period. With the exception of a 
few carp, all fish found dead prior to and during the alum treatment appeared to be recently 
stocked trout; and no resident fish mortality was observed. Fish mortality data collected by 
monitoring staff and community members indicate that less than 1 percent of the 
15,000 planted trout, or approximately 100 fish, died during the alum treatment. Post-treatment 
observations indicate that the dead trout were removed from the lake within a few days by 
cormorants, eagles, and osprey. The near-neutral pH observed indicates that the applied alum 
would not cause acute toxicity to fish or other aquatic organisms. In addition, gill conditions of 
the dead trout were not indicative of chemical toxicity; and no resident fish mortality was 
observed, with the exception of a few carp. Due to the effects of being transferred to a new 
habitat, planted trout are more sensitive to environmental stress factors than resident fish in 
Green Lake. In addition to stress caused by the alum application, the loss of planted trout may 
have been due to stress from increased water clarity, bird predation, and fishing pressure. 

Post-treatment monitoring was performed on 11 occasions from May through October 2017 
and determined that the following long-term water quality objectives were met: 

• Summer average total phosphorus concentration shall be less than 20 µg/L (which was 
reduced for the 2016 treatment from the previous goal of 25 µg/L). 

• Summer average Secchi depth (water clarity) shall exceed 2.5 meters (8.2 feet) (which has 
not changed since the 1991 treatment). 

• The lake shall not be closed to recreational uses due to toxic cyanobacteria (which was 
added for the 2016 treatment). 

Analysis of phytoplankton samples showed that the average cyanobacteria abundance increased 
to 20 percent in 2016 compared 13 percent in 2008 and 8 percent 2013, while the group 
Chrysophyta (61 percent) continued to dominate the phytoplankton composition. However, 



 

 vii 
pjj 13-05709-001_mntrgrpt_greenlakealumtrtmt2016.docx 

those cyanobacteria present were not comprised of toxin producing species formerly observed 
in the lake. One exception is that two samples contained Phormidium, which had not been 
previously observed in Green Lake but is a known producer of anatoxin-a. The lake was not 
closed in 2016 to recreational uses due to toxic cyanobacteria. The Washington State guideline 
of 6 µg/L for the cyanotoxin microcystin was not exceeded in 2016, and previously had been 
exceeded on at least one occasion in 2013, 2014, and 2015. 

The 2016 treatment is expected to meet water quality goals for at least 10 years, based on the 
long-term effect of the 2004 treatment and assuming external phosphorus inputs to the lake 
remain relatively low. Long-term water quality monitoring will be continued through the King 
County Volunteer Monitoring Program and the Washington State Toxic Algae Program to 
determine if the water quality goals will continue to be met. 
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1. INTRODUCTION 
Green Lake is a shallow, eutrophic lake located just north of downtown Seattle (Figure 1). Green 
Lake is surrounded by Green Lake Park, which is owned and managed by Seattle Parks and 
Recreation. This urban lake is classified as eutrophic (rich in nutrients and algae) because it has 
produced excessive amounts phytoplankton (free-floating algae), primarily due to elevated 
concentrations of phosphorus that promote growth of these algae. The phytoplankton group of 
particular concern is cyanobacteria; a group commonly referred to as blue-green algae that are 
actually photosynthetic bacteria. 

Green Lake is an important recreational and aesthetic resource for city residents. Although the 
lake is heavily used, enjoyment of it has been diminished due to poor water quality. Intense 
blooms of cyanobacteria have plagued the lake since at least 1916 (KCM 1995). Various 
techniques have been used to reduce the amount of cyanobacteria by reducing phosphorus 
concentrations (Herrera 2003). The most significant recent efforts to improve water quality and 
reduce cyanobacteria have been lake-wide applications of aluminum sulfate (alum) in 1991, 
2004, and 2016. 

Although water quality goals had been met between the 2004 and 2016 alum treatment, those 
goals were based on average lake conditions. During recent years (2012 through 2014), toxic 
cyanobacteria scums occurred in isolated areas of the lake. High concentrations of microcystin 
detected in scum samples have resulted in closure of the lake to direct contact recreational use 
(swimming) for substantial periods. Microcystin is a cyanotoxin produced by some cyanobacteria 
but no other algae. 

The Green Lake Phytoplankton Study (Herrera 2015a) recently documented effects of the 1991 
and 2004 alum treatments on the amount and type of phytoplankton in the lake. The study 
evaluated nutrient and phytoplankton relationships and trends using data collected since 1959. 
Cyanotoxin data were analyzed from algae scum samples and beach water samples collected at 
the lake since 2007, and algae scum accumulation patterns were examined using observation 
data collected for the lake over the past 2 years. The study also documented current 
cyanobacteria monitoring protocols, public notification, and lake closure procedures used by 
Green Lake stakeholders. Finally, the study provided Seattle Parks and Recreation with 
recommendations on the next steps for controlling phytoplankton and addressing additional 
lake needs. Those recommendations included preparation and implementation of a plan to treat 
Green Lake with alum as soon as possible to control cyanobacteria and prevent lake closures 
(Herrera 2015b). 
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The phosphorus management plan provided background information about the lake and 
detailed information on a third alum treatment planned to occur in late March or early April 
2016. The plan was submitted to the Washington State Department of Ecology (Ecology) for an 
Aquatic Plant and Algae Management General Permit, which addresses alum treatment 
restrictions in Table 4 and monitoring requirements in Section S6.B (Ecology 2016). The plan 
included treatment specifications that were used to hire an experienced contractor to perform 
the 2016 alum treatment. 

This report describes how the 2016 alum treatment was performed, presents methods and 
results of engineering oversight and water quality monitoring conducted during the treatment, 
and presents and evaluates post-treatment water quality monitoring results collected during the 
first summer following the treatment. 
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2. ALUM TREATMENT ACTIVITIES 
Since the first lake alum treatment in 1991, the City has undertaken numerous management 
efforts to help maintain the reduced phosphorus concentrations achieved after that treatment. 
Such measures have included diverting stormwater, biomanipulation, public education, and 
milfoil harvesting. However, such measures have not proved effective over the long term at 
maintaining the total phosphorus concentrations at the original summer target level of less than 
25 µg/L. Therefore, a second alum treatment was performed in 2004 that effectively reduced the 
internal sediment loading of phosphorus within the lake for over 10 years. Although the summer 
phosphorus goal has been met each year since 2004, cyanobacteria blooms resulted in lake 
closures in 2012, 2013, and 2014. Because of the success of the 1991 and 2004 alum treatments 
in controlling sediment phosphorus sources, the City proposes a third alum treatment during 
the spring of 2016. 

Alum treatments inactivate the internal cycling of inorganic and organic phosphorus. The alum 
is applied near the water surface and it removes phosphorus from the water column as it 
flocculates and settles. It then covers the bottom sediments to further prevent the internal 
release of phosphorus from the sediments. 

Sediment phosphorus analysis was performed in 2015 to evaluate effects of the 2004 alum 
treatment, and determine the amount of alum needed in 2016 to inactivate sediment 
phosphorus in Green Lake and meet water quality goals in the future. The sediment phosphorus 
analysis, alum treatment design, permit conditions, and a cost estimate were included in the 
2016 alum treatment plan (Herrera 2015b). 

Using the sediment analysis results, the calculated aluminum dose ranged from 18.3 to 
41.2 grams of aluminum per square meter (g Al/m2) and averaged 30.4 g Al/m2 among the four 
core stations tested (Table 1). An additional 1.6 g Al/m2 was added to account for total 
phosphorus in the water column. The total aluminum dose recommended was 32.0 g Al/m2 on 
an areal basis, which was determined to be equivalent to a total aluminum dose of 8.2 mg Al/L 
on lake volume basis. The proposed dose of 8.2 mg Al/L is approximately one-third of the 
23.0 mg Al/L dose applied in 2004 and similar to the 8.6 mg Al/L dose applied in 1991. The dose 
recommended for sediment inactivation (7.8 mg Al/L) is much less than that applied in 2004 
(17.2 mg Al/L) due to a lower amount of bioavailable phosphorus in the lake sediments, and the 
dose planned for water binding (0.4 mg Al/L) is much less than that applied in the 2004 
(5.8 mg Al/L) due to the lower amount of total phosphorus present in the water column. 
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Table 1. Mean Sediment Phosphorus Content and Aluminum Dose Planned for the 
2016 Green Lake Alum Treatment. 

Site 

Mobile + Biogenic P (mg/g) Al Dose (g Al/m2) at 9:1 Al:P 

0 to 10 centimeter 0 to 20 centimeter 0 to 10 centimeter 0 to 20 centimeter 

Index Station – 0.159 – 35.8 
Station A 0.167 – 18.3 – 
Station B – 0.250 – 41.2 
Littoral Station 0.295 – 26.3 – 

Average sediment Al dose: 30.4 
+ Water column Al dose:a 1.6 

= Total Al dose: 32.0 

a Based on an a total phosphorus concentration of 20 µg/L (20 milligrams per cubic meter) in the lake water. 

mg/g = milligrams of phosphorus per gram dry weight of sediment 

g AL/m2 = grams of aluminum per square meter 

Al:P = aluminum to phosphorus ratio 

It was recommended that the 2016 treatment occur in March or April when the water 
temperature is moderate, the amount of aquatic plant (milfoil) and algae growth are relatively 
low, and recreational activity on the lake is also low. The 2016 alum treatment was planned to 
occur between March 21 and April 22, 2016, to avoid interference with a rowing regatta on 
March 19 and 20 and opening day of fishing on April 23, 2016. The treatment was expected to 
be completed within 10 working days. As performed in 1991 and 2004, liquid alum was applied 
concurrently with liquid sodium aluminate at a ratio of 2:1 by volume to ensure that the water 
pH does not decrease below 6.0. Sodium aluminate has been shown to be an effective buffer at 
this ratio. 

The recommended dose was anticipated to meet water quality goals for at least 10 years, based 
on the long-term effect of the 2004 treatment and assuming external phosphorus inputs to the 
lake remain relatively low. 

Chemical materials and the application procedures followed the technical specifications (Herrera 
2015b) to achieve maximum effectiveness with protection of fish and other aquatic organisms. 
The technical specifications include additional details on the materials and application 
procedures to ensure proper handling, dosing, floc formation, and distribution of the materials 
in the lake. The technical specifications also include requirements for public notification and 
equipment calibration and maintenance that are specified in the Aquatic Plant and Algae 
Management Permit (Permit) issued the Washington Department of Ecology (Ecology 2016). The 
Permit-required water quality monitoring results are presented in Section 4. 
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2.1. CHEMICAL MATERIALS 
HAB Aquatic Solutions applied a total of 81,744 gallons of liquid aluminum sulfate (alum) from 
20 truckloads and 40,905 gallons of liquid sodium aluminate (buffer) from 13 truckloads. The 
materials were applied simultaneously at a volumetric ratio of 2:1 (alum: sodium aluminate) at 
varying rates to provide a consistent aluminum concentration in the water. The average 
aluminum (Al) content of alum was 8.15 percent as aluminum oxide (Al2O3) by weight and the 
average Al content of sodium aluminate was 18.96 percent as Al2O3 by weight. The Al 
concentration was calculated from multiplying the Al content by the specific gravity (1.335 for 
alum and 1.47 for sodium aluminate) and the mass ratio for two moles of Al (54 grams) to one 
mole of Al2O3 (102 grams), and converting units to obtain Al concentrations of 0.218 kilograms 
per gallon (kg/gallon) for alum and 0.561 kg/gallon for sodium aluminate. Based on these 
material volumes and aluminum concentrations, 17,820 kg of aluminum was added from the 
alum and 22,866 kg of aluminum was added from the buffer, for a total aluminum dose of 
40,686 kg. 

The aluminum dose was calculated on an area basis from dividing the total mass applied by the 
total lake area of 256.6 acres (103.8 hectares). This area was obtained from King County (2007) 
and is slightly less than the historically reported lake area of 259 acres (105 hectares). The 
aluminum dose was also calculated on a concentration basis from dividing the total mass 
applied by the total lake volume of 4.25 million cubic meters determined from a hydrographic 
survey performed on March 16, 2004, when the water surface elevation was 164.2 feet (NAV88 
datum) (Herrera 2004). The areal dose was 39.2 mg Al/m2, and the concentration dose was 
9.57 mg Al/L based on the amount of aluminum applied (40,686 kg), and these revised values 
for lake area and volume. 

The lake volume used for the dose calculation is slightly greater than the historically reported 
lake volume of 4.12 million cubic meters (Herrera 2003 and 2015b). The 2004 hydrographic 
survey reported a maximum depth of 27 feet (8.2 meters), which is less than the historically 
reported maximum depth of 30 feet (9.1 meters) (Herrera 2003 and 2015b). Dividing the lake 
volume by the updated lake area of 256.6 acres (103.8 hectares) yields a mean (average) depth 
of 13.4 feet (4.1 meters), which is slightly greater than the historically reported mean depth of 
12.8 feet (3.9 meters). 

The volume of chemicals applied was similar to that planned at 81,680 gallons of alum and 
40,840 gallons of sodium aluminate. The actual aluminum dose applied was higher than planned 
(39.2 versus 32 g/m2 and 9.6 versus 8.2 mg/L) because the aluminum content of sodium 
aluminate was higher than that assumed in the plan (19.0 versus 16.3 percent as Al2O3), and the 
lake area and volume were lower than those assumed in the plan (103.8 versus 105 hectares and 
4.25 versus 4.98 million cubic meters). 

The alum and sodium aluminate was drinking water treatment grade as specified by the 
National Sanitation Foundation (NSF), and contained no substances in quantities capable of 
producing deleterious or injurious effects on public health or water quality. 
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2.2. STAGING AND PREPARATION 
HAB Aquatic Solutions staged the treatment in parking lot and shoreline area located 
immediately north of the Small Craft Center (Figure 2). Temporary, on-shore storage tanks were 
deployed in the parking lot for staging the chemicals to ensure that the application of alum and 
sodium aluminate is successfully completed in the required applications time frame of 
10 working days. On-shore and on-board chemical storage tanks and associated spill 
containment equipment met local, state, and federal regulations. No structural damage or 
chemical spills occurred at the staging area. HAB Aquatic Solutions conducted all operations in 
such a way as to: 

• Comply with any and all permit conditions for this project, including the posting of signs 
around the lake. 

• Prevent damage to the lake, equipment, and surrounding properties. 

• Prevent damage to the aquatic environment from hydraulic fluid leaks by using a 
biodegradable hydraulic fluid in all equipment. 

• Prevent damage to the lake by ensuring that no aquatic invasive species are introduced 
into the lake. This shall include decontaminating all equipment and gear that will come 
into contact with lake water prior to bringing such equipment to the staging area. 

• Maintain orderly appearance at the staging area an on the treatment vessel while the 
treatment is occurring. 

• Prevent damage to the aquatic environment from the use of on-shore storage tanks at 
the staging area. 

• Prevent damage to all utilities and below ground infrastructure at the staging area. 
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Figure 2. Green Lake 2016 Alum Treatment Staging Area.  
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2.3. CHEMICAL APPLICATION 
The alum and sodium aluminate application was performed by HAB Aquatic Solutions over a 
6-day period from April 5 through April 10, 2016. Mobilization occurred on April 4 and 
demobilization was completed on April 11, 2016. The application occurred after the lake water 
temperature has risen to over 5.5°C (42° F) throughout the first 4 meters of the water column, 
and when the wind speed was less than or equal to 15 mph at the lake surface, as required by 
the permit. 

A mixture of liquid aluminum sulfate (alum) and liquid sodium aluminate (buffer) was injected 
below the lake surface from a boat (see photographs in Figure 3). The alum and sodium 
aluminate did not come in contact with one another outside of the water. The boat was 
controlled by a global positioning system (GPS) to continuously adjust the application rate of 
liquid alum and sodium aluminate mixture based on boat speed and water depth. This ensured 
complete and uniform chemical coverage during application. 

The boat contained chemical storage tanks with secondary containment, and applicator 
equipment for even chemical distribution. The system of chemical distribution met the required 
minimum application rate of 20,000 gallons per day of combined alum and sodium aluminate. 
The chemicals were delivered to the lake water from a boom system at an approximate depth of 
1 to 2 inches below the water surface from a minimum of 12 pairs of alum and sodium 
aluminate injection tubes (nozzles or small hoses) spaced 8 to 12 inches between pairs, and with 
the alum and sodium aluminate injection tubes within each pair spaced 2 to 4 inches apart. 

In accordance with the Ecology permit, the lake pH and alkalinity were monitored in surface 
water samples as described in Section 4. Work was to be suspended if the pH of lake water is 
consistently less than 6.0 (±0.05) or greater than 8.7 (±0.05) in the collected water samples. The 
threshold for re-starting treatment was a pH between 6.2 and 8.4 (±0.05) and an alkalinity of at 
least 12 mg/L (±0.5 mg/L). Work was not suspended due to pH and alkalinity testing was not 
required because pH thresholds were not exceeded during the treatment. 

Work was not suspended due to pH or other water quality concerns. However, work was 
terminated early on the fifth day due to concerns about an observed fish kill consisting of 
approximately 100 of the 15,000 recently planted trout (see Section 3). Treatment resumed the 
next morning when it was determined that the fish mortality was not due lake water quality or 
aluminum toxicity, and no additional abnormal fish behavior or loss were observed. 
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Figure 3. Staging Area and Application Photographs for the 2016 Green Lake Alum 
Treatment.  
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2.4. PERMIT CONDITIONS 
The alum treatment was conducted in accordance with Ecology’s Aquatic Plant and Algae 
Management General Permit (Ecology 2016), which included the following conditions: 

• Timing restrictions: 

o None for fish or other priority species. 

o Early spring or fall treatment if aquatic plant biomass interferes with inactivation of 
sediment phosphorus. 

• Lake use restrictions or advisories: 

o None. 

• Treatment restrictions: 

o Application must cease when wind speed is greater than 15 miles per hour. 

o Powdered alum must be mixed with water to form a slurry before applying to the 
water surface. 

o The pH of lake water during treatment must remain between 6.0 and 8.5 based on 
lake average. 

o Only aluminum compounds suitable for water treatment may be used. 

o Buffering materials must be available for use. 

• Monitoring requirements: 

o Minimum monitoring is one surface water pH measurement in the morning prior to 
any alum addition and one surface water pH measurement 1 hour after alum 
addition has stopped for that day. 

o Monitoring for pH must continue for the duration of the treatment and for 24 hours 
following treatment completion. 

o Monitoring locations must be representative of water body-wide conditions. 

• Other restrictions: 

o A jar test must be completed prior to whole lake treatments only if a buffer other 
than sodium aluminate is used or a ratio of liquid alum to liquid sodium aluminate 
differs from 2:1 by volume. 
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o An onsite storage facility is required for any treatment requiring 9,000 gallons of 
alum or more, or the project proponent must have a plan to store any unused alum 
or buffering products. 

HAB Aquatic Solutions provided and installed all required shoreline and public access 
notification signs per the posting requirements of the Ecology permit. General signage 
requirements included the following: 

• Use the template provided in the permit. 

• Post signs no more than 48 hours prior to treatment. 

• Post signs so that they are secure from the normal effects of weather and water currents, 
but cause minimal damage to property. 

• Make best efforts to ensure that the signs remain in place and are legible until removed. 

• Remove all signs between 2 and 10 days after the treatment ends. 

HAB Aquatic Solutions posted nine shoreline public access areas with 2- by 3-foot signs in 
accordance with permit requirements. In addition, one 8.5- by 11-inch sign was posted 
approximately 100 feet apart along the remaining lake shoreline in accordance with permit 
requirements. 

2.5. COST 
The total project budget for the 2016 alum treatment project was $700,000. The total contractor 
cost for the alum application equaled $320,876, which was similar to the material and 
application cost ($323,453 excluding taxes and contingency) estimated in the Phosphorus 
Management Plan (Herrera 2015b). In addition to the cost of the alum application, the budget 
includes costs for pretreatment sediment analysis, development of the Phosphorous 
Management Plan, public outreach, permitting, project management, water quality monitoring, 
reporting, and City staff time. 
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3. ALUM TREATMENT OBSERVATIONS 
The alum treatment was observed by a qualified Resident Engineer from Tetra Tech during each 
day of treatment to record material quantities, observe application procedures, and modify 
application procedures if needed. Daily application logs are presented in Appendix A. The 
Resident Engineer reviewed water quality data provided by a qualified Water Quality Monitor 
from Herrera Environmental Consultants (Herrera) on a regular basis. 

3.1. ALUM APPLICATION 
The alum application generally went according to the plan with the exception of two minor 
delays that extended the application to a total of 6 consecutive days from Tuesday, April 5, 
through Sunday, April 10, 2016. Application rates were reduced on the second day (April 6, 
2016) due to boat motor repair and on the fifth day (April 9, 2016) due to concerns about trout 
mortality (described in the following section). Material quantities and application areas for each 
day are summarized in Table 3 from the daily application logs. A map of the application track 
lines and an aerial photograph taken on the fourth day of treatment are presented in Figure 4. 

Table 3. Daily Application Amounts and Areas for the 
2016 Green Lake Alum Treatment. 

Date 
Start 
Time 

End 
Time 

Alum Applied 
(gallons) 

Sodium Aluminate 
Applied (gallons) 

Application 
Area (acres) 

Application 
Location 

4/5/2016 800 1856 16,625 8,440 106 West 
4/6/2016 1057 1859 11,406 5,771 73 Center/NW 
4/7/2016 700 1850 13,007 6,561 83 Center 

4/8/2016 655 1916 14,339 6,984 91 Center/NE 

4/9/2016 712 1520 11,242 5,224 69 East 

4/10/2016 739 1950 15,625 7,925 96 Center 

Total – – 81,744a 40,905 518 – 

a Total volume of alum is reduced from the reported daily sum of 82,244 gallons based on actual volumes in bills of lading 

The total amount of materials applied (81,744 gallons of alum and 40,905 gallons of sodium 
aluminate) is slightly more than the planned amounts (81,680 gallons of alum and 
40,840 gallons of sodium aluminate). The materials were applied at a ratio of 2 parts alum to 
1 part sodium aluminate at variable rates to achieve a water column average aluminum 
concentration of 9.6 mg Al/L. Most of the total lake area of 257 acres (104 hectares) was evenly 
covered twice, generally moving from west to east (see Table 3). Small areas excluded from 
treatment include shallow waters located nearshore of docks and swimming floats in the 
northeast, northwest, and southwest portions of the lake (see Figure 4).  
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Figure 4. Aerial Photograph on April 8, 2016, and Completed Application Track Lines for 
the 2016 Green Lake Alum Treatment. 
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A final inspection of the staging area was conducted on April 11, 2016. All contractor equipment 
had been removed and the site appeared to be in the same condition it was before the project 
began. One exception is that a small (2-foot by 2-foot) patch of grass had been disturbed and 
appropriately seeded by the contractor. An inspection of the lake shoreline on April 14, 2016, 
confirmed that all of the public notification signs had been removed in accordance with the 
permit from the Washington Department of Ecology. 

3.2. TROUT MORTALITY 
Dead trout were observed by monitoring staff both prior to and during the treatment, and 
reported by several community members. Background information and fish observations are 
summarized below based on a memorandum prepared on April 11, 2016 (Appendix A). 

Prior to the alum treatment, the Washington Department of Fish and Wildlife (WDFW) stocked 
the lake with an approximately 15,000 catchable rainbow trout. These fish were released on 
three dates in March (March 8, March 23, and March 28, 2016). WDFW routinely plants trout in 
Green Lake in the spring and fall, and was notified prior to the spring 2016 planting that the 
alum treatment would be conducted in early April. 

During the alum treatment, fish mortality data were collected by monitoring staff on a daily 
basis. Additionally, dead fish counts were provided by members of the Green Lake community. 
Together these observations indicate that less than 1 percent of the 15,000 planted trout, or 
approximately 100 fish, died during the alum treatment. A fish biologist examined dead trout 
and observed no signs of chemically damaged gills or burns. Several fish exhibited eroded gills 
indicative of hatchery damage while others exhibited signs of being handled or caught by 
fisherman. Post-treatment observations indicate that the dead trout were removed from the lake 
within a few days by cormorants, eagles, and osprey. 

Water quality monitoring data were collected continuously throughout the treatment process 
and the alum application did not result in any change to pH or dissolved oxygen concentrations 
in the lake. The near-neutral pH observed indicates that the applied alum would not cause acute 
toxicity to fish or other aquatic organisms. In addition, gill conditions of the dead trout were not 
indicative of chemical toxicity. With the exception of a few carp, all fish found dead prior to and 
during the alum treatment appeared to be recently stocked trout and no resident fish mortality 
was observed. Due to the effects of movement and being transferred to a new habitat, these fish 
are more sensitive to environmental stress factors than resident fish in Green Lake. In addition to 
stress caused by the alum application, the loss of planted trout may have been due to stress 
from increased water clarity, bird predation, and fishing pressure. 
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4. WATER QUALITY MONITORING 

4.1. TREATMENT GOALS AND WATER QUALITY OBJECTIVES 
Water quality monitoring was conducted at Green Lake to protect aquatic biota during the 2016 
alum treatment, and to evaluate the short-term and long-term effects of the treatment (Herrera 
2015b). The goals of water quality monitoring are to: 

• Conduct a jar test before the alum treatment and measure pH in Green Lake during the 
alum treatment to ensure that pH levels exceed 6.0 for protection of aquatic biota from 
aluminum toxicity 

• Collect water quality data before, during, and after the treatment to evaluate the short-
term water quality effects of the alum treatment in the lake to ensure that pH criteria 
(between 6.0 and 8.7) and alkalinity criteria (greater than 12 mg/L) are met for protection 
of aquatic biota from aluminum toxicity 

• Collect post-treatment water quality data to evaluate the long–term effectiveness of the 
alum treatment in relation to water quality goals that have been established for Green 
Lake 

Treatment monitoring was performed to determine if the following short-term water quality 
objectives were met: 

• Average lake pH shall be between 6.0 and 8.7 

• Average lake alkalinity in the lake shall be greater than 12 mg/L 

Post-treatment monitoring was performed to determine if the following long-term water quality 
objectives were met for first of at least 10 years (2016 through 2025): 

• Summer average total phosphorus concentration shall be less than 20 µg/L (which was 
reduced for the 2016 treatment from the previous goal of 25 µg/L) 

• Summer average Secchi depth (water clarity) shall exceed 2.5 meters (8.2 feet) (which has 
not changed since the 1991 treatment) 

• The lake will not be closed to recreational uses due to toxic cyanobacteria (which was 
added for the 2016 treatment) 
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Water quality monitoring included the following three components: jar test, treatment 
monitoring, and post-treatment monitoring. A jar test using the specified dose and different 
material ratios was conducted on site during the first day of alum treatment to verify that the 
lake pH would remain above 6.0 during the treatment. Treatment monitoring includes various 
elements to evaluate short-term effects of the treatment. The monitoring results are discussed 
below and are presented in Appendix B. 

Post-treatment monitoring was conducted during the summer of 2016 to evaluate the long-
term effects of alum treatment. Post-treatment monitoring will continue for at least 9 more 
years. Post-treatment monitoring data were added to the historical database, which is presented 
in Appendix C. 

The following sections describe the sampling locations and the design of each monitoring 
component. The overall monitoring design is summarized in Table 4. 

Table 4. Water Quality Monitoring Design for the Green Lake 2016 Alum Treatment. 
Monitoring 
Component 

Sampling 
Locationsa Analytical Parameters 

Sampling 
Frequency 

Pre-treatment Jar Test Near Small Craft 
Center 

Alkalinity, pH One or more tests 

Treatment Monitoring    

 Twice daily Station A, 
Station B,  
Index Station 
(surface, bottom) 

Alkalinity (field), dissolved and total Alb, 
Secchi depth, temperature/DO/pH/ 
conductivity profile 

Morning before and 
evening after each 
day of treatment 

 Random daily Treatment sites 
(surface, bottom) 

pH profile and alkalinity (if pH is less 
than 6.0) 

At least every 
2 hours during 
treatment 

 Short-term impact Station A, 
Station B,  
Index Station 
(surface, bottom) 

Alkalinity, dissolved Al, total Al, sulfate, TP, 
SRP, nitrate+nitrite, ammonia, fecal 
coliform, chlorophyll a, Secchi depth, 
temperature/DO/pH/conductivity profile 

Day before 
treatment, and 
2 days and 2 weeks 
after treatment 

Post-treatment 
Monitoring 

Index Station 
(surface) 

Chlorophyll a, TP, TN, Secchi depth, 
temperature 

12 events from May 
through October for 
10 years 

Al = aluminum 

TP = total phosphorus 

SRP = soluble reactive phosphorus 

DO = dissolved oxygen 
a Treatment sampling stations include Index, Composite A, and Composite B at 1 meter below water surface and 1 meter above 

lake bottom. Post-treatment sampling includes one composite sample from Composite A and Composite B stations for 
chlorophyll a and TP, and field measurements at the Index Station. 

b Dissolved and total aluminum will be analyzed only if the pH is less than 6.0. 
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4.2. LAKE MONITORING LOCATIONS 
Water quality monitoring was conducted at three stations on Green Lake that have been used 
for previous monitoring projects to allow for comparison to historical data. The monitoring 
stations include (see Figure 5): 

• Index Station: Located at the deepest (approximately 8 meters) point in Green Lake, 
which is near the northeast corner of the lake 

• Station A: Located in a moderately deep (approximately 5 meters) portion of Green Lake 
near the northwest corner of the lake 

• Station B: Located in a moderately deep (approximately 4 meters) portion of Green Lake 
near the south end of the lake 

4.3. JAR TEST 
Jar tests of pH were conducted on the first day of alum treatment at the alum treatment staging 
area located near the Small Craft Center on the southwest shore of Green Lake. This pH testing 
was performed using the alum treatment chemicals, dose, and application method provided by 
the treatment contractor with the water quality conditions present at the time of application. 

Four testing vessels consisting of 5-gallon plastic buckets were filled with lake water and tested 
for pH. Three vessels were treated with aluminum sulfate and sodium aluminate directly taken 
from the storage tanks, and added in three different ratios (2.2:1, 2.0:1, and 1.8:1) of alum and 
sodium aluminate to ensure correct buffering under current treatment conditions. One vessel 
was left untreated as a control. The pH of the treated and control waters was tested at 2, 15, 30, 
and 60 minutes after dosing. 

The jar test results showed an acceptable range in pH at all times (ranging from 6.9 to 7.4; see 
Table 5). The alum application proceeded as planned using a ratio of 2:1. 

Table 5. pH Jar Test Results for the 2016 Green Lake Alum Treatment. 
 Test 1 Test 2 Test 2 Control 

Aluminum dose (mg/L) 8.2 8.2 8.2 0 
Ratio of liquid alum to sodium aluminate by volume 2.2:1 2.0:1 1.8:1 – 
pH before dose 7.34 7.34 7.28 7.31 
pH at 2 minutes 6.95 7.31 7.12 7.34 
pH at 15 minutes 6.93 7.28 7.12 7.31 
pH at 30 minutes 6.95 7.31 7.16 7.35 
pH at 1 hour 6.97 7.28 7.12 7.28 

  



10

15

15

10

15

15

10

20

15
15

15

15

15

15
2025

20
15

15

10

15

15 15

105

10

10
15

Drain 1

Drain 4/5

South Woodland Drain

North Woodland
Drain

Hearthstone
Outlet

City
Water

Nearshore
Drain

Densmore Drain

Phinney
Ridge
Drain

66th St Outlet

Meridian Outlet

77th St Outlet

Drain 2
Drain 3

Duck Island Beach

Duck Island

NW Pier

West Beach

NE Pier &
Boat Rental

East Beach

Small Craft Center

Station B

Littoral

Station A

Index

K:\Projects\Y2013\13-05709-001\Project\monitoring_stations_2015.mxd (11/9/2015)

0 650 1,300325
Feet

USDA, Aerial (2013)

Figure 5.  
Green Lake Sampling Stations.

Legend
2015 sediment
station
2004 sediment
station
Water quality station
Inlet
Outlet
Bathymetry 
contour (5-ft)

Aquatic Plants (Herrera 2005)
Dense Eurasian watermilfoil
Sparse Eurasian watermilfoil
White water lillies

Wetlands (SUNP 2005)
Palustrine Forested Wetland
Palustrine Scrub-Shrub Wetland

N



 

August 2017 

Monitoring Report—Green Lake Alum Treatment 2016 23 

4.4. TREATMENT MONITORING 
Treatment monitoring was conducted by Herrera monitoring staff over a 6-day period from 
April 5 to April 10, 2016. Water quality monitoring for the treatment component included the 
following three elements: 

• Twice-daily monitoring (in the morning before treatment began and in the afternoon or 
evening when treatment concluded for the day) to verify that pH criteria (between 6.0 
and 8.7) and the alkalinity criterion (greater than 12 mg/L) were met at established 
monitoring stations. 

• Random monitoring of pH during the alum application at treatment sites was conducted 
approximately once every 2 hours at specific treatment locations after allowing for 
1 hour of alum settling. 

• Short-term impact monitoring before and after the alum treatment to evaluate short-
term impacts on various water quality parameters at established monitoring stations. 

Observations of alum treatment activities, floc formation, and potential fish and wildlife impacts 
were made during random daily monitoring. Dead trout were observed by monitoring staff both 
prior to and during the treatment, and reported by several community members; more 
information is provided in Section 3.2 and Appendix A. 

4.4.1. Twice-Daily Monitoring 

Twice-daily monitoring consisted of measuring field parameters at Station A, Station B, and 
Index Station in the morning before treatment began, and in the afternoon or evening when 
treatment ended. Field parameters included Secchi depth and vertical profiles of temperature, 
dissolved oxygen, pH, and conductivity at 1-meter intervals. In addition, total alkalinity was 
tested in the field on water samples collected from 1 meter below the water surface and 1 meter 
above the lake bottom at each of the three stations. 

Twice-daily monitoring results are presented in Appendix B. Data were collected as planned with 
the exception that alkalinity samples were collected only once per day on treatment 
days 2 through 6 (evening of day 5 and mornings of remaining days) because high alkalinity was 
observed throughout the treatment period (greater than 40 mg/L on average and well above 
the 12 mg/L criterion). 

Daily mean values for both stations and all depths are presented in Table 6. For comparison, this 
table includes daily mean values for short-term monitoring conducted before and after the 
treatment (described below). These results show that average water quality conditions in Green 
Lake did not vary much before, during, and after treatment for pH (7.3 to 7.9), alkalinity (41.8 to 
45.2 mg CaCO3/L), and temperature (12.1 to 13.2°C). Secchi depth increased from 2.7 meters 
prior to treatment to a maximum of 5.8 meters at 2 days after treatment (Post-Treatment Day 2). 
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Conductivity also increased during the treatment from 148 to 198 microsiemens per centimeter 
(µS/cm), and continued to increase to a maximum value of 294 µS/cm at 2 weeks after 
treatment. 

Table 6. Daily Mean Values of Field Parameters at Stations A, B, and Index for the 
2016 Green Lake Alum Treatment. 

Event Date pH 
Alkalinity 

(mg/L) 
Temp. 

(°C) 
DO 

(mg/L) 
Cond. 

(µS/cm) 

Secchi 
Depth 

(meters) 

Pretreatment 4/4/2016 7.61 45.2 12.2 10.3 148 2.7 
Treatment Day 1 4/5/2016 7.50 45.0 12.2 10.4 157 2.8 
Treatment Day 2 4/6/2016 7.39 43.6 12.1 10.4 167 3.5 
Treatment Day 3 4/7/2016 7.39 43.6 12.4 10.4 175 3.5 

Treatment Day 4 4/8/2016 7.52 43.6 12.9 10.3 185 3.7 

Treatment Day 5 4/9/2016 7.30 43.5 13.2 10.3 198 4.5 

Treatment Day 6 4/10/2016 7.34 41.8 12.9 10.3 154 5.0 

Post-Treatment Day 2 4/12/2016 7.38 42.5 12.6 10.5 161 5.8 

Post-Treatment Day 14 4/25/2016 7.87 42.5 12.3 11.0 294 4.6 

NA – Sample not analyzed. 

4.4.2. Random Daily Monitoring 

Random daily monitoring consisted of measuring pH at the treatment site during the alum 
application at a frequency of at least once every 2 hours. The pH was measured at 1-meter 
intervals at the location where alum was applied approximately 1 hour before the time of 
sample collection. The 1-hour delay in sampling allowed for settling of the alum floc and 
stabilization of water quality conditions. 

Random daily monitoring results are summarized in Table 7 and are presented in Appendix B. 
Data were collected as planned with the exception that data were occasionally collected at a 
frequency greater than 2 hours apart due to additional time needed for other observations and 
boat maintenance. 

Table 7. Random Daily pH Data Summary for the 2016 Green Lake Alum Treatment. 

Event Date 
No. of 

Samplesa Average pH Minimum pH Maximum pH 

Treatment Day 1 4/5/2016 12 7.46 7.36 7.56 
Treatment Day 2 4/6/2016 10 7.39 7.17 7.57 
Treatment Day 3 4/7/2016 10 7.41 7.21 7.77 

Treatment Day 4 4/8/2016 8 7.61 7.48 8.02 

Treatment Day 5 4/9/2016 6 7.37 7.15 7.54 

Treatment Day 6 4/10/2016 8 7.34 7.20 7.41 

a Samples collected 1 meter from the surface and 1 meter from the bottom at locations treated 1 hour prior to sampling. 
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The monitoring results show that lake pH ranged from 7.2 to 8.0 at the random sites and 
averaged approximately 7.4 during the treatment. None of the pH results were outside the 
acceptable range of between 6.0 and 8.7 for the average lake pH. 

4.4.3. Short-Term Impact Monitoring 

Short-term impact monitoring consisted of measuring field parameters and collecting water 
samples from 1 meter below the water surface and 1 meter above the lake bottom at each of 
the following three stations: Station A, Station B, and Index. A total of six water samples were 
collected from the lake on three occasions: 1) the day before the first day of treatment, 2) 2 days 
following the last day of treatment, and 3) 2 weeks following the last day of treatment. The 
collected samples were analyzed for the following parameters: 

• Secchi depth (field measurement) 

• Temperature (field measurement at 1-meter intervals) 

• Dissolved oxygen (field measurement at 1-meter intervals) 

• pH (field measurement at 1-meter intervals) 

• Conductivity (field measurement at 1-meter intervals) 

• Total alkalinity 

• Dissolved aluminum 

• Total aluminum 

• Sulfate 

• Soluble reactive phosphorus 

• Total phosphorus 

• Nitrate+nitrite nitrogen 

• Ammonia nitrogen 

• Total nitrogen 

• Chlorophyll a 

• Fecal coliform bacteria (surface grab only) 



 

August 2017 

26 Monitoring Report—Green Lake Alum Treatment 2016 

Field and laboratory results of short-term impact monitoring are presented in Appendix B. All 
data were collected as planned with the exception that fecal coliform samples collected on 
4/12/2016 were not analyzed due to laboratory oversight. The laboratory results were validated 
in accordance with the Water Quality Monitoring Plan (WQMP) (Appendix E of the Green Lake 
Phosphorus Management Plan [Herrera 2015b]). 

In general, quality control criteria defined in the WQMP were met, resulting in no data 
qualification or corrective action with the following exception: 

• Five fecal coliform results were qualified as estimated (J) based on low colony counts 
falling outside of ideal range of 20 to 60 (Table 8). 

Table 8. Fecal Coliform Bacteria Results and Associated Qualifiers. 

Sample ID Date Sampled 
Laboratory Result 

(CFU/100 mL) 
Validated Result 

(CFU/100 mL) Qualifier 

B-S 4/12/2016 1 1 J 
I-S 4/12/2016 2 2 J 

Index-S 4/25/2016 4 4 J 
A-S 4/25/2016 8 8 J 
B-S 4/25/2016 10 10 J 

CFU = Colony forming unit 

mL = milliliters 

J = Value is considered an estimate 

Laboratory results of short-term impact monitoring are summarized as mean values for surface 
and bottom water samples collected at the two stations in Table 9. These results show that the 
alum treatment reduced total phosphorus concentrations in surface and bottom waters at 
2 days (13 and 8 µg/L, respectively) and 2 weeks (10 and 13 µg/L, respectively) after treatment 
compared to pretreatment (18 and 23 µg/L, respectively). Total nitrogen concentrations 
exhibited a similar pattern. Soluble phosphorus and nitrate+nitrite nitrogen were not detected 
before or after the treatment. 

Chlorophyll a concentrations (amount of algae) in surface and bottom water initially decreased 
following the treatment, from 4 µg/L before treatment to 1 µg/L at 2 days after treatment, and 
then increased to 3 µg/L at 2 weeks after treatment. The initial decrease in algae concentrations 
improved Secchi depth (water clarity) from 2.7 to 5.8 meters (see Table 6), indicating that a 
sufficient amount of alum was applied to create enough floc to settle algae and other 
suspended particles present in the lake. Secchi depth decreased when algae concentrations 
increased at 2 weeks after treatment. 

The alum treatment increased concentrations of aluminum and sulfate in the surface and 
bottom waters for at least 2 weeks after treatment. Average total aluminum concentrations 
increased from 0.1 mg/L before treatment to 0.25 mg/L at 2 days after treatment, and then 
decreased to 0.17 mg/L at 2 weeks after treatment. Average dissolved aluminum concentrations 
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increased from undetected (less than 0.003 mg/L) to 0.10 mg/L at 2 days after treatment and to 
0.12 mg/L at 2 weeks after treatment. 

Table 9. Mean Values of Lab Parameters for Surface and Bottom Water Samples 
Collected at Stations A, B, and Index for the 2016 Green Lake Alum Treatment. 

Parameter 

Pretreatment 2-Day Post-
Treatment 

2-Week Post-
Treatment 

Surface Bottom Surface Bottom Surface Bottom 

Total phosphorus (µg/L) 18 23 13 8 10 13 
Soluble reactive phosphorus (µg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 
Alkalinity (mg CaCO3/L) 45.2 45.3 42.9 42.1 42.9 42.1 
Sulfate (mg/L) 4.6 4.8 26.0 23.4 25.4 23.4 

Chlorophyll a (µg/L) 3.8 4.0 1.1 1.3 2.5 2.8 

Phaeophytin a (µg/L) 0.5 1.2 0.2 0.5 0.3 0.6 

Total aluminum (mg/L) 0.084 0.115 0.244 0.250 0.162 0.177 

Dissolved aluminum (mg/L) <0.003 <0.003 0.103 0.102 0.119 0.113 

Ammonia (mg/L) 0.013 0.014 0.021 0.017 <0.010 <0.010 

Nitrate+nitrite nitrogen (mg/L) <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 

Total Nitrogen (mg/L) 0.300 0.322 0.197 0.203 0.300 0.259 

Fecal coliform bacteria (CFU/100 ml) 1 – – – 7 – 

4.5. POST-TREATMENT MONITORING 
Long-term water quality monitoring was conducted by the King County Lake Stewardship 
Program in 2016 and will be continued for at least 9 more years. The objective of post-treatment 
monitoring is to evaluate whether the total phosphorus goal (summer mean value less than 
20 µg/L) and Secchi depth goal (summer mean value greater than 2.5 meters) for Green Lake are 
being met. To reduce the potential for toxic cyanobacteria blooms, the total phosphorus goal 
was reduced for the 2016 alum treatment from the goal of 25 µg/L established for the 2004 
alum treatment, which was reduced from the goal of 30 µg/L established for the 1991 alum 
treatment. The design of post-treatment monitoring generally follows that used for Green Lake 
since the first alum treatment in 1991. 

Post-treatment monitoring occurred on 11 occasions from May through October 2016. Secchi 
depth was measured and water samples were collected from the Index Station at a depth of 
1 meter. The surface samples were analyzed for the following parameters: 

• Temperature (field measurement) 

• Total phosphorus 

• Total nitrogen 

• Chlorophyll a 
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Surface samples were also analyzed for soluble reactive phosphorus, nitrate+nitrite nitrogen, 
ammonia nitrogen, and total nitrogen on two occasions (2/26/16 and 8/30/16). 

Water quality data were compiled through 2014 and evaluated by Herrera (2015). This database 
was supplemented with data for 2015 and 2016 (King County 2017) for this report. Data were 
categorized into the following summer study periods and associated years of data: 

• Pre 1991 Alum Treatment: 1959, 1981, 1989, and 1990 

• Post 1991 Alum Treatment: 1992 through 1995 

• Post 2004 Alum Treatment: 2004 through 2013 (10 years) 

• Pre 2016 Alum Treatment: 2014 and 2015 

• Post 2016 Alum Treatment: 2016 

Water quality data for surface samples collected in 2016 are presented in Table 10 and included 
in the updated database in Appendix C. The 2016 results are presented graphically in 
comparison to other study years and summarized separately below for each water quality 
parameter. See Herrera (2015a) for additional graphs and discussion of historical monthly trends 
and other data patterns. 

Table 10. Year 1 Post-Treatment Water Quality Data for the 
2016 Green Lake Alum Treatment. 

Date 
Temp. 

(°C) 

Secchi 
Depth 

(meters) 
Chloro. a 

(µg/L) 
Total P 
(µg/L) 

SRP 
(µg/L) 

Total N 
(µg/L) 

NO3+ 
NO4-N 
(µg/L) 

NH4-N 
(µg/L) 

TN:TP 
Ratio 

5/9/2016 19.0 6.5 1.1 12.6 – 211 – – 17 
5/24/2016 – 5.8 2.5 18.6 0.5 224 5a 3.4 12 
6/6/2016 22.0 6.8 1.5 13.3 – 269 – – 20 
6/20/2016 19.5 4.4 2.0 17.7 – 248 – – 14 
7/10/2016 20.0 4.5 3.0 17.7 – 258 – – 15 
7/25/2016 23.5 4.7 2.2 18.4 – 314 – – 17 
8/8/2016 22.5 2.9 6.1 13.7 – 286 – – 21 
8/30/2016 22.0 3.2 3.2 19.6 0.8 295 2.5a 2.5a 15 
9/11/2016 19.5 4.3 2.5 16.0 – 299 – – 19 
9/25/2016 18.5 3.7 2.0 14.3 – 251 – – 18 
10/24/2016 14.0 3.9 2.4 15.4 – 270 – – 18 

Mean 20.1 4.6 2.6 16.1 0.7 266 3.8 3.0 17 
a Parameter was not detected; value is one-half the detection limit. 
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4.5.1. Water Temperature 

Water temperature exhibited a wide range during each summer that was similar among all years 
(Figure 6). The summer mean temperature was very similar among years, ranging from 17.9 to 
20.5 degrees Celsius (°C) and exceeding the Washington State Surface Water Quality Standard 
of 16°C (based on a 7-day average maximum in lakes; WAC 173-201A) in each study year. 
Historically, monthly mean temperatures typically increased from approximately 16°C in May to 
22°C in July and August, and decreased to 14°C in October (Herrera 2015a). This same pattern 
was observed in 2016 with the exception that the lake was warmer at 19°C when post-treatment 
monitoring began in early May 2016 (see Table 10). 

4.5.2. Secchi Depth 

Secchi depth is a measurement of the turbidity or clarity of surface water that typically relates to 
the amount of phytoplankton present in the water. The Secchi depth ranged from 2.9 to 
6.8 meters during the Year 1 post-treatment monitoring period (Figure 6 and Table 10). The 
maximum Secchi depth was observed on June 6, 2016. Thereafter, Secchi depth gradually 
decreased to a low of 2.9 meter on August 8, 2016, before rebounding to 4.3 meters on 
September 11, 2016. 

The mean Secchi depth for the Year 1 (2016) monitoring period was 4.6 meters, which meets the 
restoration goal of greater than 2.5 meters. The mean Secchi depth of 4.6 meters is greater than 
1 meter higher than in 2004, indicating that the water clarity improved more dramatically than 
the previous alum treatment in 2004 (see Figure 6). 

4.5.3. Chlorophyll 

Chlorophyll a is a measure of phytoplankton biomass and is used to determine trophic state of 
lakes. A common threshold for eutrophic (high algae) lakes is a summer mean chlorophyll a 
concentration of greater than 7 micrograms per liter (µg/L) (US EPA 2010). A chlorophyll a goal 
has not been established for Green Lake. 

Chlorophyll a concentrations ranged from 1.1 to 6.1 µg/L during the Year 1 (2016) post-
treatment monitoring period (Figure 7 and Table 10). The lowest chlorophyll a concentration of 
1.1 µg/L was observed initially on May 9, 2016, coinciding with the maximum Secchi depth of 
6.5 meters that nearly reached the water depth of 7.2 meters at the Index Station. 

Chlorophyll a concentrations remained low (2 to 3 µg/L) through October with the exception of 
the maximum of 6.1 µg/L on August 8, 2016. 
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Figure 6. Water Temperature and Secchi Depth by Study Year for Summer in Green Lake.  
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Figure 7. Chlorophyll a and Total Phosphorus by Study Year for Summer in Green Lake.  
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A mean chlorophyll a value of 2.6 µg/L was observed during the Year 1 (2016) post-treatment 
monitoring period, which is much less than the eutrophic threshold of 7 µg/L and is equivalent 
to the mesotrophic (moderate algae) threshold. The 2016 chlorophyll a mean is well below the 
range observed following the 1991 alum treatment (5.1 to 12.4 µg/L in 1992 through 1995), 
within the range observed following the 2004 alum treatment (2.2 to 4.9 µg/L in 2004 through 
2013), and less than the range observed prior to the 2016 alum treatment (4.9 to 5.5 µg/L in 
2014 and 2015). These results indicate that the 2016 alum treatment was effective in maintaining 
low chlorophyll a concentrations (phytoplankton biomass) during the first summer following the 
treatment. 

Phaeophytin a is measured to correct the chlorophyll a measurement for the presence of 
degraded phytoplankton pigments, and is used as a relative measure of decayed phytoplankton. 
Mean concentrations of phaeophytin a were low throughout the monitoring period, ranging 
from 0.2 to 1.2 µg/L, and exhibited a pattern similar to that of chlorophyll a (see Table 10). These 
results indicate that there were low levels of decaying phytoplankton during the monitoring 
period. 

4.5.4. Phosphorus 

Total phosphorus is also used to determine the trophic state of lakes because phosphorus is 
typically the most limiting nutrient for freshwater phytoplankton and relates well with 
chlorophyll and Secchi depth. Currently, the total phosphorus goal for Green Lake is for the 
summer mean to be less than 20 µg/L. 

Total phosphorus concentrations ranged from 12.6 to 19.6 µg/L during the Year 1 (2016) post-
treatment monitoring period (Figure 7 and Table 10). The lowest total phosphorus concentration 
of 12.6 µg/L was observed on the first monitoring date of May 9, 2016, coinciding with the 
lowest chlorophyll a concentration and highest Secchi depth. Thereafter, total phosphorus 
fluctuated until reaching a maximum of 19.6 µg/L on August 30, 2016. 

A mean total phosphorus value of 16.1 µg/L was observed during the Year 1 (2016) post-
treatment monitoring period, which meets the goal of less than 20 µg/L. The 2016 total 
phosphorus mean is less than the range observed following the 1991 alum treatment (17.9 to 
25.7 µg/L in 1992 through 1995), within the range observed following the 2004 alum treatment 
(11.7 to 16.3 µg/L in 2004 through 2013), and less than the range observed prior to the 2016 
alum treatment (16.3 to 18.1 µg/L in 2014 and 2015). These results indicate that the 2016 alum 
treatment was effective in maintaining low total phosphorus concentrations during the first 
summer following the treatment. 

The two samples analyzed for soluble reactive phosphorus exhibited low concentrations (less 
than 1 µg/L; see Table 10), indicating that most of the phosphorus was associated with algae 
and other suspended solids. 
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4.5.5. Nitrogen 

Total nitrogen is the sum of organic nitrogen and dissolved inorganic nitrogen, which is 
composed of nitrate+nitrite and ammonia nitrogen. Total nitrogen can be the most limiting 
nutrient for freshwater phytoplankton when total phosphorus is high, which can occur in 
hypereutrophic lakes that have excessively high nutrients loads (i.e., human or animal waste). 
There is no total nitrogen goal for Green Lake; limnologists have suggested a total nitrogen 
threshold of 180 µg/L for eutrophic lakes (Welch 1992). 

Total nitrogen concentrations ranged from 211 to 314 µg/L during the Year 1 (2016) post-
treatment monitoring period (see Figure 8 and Table 10). The lowest total nitrogen 
concentration of 211 µg/L was observed on the first monitoring date of May 9, 2016, coinciding 
with the lowest chlorophyll a and total phosphorus concentrations and highest Secchi depth. 
Thereafter, total nitrogen increased to a maximum of 314 µg/L on July 25, 2016. 

A mean total nitrogen value of 266 mg/L was observed during the Year 1 (2016) post-treatment 
monitoring period. The 2016 total nitrogen mean is less than the range observed following the 
1991 alum treatment (286 to 344 µg/L in 1992 through 1995), within the range observed 
following the 2004 alum treatment (210 to 375 µg/L in 2004 through 2013), and less than the 
range observed prior to the 2016 alum treatment (387 to 415 µg/L in 2014 and 2015). These 
results indicate that the 2016 alum treatment was effective in maintaining low total nitrogen 
concentrations during the first summer following the treatment. Total nitrogen exhibited an 
increasing trend following the 2004 alum treatment when the summer mean value nearly 
doubled from 210 µg/L in 2005 to 415 µg/L in 2015 (see Figure 8). 

The two samples analyzed for nitrate+nitrite nitrogen and total ammonia nitrogen exhibited low 
concentrations of dissolved nitrogen (average less than 5 µg/L; see Table 10), indicating that 
most of the nitrogen was associated with algae and other suspended solids. 

4.5.6. Total Nitrogen to Phosphorus Ratio 

The total nitrogen to total phosphorus ratio by weight (total N:P) is often used to evaluate which 
of the two nutrients limit phytoplankton growth. It is generally accepted that phosphorus is the 
primary limiting nutrient in lakes and nitrogen is the primary limiting nutrient in marine waters. 
A recent review of nutrient limitation literature concluded that, while phosphorus appears to 
control phytoplankton growth in oligotrophic lakes over the long term (years), most lakes 
appear to be limited over the short term (months) by both phosphorus and nitrogen (co-
limitation), and possibly by other resources such as iron (Sterner 2008). One study evaluated 
nutrient relationships in 221 lakes and found phosphorus-limitation consistently at total 
N:P ratios greater than 22, and nitrogen limitation consistently at total N:P ratios less than 9 
(Guildford and Hecky 2000). These limits are included in the total N:P box plot (Figure 8) for 
reference, with co-limitation assumed to occur between these limits. 
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Figure 8. Total Nitrogen and Ratio of Total Nitrogen to Total Phosphorus by Study Year 
for Summer in Green Lake.  
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Based on these limits, the summer mean total N:P ratios observed in Green Lake indicate that 
phytoplankton are typically limited by both nitrogen and phosphorus over the long term, with 
the exception of possible nitrogen limitation in 1959 and phosphorus limitation in some of the 
post-2004 alum treatment years (see Figure 8). The summer mean total N:P ratio was lower 
during the pre-1991 alum treatment period (8 to 14) than the post-1991 (15 to 20), post-2004 
treatment period (13 to 26), and the pre-2016 alum treatment period (21 to 25) due to the 
reduced total phosphorus by the alum treatments. Unexpectedly, the total N:P ratio decreased 
to 17 in the first year of the post-2016 alum treatment period despite the anticipated reduction 
of internal phosphorus loading. 

The total N:P ratio in Green Lake primarily reflects nutrient proportions within phytoplankton 
(floating algae) due to the low amounts of dissolved nutrients and other types of suspended 
solids in the water. Total N:P ratios in algae vary with the type of algae and their nutrient supply. 
Assuming external nutrient inputs have not substantially changed since the 2004 alum 
treatment, the inorganic nitrogen supply has been relatively constant while the inorganic 
phosphorus supply may have increased from the release of soluble phosphorus in sediments 
deposited in the lake between the 2004 and 2016 alum treatments (but not from release of 
phosphorus bound to aluminum by the treatments). However, nitrogen uptake by algae may 
have varied directly with abundance of nitrogen fixing cyanobacteria. The general increase in 
total N:P ratio following the 2004 alum treatment (see Figure 8) may have been due to 
increasing amounts of nitrogen fixing cyanobacteria because increasing inputs from internal 
phosphorus loading would decrease the total N:P ratio. Conversely, the decrease in total 
N:P ratio following the 2016 alum treatment may be explained by decreasing amounts of 
nitrogen fixing cyanobacteria because the treatment decreased internal phosphorus loading. 
This effect of phytoplankton composition on total N:P ratios is supported by phytoplankton 
observations discussed below. 

4.5.7. Phytoplankton 

Phytoplankton are microscopic floating plants, mainly algae, that live suspended in bodies of 
water and that drift about because they cannot move by themselves or because they are too 
small or too weak to swim effectively against a current. In the presence of sunlight, 
phytoplankton take up nutrients from the water, producing oxygen though photosynthesis, and 
providing the food base for most lake organisms, including fish. Phytoplankton populations vary 
widely from day to day, as life cycles are short. Phytoplankton impact water clarity when they 
bloom (grow excessively), and certain species of the blue-green algae group (cyanobacteria) 
form surface scums and produce toxins that present a public health threat. Knowing the 
abundance of each phytoplankton species is important for understanding the basis of the lake 
ecosystem, and how it may affect human and wildlife uses. 

The King County Lake Stewardship Program includes collection of phytoplankton samples at 
1-meter depth for qualitative analysis. The samples collected in 2016 were submitted to Rithron 
Associates (Missoula, Montana) for quantitative analysis of phytoplankton species biovolume 
following methods similar to those used historically. The database provided by the laboratory is 
presented in Appendix D. 
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Phytoplankton data were compiled though 2013 and evaluated by Herrera (2015a). This 
database was supplemented with data collected in 2016 for this report. Data were categorized 
into the following summer study periods and associated years of data: 

• Pre 1991 Alum Treatment: 1959 and 1981 

• Post 1991 Alum Treatment: 1992, 1993, and 1994 

• Post 2004 Alum Treatment: 2008 and 2013 

• Post 2016 Alum Treatment: 2016 

Phytoplankton data are presented and discussed separately for percent composition of 
phytoplankton groups and biovolume of cyanobacteria species. 

4.5.7.1. Group Composition 

Phytoplankton composition was determined for each year based on percentages of the total 
biovolume for the following major phytoplankton groups: 

• Cyanaophyta (cyanobacteria/blue-green algae) 

• Chlorophyta (green algae) 

• Chrysophyta (primarily diatoms and some other genera including Dinobryon) 

• Others (primarily flagellated Dinophytes and Cryptophytes) 

Phytoplankton group composition results are presented in Figure 9. Before any alum treatment, 
Green Lake phytoplankton were dominated by cyanobacteria (70 to 73 percent Cyanophyta) and 
included much lesser amounts of diatoms (15 to 17 percent Chrysophyta), green algae 
(9 to 10 percent Chlorophyta), and others (3 to 4 percent other groups). 

Phytoplankton composition substantially changed in each of the 3 years following the 1991 
alum treatment. Cyanobacteria continued to dominate the year following the 1991 alum 
treatment, but it steadily declined from 70 percent in 1992 to 31 percent in 1994, when there 
was a similar percentage of diatoms (35 percent Chrysophyta) and lower amounts of other 
groups (12 percent Chlorophyta and 21 percent other groups). Cyanobacteria abundance 
reached its lowest point during the post-2004 alum treatment period, when Cyanophyta 
represented only 13 percent in 2008 and 8 percent in 2013 (see Figure 9). Diatoms were clearly 
dominant in 2008 (63 percent Chrysophyta), while both diatoms and green algae dominated 
phytoplankton in 2013 (38 percent Chrysophyta and 43 percent Chlorophyta). 

Cyanobacteria abundance increased to 20 percent following the 2016 alum treatment, while 
Chrysophyta (61 percent) continued to dominate the phytoplankton composition (Figure 9). 
Although the relative abundance of cyanobacteria increased compared to 2008 and 2013, it was 
still well below levels observed prior to the three alum treatments. It is possible that 
cyanobacteria abundance was higher in 2014 than 2013 based on the higher concentrations of 
microcystin observed in algae scum samples (see Cyanotoxins).  
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Figure 9. Phytoplankton Group Composition and Cyanobacteria Biovolume by Study Year 
for Summer in Green Lake.  
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4.5.7.2. Cyanobacteria Biovolume 

Cell biovolume concentration data were compiled for each phytoplankton species and summed 
for the following cyanobacteria groups: 

• Anabaena (A. circinalis, A. spiroides, A. flos-aquae, A. lemmermannii, A. planktonica, and 
unknown Anabaena species) 

• Aphanizomenon (A. flos aquae) 

• Gloeotrichia (G. echinulate) 

• Microcystis (M. aeruginosa and M. wesenbergii) 

• Woronichinia (Coelosphaerium naegelianum, renamed as Woronichinia, and unknown 
Woronichinia species) 

• Other Cyanobacteria (Anacystis, Aphanocapsa, Aphanothece, Anathece, Chroococcus sp., 
Gomphosphaeria lacustris, Oscillatoria, Oscillatoriaceae, Oscillatoriales – 
Pseudanabaenaceae, and Nostocales) 

Phytoplankton group composition results are presented in Figure 9. The summer mean total 
cyanobacteria biovolume was 0.73 cubic millimeters per liter (mm3/L) following the 2016 alum 
treatment. Historically, cyanobacteria biovolume has varied greatly during previous monitoring, 
ranging from a low of 0.04 in 2008 to a high of 5.8 mm3/L in 1992 (see Figure 9). The range of 
summer mean total cyanobacteria biovolume was similar in the pre-1991 and post-1991 
treatment periods (1.2 to 4.6 mm3/L and 1.2 to 5.8 mm3/L, respectively), but much lower in the 
post-2004 treatment period (0.04 to 0.16 mm3/L). These results clearly show that the 2004 alum 
treatment substantially reduced cyanobacteria biovolume compared to the 1991 alum 
treatment. 

Cyanobacteria biovolume was higher in the first year following the 2016 alum treatment 
(0.73 mm3/L) than the post-2014 alum treatment period sampled in 2008 (0.04 mm3/L) and 2013 
(0.16 mm3/L). The following groups of cyanobacteria were not observed in Green Lake in 2016: 

• Anabaena was rarely present in the pre-1991 alum treatment period, but was relatively 
abundant in the post-1991 and 2004 alum treatment periods. 

• Aphanizomenon was moderately abundant in each year of the pre- and post-1991 alum 
treatment periods, and was rarely present in the post-2004 alum treatment period. 
Aphanizomenon bloomed in the late summer of the pre-1991 alum treatment period, 
but was commonly present in low amounts throughout the post-1991 alum treatment 
period. 

• Gloeotrichia was responsible for the very high biovolume observed in 1989 and 1992, 
and the moderate biovolume observed in 1994, while it contributed to the moderate 
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biovolume in 1991 but was not present in 1993. Gloeotrichia was not present in 2008 or 
2013 following the 2004 alum treatment when chlorophyll and total phosphorus were 
low. 

• Microcystis was rarely observed in the phytoplankton samples with the exception that it 
dominated cyanobacteria biovolume in September 1990 and September 2013. 

• Woronichinia represented a very small portion of cyanobacteria biovolume, except for 
August of 1993 and 1994, and obtained dominance and its highest biovolume in August 
2013. 

All of the cyanobacteria species observed in 2016 are included in the Other Cyanobacteria 
group. A total of nine species were observed, including four previously observed genera 
(Aphanocapsa, Aphanothece, Chroococcus, Gomphosphaeria aponina) and five genera that have 
not been previously observed in lake samples (Calothrix, Cyanothece aeruginosa, 
Dolichospermum, Merismopedia tenuissima, and Phormidium). The most abundance species was 
Gomphosphaeria aponina, which exceeded biovolume of 1 mm3/L in each of the two samples 
that it was observed, while no other species exceeded a biovolume of 0.01 mm3/L in any sample. 
Of the species observed in 2016, only Phormidium has been identified as a known producer of 
cyanotoxins (specifically anatoxins) (US EPA 2017). 

The Other Cyanobacteria group was more prevalent in the post-2004 alum treatment period 
than the previous periods, but it typically did not dominate cyanobacteria with the exception of 
dominance by Anacystis and Chroococcus in October 2008 and again in May to June 2013. The 
increased abundance of Other Cyanobacteria after the 2004 and 2016 alum treatments 
represent a shift in the cyanobacteria composition likely caused by the reduced phosphorus 
supply. 

4.5.8. Cyanotoxins 

Additional water quality monitoring of Green Lake is conducted by others to address public 
health concerns. If a cyanobacteria bloom is observed in Green Lake, King County or a volunteer 
will collect a surface scum sample for analysis of cyanotoxin (microcystin and anatoxin-a) 
concentrations, and phytoplankton species presence. In addition, King County Department of 
Natural Resources will continue monitoring microcystin and fecal coliform bacteria at the 
swimming beaches in Green Lake. 

For the phytoplankton study (Herrera 2015a), cyanotoxin data for in Green Lake were compiled 
for 2007–2014 from King County and the Washington Department of Ecology’s Washington 
State Toxic Algae Database. The microcystin database was updated for this report with results 
for surface scum samples collected in 2015 and 2016 (Ecology 2017). Anatoxin-a has never been 
detected at the swimming beaches, and was rarely detected and only at low levels in surface 
scum samples. 
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Microcystin concentrations in algae scum samples have been used since 1999 to close Green 
Lake to primary contact recreation. Lake recreation closure and opening dates have not 
been recorded by local or state agencies. Based on press releases and other communication 
records, lake closures due to scum microcystin concentrations are estimated to have occurred in 
the following years: 

1. 1999 – begin on August 20, 1999, and end in October 1999 

2. 2002 – begin on August 5, 2002, and end on January 16, 2003 

3. 2003 – begin in August 2003, and end in September 2003 

4. 2012 – begin on October 2, 2012, and end November 28, 2012 

5. 2013 – begin on September 12, 2013, and end on December 9, 2013 

6. 2014 – begin on August 25, 2014, and end December 19, 2014 

Microcystin concentrations in algae scum samples collected from 2011 through 2016 at various 
shore locations in Green Lake are summarized in Table 11. The annual geometric mean 
concentration of microcystin increased from 15 µg/L 2011 to 68 µg/L in 2012, was highest at 
70 µg/L in 2014, decreased to only 0.8 µg/L in 2015, and remained low at 0.5 µg/L in the year 
after the 2016 alum treatment. The unusually low microcystin concentration in 2015 may have 
been due to unusual climatic conditions that did not favor growth or toxin production by 
cyanobacteria. The Washington State guideline of 6 µg/L was exceeded on at least one occasion 
in every year except 2016. Anabaena was the cyanobacteria genera most often identified as 
dominant in scum samples collected in 2011 through 2014, and no cyanobacteria were 
dominant in scum samples collected in 2015 and 2016. 

Table 11. Microcystin in Shore Scum Samples by Year from Green Lake. 

Year 
Number of 

Samples 
Percent Exceeding 

Guidelinea 
Geometric 

Mean (µg/L) 
Maximum 

Value (µg/L) 
Dominant 

Cyanobacteria 

2011 3 67% 15 64 Anabaena, Gloeotrichia 
2012 6 100% 68 419 Anabaena, Gloeotrichia 
2013 17 76% 17 613 Anabaena, Microcystis 
2014 41 73% 70 25,000 Anabaena 
2015 11 9% 0.8 55 None 
2016 3 0% 0.5 5 None 

a Percentage of sample results exceeding Washington State Guideline of 6 µg/L (micrograms per liter). 
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5. CONCLUSIONS 
The 2016 alum treatment occurred over a 6-day period from April 5 through April 10, 2016. A 
total of 81,744 gallons of aluminum sulfate and 40,905 gallons of sodium aluminate were 
applied to the lake. The volumes of chemicals applied are similar to those planned, but the 
applied alum dose was determined to be 9.6 mg Al/L, which is higher than planned dose of 
8.2 mg Al/L due to a higher aluminum concentration in the sodium aluminate and a lower 
updated value for the lake volume. The 2016 dose is approximately 40 percent of the 23.0 mg 
Al/L dose applied in 2004 and is slightly more than the 8.6 mg Al/L dose applied in 1991. As 
done in 2004, liquid alum was applied concurrently with liquid sodium aluminate (alkaline 
buffer) at a ratio of 2:1 by volume to ensure that the water pH did not decrease below 6.0. 

In accordance with the phosphorus management plan (Herrera 2015b), engineering oversight 
and short-term water quality monitoring were conducted before, during, and 2 weeks after the 
treatment to ensure proper material application, prevent potential impacts to fish from low or 
high pH, and meet permit requirements. In addition, a public involvement plan was used to 
inform and educate park users and nearby residents of the alum treatment. 

The short-term water quality objectives were met. The average lake pH ranged from 7.3 to 7.9, 
which meets the objective of between 6.0 and 8.7. The average alkalinity in the lake was greater 
than 42 mg/L, which meets the objective of greater than 12 mg/L. 

Although the treatment did not change the pH or dissolved oxygen concentrations in the lake, 
minor fish mortality was observed during the alum treatment period. With the exception of a 
few carp, all fish found dead prior to and during the alum treatment appeared to be recently 
stocked trout; and no resident fish mortality was observed. Fish mortality data collected by 
monitoring staff and community members indicate that less than 1 percent of the 
15,000 planted trout, or approximately 100 fish, died during the alum treatment. Post-treatment 
observations indicate that the dead trout were removed from the lake within a few days by 
cormorants, eagles, and osprey. The near-neutral pH observed indicates that the applied alum 
would not cause acute toxicity to fish or other aquatic organisms. In addition, gill conditions of 
the dead trout were not indicative of chemical toxicity and no resident fish mortality was 
observed, with the exception of a few carp. Due to the effects of being transferred to a new 
habitat, planted trout are more sensitive to environmental stress factors than resident fish in 
Green Lake. In addition to stress caused by the alum application, the loss of planted trout may 
have been due to stress from increased water clarity, bird predation, and fishing pressure. 

Post-treatment monitoring was performed on 11 occasions from May through October 2017 
and determined that the following long-term water quality objectives were met: 

• Summer average total phosphorus concentration shall be less than 20 µg/L (which was 
reduced for the 2016 treatment from the previous goal of 25 µg/L). 
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• Summer average Secchi depth (water clarity) shall exceed 2.5 meters (8.2 feet) (which has 
not changed since the 1991 treatment). 

• The lake shall not be closed to recreational uses due to toxic cyanobacteria (which was 
added for the 2016 treatment). 

Analysis of phytoplankton samples showed that the average cyanobacteria abundance increased 
to 20 percent in 2016 compared 13 percent in 2008 and 8 percent 2013, while the group 
Chrysophyta (61 percent) continued to dominate the phytoplankton composition. However, 
those cyanobacteria present were not comprised of toxin producing species formerly observed 
in the lake. One exception is that two samples contained Phormidium, which had not been 
previously observed in Green Lake but is a known producer of anatoxin-a. The lake was not 
closed in 2016 to recreational uses due to toxic cyanobacteria. The Washington State guideline 
of 6 µg/L for the cyanotoxin microcystin was not exceeded in 2016, and previously had been 
exceeded on at least one occasion in 2013, 2014, and 2015. 

The 2016 treatment is expected to meet water quality goals for at least 10 years, based on the 
long-term effect of the 2004 treatment and assuming external phosphorus inputs to the lake 
remain relatively low. Long-term water quality monitoring will be continued through the King 
County Volunteer Monitoring Program and the Washington State Toxic Algae Program to 
determine if the water quality goals will continue to be met. 
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