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EXECUTIVE SUMMARY 

 

Mean 2018 summer (Jul-Sep) limnological 

conditions deteriorated relative to conditions 

during the 2017 alum treatment. However, 

mean summer total P, chlorophyll, and Secchi 

transparency in the main basin (i.e., east and 

west arms) were 0.044 mg/L, 30.8 μg/L, and 

1.1 m, respectively, in 2018. representing an 

overall improvement of 49%, 51%, and 30%, 

respectively, over pretreatment means (i.e., 

prior to 2011). Mean summer limnological 

response variables in the south arm also 

deteriorated in 2018 versus 2017 at 0.033 mg 

P/L, 14.8 μg CHLa/L, and 1.12 m SD. Mean 

laboratory-derived anaerobic diffusive P fluxes were 0.80 mg/m2 d and 1.0 mg/m2 d in 

the west and east basin, respectively, in August 2018. Although substantially lower than 

pre-alum treatment (i.e., before 2011) diffusive P fluxes (11.8 mg/m2 d) , mass P budget 

estimates suggested that sediment-derived internal P loading still accounted for most of 

the P mass increase in the lake in 2018. 

 

A 25 to 50 g/m2 alum application should be considered for the west arm of Half Moon 

Lake in 2018. The 50 g/m2 alum application to the west arm in 2017 was clearly effective 

in temporarily improving limnological conditions throughout the lake. However, since 

mean summer limnological trends deteriorated in 2018 versus target goals, I recommend 

application of up to a 25 to 50 g Al/m2 in 2018. Estimated costs are $36,606 for 25 g/m2 

and $61,807 for 50 g/m2. Reasons for this recommendation are twofold: 1) west arm 

sediment anaerobic P flux and surface sediment mobile P concentrations are still 

relatively high even after the 2017 Al application and continue to provide the potential 

for subsidizing cyanobacteria blooms and 2) sediments in the deeper west arm are still 

clear of Elodea and other submersed macrophytes which would allow for deposition of 
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the future Al floc directly onto the sediment surface for sediment P control without 

interception by the aquatic macrophyte community. 

 

Annual early spring endothall treatments have continued to selectively control Curly-leaf 

Pondweed (CLP) growth. The native submersed macrophyte community frequency of 

occurrence and biomass in August have been relatively stable since 2014 (i.e., the start of 

the second 5-y Endothall treatment cycle) at ~ 75% and ~ 110 g/m2. Although the native 

submersed macrophyte community is still dominated by elodea, wild celery, coontail, and 

other species have been found as well, suggesting that native macrophyte species richness 

is beginning to improve. As in 2015-18, I recommend scheduling the 2019 Endothall 

application for later in the Spring (versus immediately after ice-out) to control CLP turion 

germination that occurs in late April through early May. Low dose Endothall treatment in 

late April through early May within optimal temperature constraints is recommended.  

 

Finally, the Endothall treatment in Spring 2019 will represent the 10th year of CLP 

herbicide control in Half Moon Lake. There is currently no reliable experimental metric 

for quantifying the current viable turion bank in the sediment. Point-intercept surveys in 

the Spring after ice-out have suggested that germinated turion frequency of occurrence 

and numbers/m2 have declined substantially. However, quantifying CLP germination and 

growth during the nontreatment year 2020 would perhaps be the best experimental 

whole-lake approach to evaluate long-term Endothall treatment effectiveness in 

controlling CLP and the need, if any, for future treatments.  

 

 

BACKGROUND AND OBJECTIVES 

 

     Management to reduce internal phosphorus (P) loading and algal growth to improve 

underwater light condition for native aquatic plants has been threefold for Half Moon 

Lake, Eau Claire, Wisconsin (James et al. 2002). Motor boat activity has been restricted 

on the lake to reduce P resuspension. Canopy-shading of native macrophytes and P 

recycling caused by curly-leaf pondweed decomposition were controlled by annual early 
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spring herbicide treatments during the years 2009-2013 and 2015-17 to selectively target 

this species with minimal impact to native plants. Finally, P release from sediments was 

managed during the year 2011 (application occurred during 15-18 June, 2011) and 2017 

using buffered alum-aluminate to drive algal productivity toward P-limited growth. In 

2017, the western arm was treated with 50 g/m2 as Al. The eastern arm was not treated. 

The goal was to decrease internal P loading from sediment in order to reduce 

cyanobacteria biomass and increase light penetration for native submersed macrophyte 

community recovery. The objectives of this interim letter report are to describe 

limnological conditions and aquatic macrophyte response in 2018 to overall lake 

rehabilitation. 

 

METHODS   

 

Lake Limnological Monitoring 

 

     Six stations were established in the lake for water quality monitoring purposes (Figure 

1; Table 1). Monitoring was conducted biweekly at each station between May and early 

October, 2018. Water temperature, dissolved oxygen, conductivity, and pH were 

measured in situ at 0.5-m intervals using a sonde unit (Hydrolab Quanta, Hach Inc., 

Loveland, CO) that was precalibrated against known standards and Winkler titrations. 

Secchi disk transparency was measured at each station by lowering a 20-cm diameter 

alternating black and white disk into the water column until it could not be seen, then 

slowly pulling it back up until visible, and recording the depth of visibility. Underwater 

photosynthetically-active radiation (PAR) was measured at 25-cm intervals using a 

cosine quantum radiometer (Model LI1000, Li-Cor, Inc., Lincoln, NE). The light 

attenuation coefficient was calculated as,  
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where Io is the surface PAR (μE/cm2 s) and Iz is the PAR at depth z (m). In general, kd is 

inversely related to Secchi disk transparency. Thus, higher kd reflects lower light 

penetration into the water column and a lower Secchi disk transparency.  

 

     Water samples integrated over the upper 1 m were collected biweekly for analysis of 

total P, soluble reactive P, and viable chlorophyll. Total P samples were predigested with 

potassium persulfate according to APHA (2011). Total and soluble reactive P (i.e., P 

available for uptake by algae) were analyzed colorimetrically using the ascorbic acid 

method (APHA 2011). Samples for viable chlorophyll (i.e., a surrogate measure of algal 

biomass) were filtered onto glass fiber filters (Gelman A/E; 2.0 μ nominal pore size) and 

extracted in 90% acetone before fluorometric determination (EPA 445.0).  

 

Storm Sewer Monitoring 

 

     Automated storm water samplers (ISCO model 6700) and flow loggers equipped with 

area-velocity sensors (ISCO model 4150) were deployed at 3 storm sewers in 2017 to 

determine phosphorus concentration and loading (Figure 1). Vandalism resulted in 

destruction of the sampling station at storm sewer 3 in 2014 (Figure 1). Loggers were 

programmed to monitor stage and velocity at 5-min intervals. Storm water samplers 

collected discrete samples at 15-min intervals during precipitation and runoff events. The 

discrete samples were composited via flow-weighting in the laboratory for determination 

of total and soluble reactive P. 

 

Sediment Chemistry  

 

     Sediment cores were collected at station 10 and 30 in late August, 2018, for 

determination of sediment P fractions and rates of P release under anaerobic conditions. 

A core from each station was sectioned at 1- to 2.5-cm intervals for determination of 

loosely-bound, iron-bound, and aluminum-bound P using methods described in Hieltjes 

and Lijklema (1980), Psenner and Puckso (1988), and Nürnberg (1988). Additional 

subsamples were dried at 105 C to a constant weight and burned at 550 oC for 
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determination of moisture content, sediment wet and dry bulk density, and organic matter 

content (Håkanson and Jansson 2002).  

 

     Five replicate cores were also collected at each station in 2018 for determination of P 

release from sediment under anaerobic conditions. The cores were drained of overlying 

water and the upper 10 cm of sediment was transferred intact to a smaller acrylic core 

liner (6.5-cm dia and 20-cm ht) using a core remover tool. Surface water collected from 

the lake was filtered through a glass fiber filter (Gelman A-E) and 300 mL was siphoned 

onto the sediment contained in the small acrylic core liner without causing sediment 

resuspension. Sediment incubation systems were placed in the darkened environmental 

chamber and incubated at a constant temperature (20 oC). The oxidation-reduction 

environment in the overlying water was controlled by gently bubbling nitrogen 

(anaerobic) through an air stone placed just above the sediment surface in each system.  

 

     Water samples for soluble reactive P were collected from the center of each system 

using an acid-washed syringe and filtered through a 0.45 µm membrane syringe filter 

(Nalge). The water volume removed from each system during sampling was replaced by 

addition of filtered lake water preadjusted to the proper oxidation-reduction condition. 

These volumes were accurately measured for determination of dilution effects. Soluble 

reactive P was measured colorimetrically using the ascorbic acid method (APHA 2005). 

Rates of P release from the sediment (mg/m2 d) were calculated as the linear change in 

mass in the overlying water divided by time (days) and the area (m2) of the incubation 

core liner. Regression analysis was used to estimate rates over the linear portion of the 

data.  

 

Aquatic Macrophytes 

 

          In June and August, 2018, submersed macrophyte biomass was quantified at ~150 

stations in the lake using the point-intercept method (Madsen, 1993). In early May, 

numbers of germinated curly-leaf pondweed turions per square meter were quantified at 

each station. A rake-pull method was used to collect samples. The rake was lowered to 
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the sediment and raised to the lake surface at a constant, slow rate while twisting the 

handle to snag macrophyte stems within a ~ 0.13 m2 area. The samples were dried to a 

constant mass at 65 oC in a forced-air drying oven. Biomass (g/m2) at each station was 

estimated as dry mass divided by the circular area covered by a 180 degree twist of the 

rake. The rake-pull method provides a reasonably accurate biomass estimate for species 

such as curly-leaf pondweed and Eurasian watermilfoil that is comparable to diver 

quadrat sampling (Johnson 2010). However, it overestimates biomass in areas dominated 

by coontail, elodea, and flat-stemmed pondweed because these species tend to inter-

tangle with plants outside the quadrat area, resulting in unintended sampling from an area 

wider than that of the rake diameter (Johnson 2010). Thus, caution needs to be used when 

interpreting biomass data dominated by these species. 

 

RESULTS AND DISCUSSION 

 

Sediment characteristics in 2018 

 

      In 2018, detailed inspection of sediment moisture content and wet bulk density 

vertical profile characteristics suggested that the Al floc was still largely positioned on 

top of the original sediment interface. For cores collected in the western arm of the lake 

(i.e., station 10) in 2018, sediment wet bulk density was very low, while moisture content 

approached 95%, in the upper 3- to 4-cm layer, contrasting substantially with original 

surface sediment physical characteristics before the Al treatment (Figure 2). East arm 

sediments, which were not treated with Al in 2017, exhibited a similar pattern of lower 

wet bulk density and higher moisture content over the upper 1-cm layer compared to 

2010 conditions that reflected the 2011 Al floc layer (Figure 3). Differences in the 

apparent Al floc layer thickness of west versus east arm were probably attributed to 

application of greater than 2X more Al (i.e., 200 g/m2) in the west versus the east (i.e., 75 

g/m2) arm of the lake.  

 

     Trends in surface physical-textural sediment characteristics indicated that the Al floc 

layer (upper ~3 cm for station 10 and 1 cm for station 30) has been consolidating (Figure 
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4). For instance, empirically-derived wet bulk density and solids content have increased 

while moisture content has decreased between 2011 and 2018 at both station locations. 

This pattern may be due to several factors. The Al floc has been consolidating over time 

and some burial by new sediment deposits may be resulting in additional compaction. 

Overall, however, the Al floc appears to be largely overlaying the original sediment 7 

years after the 2011 alum application. Higher moisture content and lower wet bulk 

density and solids content in the Al floc versus the original sediments 7 years post-

treatment suggest that little mixing with the original sediment has occurred due to 

sediment density differences between the two layers. This is not surprising since Half 

Moon Lake is sheltered from wind-induced resuspension and exposure to wave orbitals. 

 

     Prior to Al treatment in 2010, redox-P concentrations were greatest in the upper 5-cm 

sediment layer at both stations (Figure 5 and 6). Concentrations within this layer were 

greatest in west arm, exceeding 1.5 mg/g (Figure 5), versus much lower redox-P 

concentrations in east arm sediments (0.32 mg/g; Figure 6). Interestingly, the redox-P 

concentration bulge has decreased substantially in the west arm sediments as of 2018 

(Figure 5). In contrast, redox-P concentrations have increased in the 0 – 4-cm Al floc 

layer (Figure 5 and also see Figure 7). But these concentrations are much lower in the Al 

floc layer compared to concentrations in 2010. 

 

     In addition, aluminum-bound P concentrations have continued to increase in the Al 

floc layer of west arm sediments (Figure 5). These patterns suggested that P has diffused 

upward from sediments located below the original interface into the Al floc layer over 

time; a portion has become adsorbed to Al(OH)3 while another portion has become 

adsorbed to Fe(OOH) and re-entered redox-sensitive P recycling pathways.  

 

     Surface sediments in the east arm continued to exhibit low redox-P concentrations in 

2018 relative to concentrations before treatment in 2010 (Figure 6). In addition, peaks in 

surface aluminum-bound P suggested continued binding of sediment P diffusing into the 

Al floc layer. 
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     Annual trends in surface redox-P suggested that concentrations have increased in the 

Al floc layer of both the east and west arm sediments from 2011 to 2016 (Figure 7). 

Redox-P in west arm sediments was very low in the Al floc layer shortly after treatment 

in 2011. Concentrations increased approximately linearly over time and exhibited a peak 

of 0.804 mg/g in May, 2017. This buildup was related to upward diffusion of porewater 

iron and P into the Al floc from sediments located below the original interface. Al 

application to the west arm in June, 2017, coincided with a reduction in redox-P 

concentration to 0.48 mg/g by August, 2017 (Figure 7), suggesting layering and mixing 

of the new Al floc into the west arm surface sediment and binding of redox-P. However, 

redox-P concentrations increased slightly in west arm sediments in 2018, suggesting that 

the alum applied in 2017 has lost some binding efficiency for P due to crystallization.   

 

     Although lower in concentration compared to pretreatment levels, redox-P has also 

increased in the Al floc layer at station 30 between 2011 and 2017 (Figure 7). Between-

arm differences in redox-sensitive P concentrations in the Al floc layer in 2018 were 

probably related to concentration differences in the original sediment surface layer prior 

to the 2011 Al application (Figure 7). The trend of increased concentrations of redox-P in 

east arm sediments may eventually lead to higher sediment diffusive P flux from this 

region of the lake and necessitate a future maintenance application of alum. 

 

     Aluminum-bound P increased over time in the Al floc layer at both stations between 

2011 and 2014 and then declined through 2017 (Figure 7). For instance, concentrations 

increased from ~ 1.4 mg/g in 2011, shortly after Al application, to greater than 2.0 mg/g 

in 2014 in the west arm Al floc layer. Although lower in concentration, station 30 Al floc 

layer sediments increased in concentration from ~ 0.70 mg/g in 2011 to greater than 0.9 

mg/g in 2014. Lower concentrations at both stations in May 2017 may reflect deposition 

of new sediment and dilution of aluminum-bound P via mixing into the sediment surface 

layer.  

 

     Overall, these patterns indicated that P binding onto Al(OH)3 has been occurring. 

Application of the second Al dose to west arm sediments in June, 2017, coincided with 
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elevated aluminum-bound P concentrations in the surface sediment layer of west arm 

sediments in August, 2017, reflecting P binding onto the Al floc. The aluminum-bound P 

concentration increased slightly in west arm sediments in 2018, suggesting further P 

binding onto the Al floc. Aluminum-bound P concentrations have remained relatively 

constant in east arm surface sediments since 2016 (Figure 7). 

        

     Laboratory-derived rates of P release from sediment for west arm sediments under 

anaerobic conditions increased from undetectable during the first 2 years post-treatment 

to a mean 8.13 mg/m2 d (± 1.55 SE; n = 5) by May 2017 (Figure 8). Thus, mean 

anaerobic P release represented only a ~ 31% decrease from the pretreatment mean of 

11.8 mg/m2 d (±1.7 SE) as of May 2017. The mean rate declined substantially in 

conjunction with the June 2017 Al application to 1.67 mg/m2 d (± 0.61 SE) in August 

2017. The second Al treatment decreased anaerobic P release in west arm sediment by 

86% compared to pretreatment rates. The anaerobic P release rate remained low in 2018 

at 0.76 mg/m2 d.  

 

     For east arm sediments, the mean anaerobic P release rate was essentially undetectable 

during the 2011-13 post-treatment years but increased to a mean 1.27 mg/m2 d (± 0.18 

SE) in May 2017 (Figure 8). Interestingly, it declined to near detection limits in August 

2017 even though alum was not applied to that area. The mean rate increased to 0.97 

mg/m2 d in 2018, however; overall it has been relatively low and constant between 2015-

18. 

 

     Anoxic and hypoxic (i.e., < 2 mg/L) conditions were detected above the sediment 

interface at main basin stations 10-40 in the summer of 2018, suggesting high potential 

for anaerobic P release from sediments (Figure 9-11).  In particular, the west arm 

exhibited bottom anoxia for ~ 60 days while anoxia occurred for ~ 14 days in the east 

arm. Anoxia could have also occurred immediately above the sediment-water interface 

that was not detected. 
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Water quality trends after Al treatment 

 

     Total P concentrations generally increased between early June and late August-

September 2018 at stations 10-50 (Figure 12). Chlorophyll concentrations were relatively 

low at these stations during June through July then increased abruptly to a peak in late 

August-early September (Figure 13).  Late summer peaks in chlorophyll were most 

pronounced at station 10 and 20, exceeding 65 μg/L and 75 μg/L, respectively. Late 

summer chlorophyll concentration peaks were also relatively high at station 30 and 40, 

reaching 67 μg/L and 48 μg/L, respectively. A chlorophyll maximum of 58 μg/L occurred 

in late September at station 50 (i.e., the south arm), which was an unusual pattern 

compared to other years. Unlike other years when Secchi transparencies often hit the lake 

bottom (> 3 m), they were moderate to low (< 2 m) in May of 2018 and decreased to < 1 

m by late summer (Figure 14 and 15).   

 

     Overall trends in July-September mean total P, chlorophyll, and Secchi transparency 

in the main basin (i.e., stations 10-40) are shown in Figure 16-18. The period July-

September was chosen because it represented the typical period of maximum nuisance 

algal blooms and did not include the late May-June clearing phase caused by zooplankton 

grazing. Mean summer total P and chlorophyll concentrations increased in 2018, one year 

after alum treatment to the west arm sediments. For instance, mean total P was 0.044 

mg/L while mean chlorophyll was 31 μg/L in the main (i.e., stations 10-40) basin in 2018 

(Table 2). Mean Secchi transparency declined to 1.1 m while PAR kd increased to 1.5 m-1 

in 2018 versus 2017 (Table 2). Wisconsin TSI values suggested that Half Moon Lake was 

eutrophic in 2018 (Table 3 and Figure 19).  

 

     Predicted maximum inhabitable depth for stem- and rosette-forming submersed 

macrophytes, based on the percentage of surface PAR radiation penetrating the water 

column and Secchi transparency (Middelboe and Markager 1997), declined in 2018 

(Figure 20-21). In particular, underwater PAR habitat deteriorated in the west arm 

(Figure 21) as the predicted maximum inhabitable depth was 1.7 m for stem-forming 

submersed macrophytes and 0.73 m for rosette- and meadow-forming submersed 
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macrophytes. The maximum colonizable depth for stem- and rosette-forming 

macrophytes also declined in the east and south arm in 2018. 

 

     Percent improvement in limnological response variables over pretreatment values 

generally fell to ~ 50% in 2018 (Figure 22). Summer total P and chlorophyll means were 

49% and 51%, respectively, in 2018 versus 65% and 72%, respectively, in 2017. while 

Secchi transparency improvement declined to 30% deeper compared to the pretreatment 

mean. The 2018 improvement in the PAR attenuation coefficient and maximum 

inhabitable depth for stem- and rosette-forming macrophytes versus pretreatment 

conditions were 33%, 27%, and 34%, respectively (Figure 22).  

 

     Overall, mean summer limnological response variables were strongly and linearly 

related to the laboratory-derived anaerobic P release rate from west arm sediments, 

suggesting that internal P loading was the most important component of the P budget 

driving algal productivity in Half Moon Lake (Figure 23). At low to undetectable 

anaerobic P release (i.e., linear regression intercepts), predicted mean total P and 

chlorophyll of ~ 0.030 mg/L and 20 μg/L, respectively, met or exceeded WQ goals for 

the lake. In contrast, assuming that precipitation is a surrogate measure of urban 

watershed loading, relationships between mean WQ variables and precipitation were 

weak.  

 

Post herbicide treatment trends in curly-leaf pondweed and native submersed 

vegetation 

 

    Early spring endothall applications for selective control of curly-leaf pondweed (CLP) 

ended in 2013 after 5 consecutive years of treatment. Surprisingly, CLP growth 

rebounded in spring 2014 after herbicide treatment cessation and was present at over 40% 

of the point-intercept locations by June, 2014 (Figure 24). Biomass also rebounded 

substantially from other treatment years to a lakewide average of 20 g/m2 during the non-

treatment  period of June 2014 (Figure 24). By early April, 2015, germinated CLP turion 

frequency of occurrence increased substantially to greater than 60%, clearly indicating 
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that the turion bank in the sediment was still viable after 5 consecutive years of control 

(Figure 25). A second 5-year Endothall application program was initiated in April, 2015. 

CLP frequency of occurrence and biomass in June and August has declined to near zero 

in response to the 2015 through 2018 application (Figure 24). CLP germinated turion 

frequency of occurrence and numbers/m2 were relatively low in early May, 2018 (Figure 

25). However, previous results have indicated that substantial turion germination in Half 

Moon Lake can occur as late as May.  

 

      Native submersed macrophyte frequency of occurrence and biomass was again 

dominated by Elodea in 2018; some other native species were also observed (Stargrass, 

wild celery, coontail). In addition, native frequency of occurrence and biomass has 

continued to rebound from lower percentages in 2014-15 (Figure 26).  Native frequency 

of occurrence and biomass have been relatively constant at 75% and 110 g/m2 between 

2015 and 2018 (Figure 26). Although the 2017 Al treatment improved kd and maximum 

colonizable depth, native biomass and occurrence did not exhibit strong positive growth 

in August 2018, which may have been related to deterioration of underwater PAR habitat 

one year after the 2017 alum treatment. Weak trends suggested perhaps a lag in response 

to improved underwater light conditions. Weak linear relationships between mean (July-

September) Secchi transparency, PAR attenuation coefficient, chlorophyll, and August 

mean native biomass suggested sensitivity to the underwater light habitat (Figure 27). An 

important goal of cyanobacteria management in Half Moon Lake is to improve growth 

conditions of the submersed macrophyte community.  

 

Storm sewer hydrology and phosphorus inputs to Half Moon Lake 

      

     During the summer period, monthly rainfall was normal in May and June, below 

normal July, and slightly above normal in September 2018 (Figure 28). Mean summer 

2018 precipitation was similar to the long-term average (Figure 28). Storms exceeding 1 

inch of rainfall occurred in mid-June, mid- and late August, and early September (Figure 

29).  
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     Approximately 50 storm-related or base flow events were collectively captured at 

storm sewers 1, 2, and 4 for determination of total and soluble reactive P concentrations 

in 2018. Unfortunately, the equipment box located at storm sewer 3 was vandalized in 

2014 and removed from the study. Flow increased at all monitored storm sewers as a 

result of storms (Figure 30-32).  At storm sewer 1, shallow groundwater pumps (up to 3 

pumps) provided a continuous base flow of Chippewa River groundwater to Half Moon 

Lake (Figure 30). Three pumps appeared to be operational during the study period, 

providing a base flow of ~ 3.28 ft3/s in 2018 (Figure 30). Base flow was higher in 2018 

than during other years (Table 4 <I need to get better records from the City on this>). 

 

    Mean summer (i.e., June-September) storm flow at station 2 and 4 were also elevated 

during precipitation events in 2018 (Figure 31-32 and Table 4). Overall, storm flows in 

2018 were within ranges observed during other relatively wet years (Figure 33 and 34). 

 

     The measured mean storm flow-weighted total P concentration was greatest for storm 

sewer 1 at 0.552 mg/L (Figure 34-35 and Table 5). This mean fell slightly above ranges 

for other years. Base-flow total P at storm sewer 1 was 0.102 mg/L, which was 

comparable to base-flow concentrations during other years (Table 5). Mean total P was 

moderately high at 0.163 and 0.258 mg/L for storm sewers 2 and 4, respectively, in 2018 

and comparable to mean concentrations during other years. Mean storm flow soluble 

reactive P concentrations ranged between 0.033 mg/L (i.e., storm sewer 2) and 0.027 - 

0.054 mg/L (i.e., storm sewers 1 and 4, Table 5).  

 

     As in previous years, storm sewer 1 dominated measured total and soluble reactive P 

loading in 2018 (Figure 36 and Tables 6 and 7). Base-flow from the Owen Park pumps 

provided the majority of the total P and SRP load to the lake (Table 6 and 7). Over the 

June-September summer period, storm sewer 1 discharged ~ 69 kg total P and 37 kg 

SRP. Storm sewer 1 base flow contributed most of the SRP loading, which represented 

53% of the base flow total P loading. By comparison, SRP loading accounted for only 

5% of the storm flow total P load at this site. Storm sewer 2, which drained a much 

smaller subwatershed, contributed only ~1.0 kg total P over the summer period and SRP 
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accounted for ~ 20% of this load. Storm sewer 4, which received drainage from the 

Carson Park stadium parking lot that discharges into Braun’s Bay, contributed ~ 0.8 kg 

total P over the summer. SRP represented 21% of the total P load from this site.  

 

Analysis of phosphorus sources and fluxes  

 

    Given that both P and chlorophyll concentrations increased in Half Moon Lake during 

the summer period of 2018 (Figure 37), P mass fluxes were estimated for various regions 

in the lake for comparison with measured P fluxes from the sediment and the Owen Park 

input. The goal of this analysis was to infer potential roles that some of the major external 

and internal P sources may be playing in driving the development of algal blooms in 

2018. Net rates of P mass accumulation in the lake increased linearly during the period 

June through September (i.e., 110 day period) both lake-wide (excluding Braun’s Bay) 

and in various regions (i.e., west arm, east arm, south arm; Figure 38). Net P mass 

accumulation rates during this period were greatest in the west arm at 13 kg and lowest in 

the east and south arm at ~ 6-7 kg (Table 8). The estimated lake-wide net P mass 

accumulation was 26 kg (Table 8). Overall, P mass accumulation was modest. 

  

     Although P inputs from the Owen Park pumps were ~ 86 kg during the 110 day 

period, net P mass accumulation in the south arm of the lake, which receives these inputs, 

was only 7 kg (Table 8). This P input was probably largely short-circuiting into the Becca 

Brook outlet, located in the embayment south of the storm sewer, rather than moving into 

the main arm during the summer of 2018. Because bottom water anoxia was not detected 

in the south arm of the lake, I estimated zero anaerobic P release from sediments in this 

region.  

 

     Although the anaerobic P release rate was low at ~ 1 mg/m2 d for sediments located in 

the east and west arm, bottom water anoxic conditions (i.e., < 2 mg/L) occurred for ~ 14 

d in the east arm and 60 d in the west arm (Figure 9 and 10). Anaerobic conditions may 

have occurred immediately above the sediment-water interface more often but was not 

detected. Assuming these bottom water anoxic periods, west and east arm sediments 
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could have released ~ 21 and 2 kg, respectively, during the 110-day period. Thus, 

possible anaerobic P release from sediments would explain the much greater net P mass 

accumulation rates in the water column of the west and east basins.  

 

MANAGEMENT RECOMMENDATIONS 

 

Curly-leaf pondweed 

 

     Quantifying turion germination has become more problematic in light of recent 

findings. It appears that turion germination is very significant in April and May A caveat 

has been that treatments have generally occurred in late April in conjunction with a water 

temperature range of 15 to 18 C to maximize selective control of CLP. While late April 

point-intercept sampling has generally shown a declining germination trend over time, 

this approach has failed to account for projected later germination. Additionally, 

herbicide applications have probably inadvertently controlled these later germinations, as 

indicated by frequency and biomass trends in June. Germinated turion assessment will 

continue in later spring to more accurately quantify frequency of germinated turions. 

Ultimately, depletion of the turion bank can best be assessed by evaluating frequency and 

biomass during a nontreatment year.  

 

     I recommend continuing with the scheduled 2019 endothall treatment then assessing 

CLP frequency or occurrence and biomass development during the non-treatment year 

2020 to evaluate effectiveness of CLP control after 10 years of Endothall treatment. A 

target goal for CLP frequency and growth should be established for the 2020 season - for 

instance, a desired frequency of only 20% of the lake surface area.  If CLP frequency 

exceeds target thresholds in 2020, harvesting should be conducted immediately to control 

turion production and plans for future herbicide treatments should be initiated. Because 

CLP produces numerous viable turions and basically acts as an annual, it could 

eventually recolonize the lake and grow to nuisance levels. Thus, the next aquatic plant 

management plan should evaluate potential CLP re-establishment impacts on recreation, 

aesthetics, and P recycling by decomposing CLP. 
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Internal P loading control 

 

     The 2017 Al application of 50 g/m2 to the west arm sediments substantially improved 

limnological conditions in the entire lake basin in 2017. Lake total P and chlorophyll 

were usually below 0.040 mg/L and 20 μg/L, respectively, in 2018 between May and ~ 

mid-July. However, an algal bloom consisting of the cyanobacteria Dolichospermum 

planktonicum (34.8% of the total biomass), Planktolyngbya limnetica (11.6%), and 

Cylindrospermopsis raciborskii (10.8%), developed in August 2018, coincidence with 

chlorophyll concentrations that exceeded 50 μg/L. D. planktonicum and C. raciborskii are 

toxigenic species. In addition, D. planktonicum, C. raciborskii, Anabaena wisconsinense 

(6.4%), and Aphanizomenon klebahnii (1.6%, also present in August 2018) belong to the 

order Nostocales and form akinetes and heterocysts. Thus, they have resting stages in 

sediment and can presumably access sediment P during germination and inoculation of 

the water column.  

 

     In addition, Secchi transparency was unusually lower in May and early June 2018 

compared to other years that exhibited a distinct clearing phase and transparencies that 

typically extended to the lake bottom. The cold weather and winter conditions that 

extended into May could have adversely impacted zooplankton community survival and 

grazing rates. 

 

     While mean summer concentrations of total P and chlorophyll suggested continued 

overall limnological WQ improvement compared to pre-alum treatment, mean 

limnological response variables declined in 2018 compared to 2017 (i.e., the year of the 

west arm alum treatment, see Figures 16 and 17). This pattern was not entirely surprising 

because prior to the 2017 alum application to the west arm sediments, laboratory-derived 

anaerobic P release rates had increased to near pretreatment levels (see Figure 8). The 

2017 alum application suppressed internal P loading in 2017 but there is still considerable 

redox-P in west arm sediments as a result of upward diffusion into the Al floc layer and 

incomplete binding (see Figure 5). Because, redox-P concentrations in west arm 
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sediments are unusually high, future alum applications are going to be needed to 

eventually control and bind this sediment P pool. 

 

     I recommend a 25 to 50 g/m2 alum application to west arm sediments in 2019 

maintain suppression or internal P loading and increase binding capacity of  redox-P. 

Estimated costs are $36,606 for 25 g/m2 and $61,807 for 50 g/m2. Reasons for this 

recommendation are twofold: 1) west arm sediment anaerobic P flux and surface 

sediment mobile P concentrations are still relatively high even after the 2017 Al 

application and continue to provide the potential for subsidizing cyanobacteria blooms 

and 2) sediments in the deeper west arm are still clear of Elodea and other submersed 

macrophytes which would allow for deposition of the future Al floc directly onto the 

sediment surface for sediment P control without interception by the aquatic macrophyte 

community. 
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Station

(m) (ft)

10 3.0 9.8

20 3.0 9.8

30 2.5 8.2

40 2.5 8.2

50 2.2 7.2

60 1.8 5.9

Nominal Depth

Table 1. Typical water column depths at 

the various water sampling stations in 

Half Moon Lake, Wisconsin.
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Station Total P CHLA Secchi PAR

(mg/L) (ug/L) (m) (m-1) Station TSITP TSIchla TSIsd TSITP TSIchla TSIsd

10 0.050 36.0 1.0 1.6 10 61 66 60 58 62 60

20 0.048 36.3 1.0 1.6 20 60 66 60 58 62 60

30 0.040 27.1 1.2 1.4 30 57 63 57 57 60 57

40 0.037 23.7 1.2 1.4 40 56 62 57 56 59 57

50 0.036 14.8 1.5 1.2 50 56 57 54 56 55 54

60 0.029 6.4 1.7 1.0 60 53 49 53 54 49 53

Main arm 0.044 30.8 1.1 1.5 Main arm 59 64 58 57 61 58

Table 2. Mean summer (Jul-Sep)  post-alum treatment 

concentrations of total phosphorus (P), viable 

chlorophyll (CHLA), Secchi disk transparency, and the 

light attenuation coefficient (kd) at various stations in 

Half Moon Lake in 2018.

Table 3. Carlson and Wisconsin trophic State Index (TSI) values derived from 

mean total phosphorus (TP), viable chlorophyll (chla), and Secchi disk (SD) 

transparency for the post-alum treatment period (Jul-Sep) of 2018.

2018 2018

Carlson Wisconsin



 23 

 

 

 

 

 

 

Sewer Location

Precip Precip Precip Precip

(inches) (ft3/s) (m3/s) (inches) (ft3/s) (m3/s) (inches) (ft3/s) (m3/s) (inches) (ft3/s) (m3/s)

1 Owen Park Pumps Total 9.6 1.220 0.0346 8.3 1.242 0.0352 9.3 2.898 0.0821 23.8 2.454 0.0695

Storm Flow 0.048 0.0014 0.182 0.0052 0.157 0.0044 0.158 0.0045

Base Flow 1.172 0.0332 1.058 0.0300 2.742 0.0777 2.296 0.0650

2 Near Midlefort Clinic 0.091 0.0026 0.022 0.0006 0.020 0.0006 0.090 0.0026

3 West of Beach 0.038 0.0011 0.046 0.0013 0.219 0.0062

4 Carson Park 0.003 0.0001 0.007 0.0002 0.023 0.0006

Sewer Location

Precip Precip Precip Precip

(inches) (ft3/s) (m3/s) (inches) (ft3/s) (m3/s) (inches) (ft3/s) (m3/s) (inches) (ft3/s) (m3/s)

1 Owen Park Pumps Total 24.2 2.766 0.0783 22.8 2.700 0.0760 15.9 2.910 0.0820 14.4 3.444 0.0695

Storm Flow 0.148 0.0042 0.120 0.0038 0.149 0.0042 0.164 0.0045

Base Flow 2.620 0.0742 2.580 0.0731 2.764 0.0830 3.280 0.0650

2 Near Midlefort Clinic 0.047 0.0013 0.046 0.0013 0.022 0.0006 0.023 0.0006

3 West of Beach

4 Carson Park 0.010 0.0003 0.020 0.0004 0.021 0.0006 0.011 0.0003

Table 4. Comparison of mean summer flow in 1999 versus 2012-18 for various storm sewers draining into Half Moon Lake.

2014

Flow

1999

Flow Flow

2012 2013

Flow

2015 2016 2017 2018

Flow Flow Flow Flow
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Sewer Description

Total P SRP Total P SRP Total P SRP Total P SRP

1 Storm Flow 0.344 0.038 0.358 0.019 0.417 0.015 0.295 0.024

1 Base Flow 0.074 0.010 0.109 0.040 0.108 0.043 0.084 0.045

2 Storm Flow 0.149 0.044 0.096 0.011 0.098 0.022 0.102 0.026

3 Storm Flow 0.301 0.045 0.205 0.022 0.204 0.015

4 Storm Flow 0.178 0.031 0.171 0.042

Sewer Description

Total P SRP Total P SRP Total P SRP Total P SRP

1 Storm Flow 0.166 0.039 0.410 0.035 0.439 0.014 0.552 0.027

1 Base Flow 0.079 0.039 0.085 0.045 0.079 0.036 0.102 0.054

2 Storm Flow 0.089 0.017 0.121 0.015 0.126 0.014 0.163 0.033

3 Storm Flow

4 Storm Flow 0.131 0.043 0.170 0.058 0.245 0.051 0.258 0.054

Table 5. Summer flow-weighted total phosphorus (P) and soluble reactive P (SRP) for various storm sewers in 1999 and 2012-18.

2013

(mg/L)(mg/L) (mg/L)

1999 2012 2014

(mg/L)

2018

(mg/L)

2015 2016 2017

(mg/L) (mg/L) (mg/L)
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Sewer Description

Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP

1 Storm Flow 0.040 0.004 0.159 0.008 0.159 0.006 0.115 0.006 0.060 0.014 0.135 0.011 0.159 0.005 0.215 0.010

1 Base Flow 0.212 0.029 0.282 0.104 0.725 0.289 0.472 0.241 0.506 0.250 0.537 0.284 0.567 0.258 0.573 0.303

2 Storm Flow 0.033 0.010 0.005 0.001 0.005 0.001 0.023 0.005 0.010 0.002 0.013 0.002 0.007 0.001 0.008 0.002

3 Storm Flow 0.028 0.004 0.023 0.002 0.109 0.008

4 Storm Flow 0.003 0.001 0.009 0.002 0.003 0.001 0.006 0.002 0.013 0.003 0.007 0.001

Sewer Description

Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP Total P SRP

1 Storm Flow 4.89 0.54 19.29 1.02 19.18 0.69 13.88 0.71 7.29 1.71 16.29 1.39 19.28 0.61 25.97 1.27

1 Base Flow 25.67 3.47 34.14 12.53 87.73 34.93 57.08 29.22 61.28 30.25 64.96 34.39 68.55 31.24 69.31 36.69

2 Storm Flow 4.03 1.19 0.63 0.07 0.61 0.14 2.77 0.60 1.23 0.23 1.63 0.20 0.79 0.09 1.02 0.21

3 Storm Flow 3.43 0.51 2.77 0.30 13.22 0.97

4 Storm Flow 0.37 0.06 1.07 0.19 0.41 0.13 0.68 0.23 1.54 0.32 0.81 0.17

Table 6. Mean summer (JUN-SEP) total phosphorus (P) and soluble reactive P (SRP) loading for various storm sewers in 1999 and 2012-18.

Table 7. Summer (JUN-SEP) mass loading of total phosphorus (P) and soluble reactive P (SRP) for various storm sewers in 1999 and 2012-18.

(kg/summer)

2015

(kg/summer)(kg/summer)(kg/summer) (kg/summer)

20131999 2012 2014

1999 2012

(kg/d) (kg/d)

2014

(kg/d)

2015

(kg/d)(kg/d)

2013 2017

(kg/d)

2017

(kg/summer)(kg/summer)

2016

2016

(kg/d)

2018

(kg/d)

2018

(kg/summer)
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2018 Variable (kg)

Lake net change in P mass Lake-wide 26

West arm 13

East arm 6

South arm 7

Anaerobic sediment P flux Lake-wide 23

West arm 21

East arm 2

South arm 0

Owen park pumps1 86

Table 8. A comparison of net changes in phosphorus (P) mass in various 

regions of the lake between June and September (110 d; of P mass 

increase; see Figure 39) versus estimated P fluxes from the Owen Park 

pumps and anaerobic sediment. Anaerobic sediment P flux, determined 

from sediment core incubations, was weighted with respect to an anoxic 

period of 71 d and 14 d for the west and east arms, respectively. P flux in 

the south arm was assumed to be negligible due to the occurrence of oxic 

conditions above the sediment interface throughout the summer.

1JUN-SEP average. Assumes that this load discharged via Becca Brook 

versus flowing north of the causeway
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Figure 1. Sampling station locations in Half Moon Lake. 

N
2 m

2 m

St 10

St 20

St 30

St 40

St 50

St 60
Storm Sewer 1

(Own Park Pump)

Storm Sewer 2

Storm Sewer 3 (vandalized in 2014)

Storm Sewer 4
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Figure 2. Variations in sediment wet bulk density (left), moisture content (center) and solids content (right), as a function of depth 

below the sediment-water interface for sediment cores collected at station 10 located in the west arm of Half Moon Lake. The year 

2010 represents concentrations before alum treatment and Aug-18 represents conditions ~ one year after the 2017 alum application to 

the west arm of the lake.  

 

 

 

 

 

 



 29 

 

Figure 3. Variations in sediment wet bulk density (left), moisture content (center) and solids content (right), as a function of depth 

below the sediment-water interface for sediment cores collected at station 30 located in the east arm of Half Moon Lake. The year 

2010 represents concentrations before alum treatment and Aug-18 represents conditions ~ one year after the 2017 alum application to 

the west arm of the lake. Please note that alum was not applied to the east arm. 
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Figure 4. Annual variations sediment physical-textural characteristics in the surface (upper 3 cm for the west arm and upper 1 cm for 

the east arm) sediment layer before and after alum treatment. Black column = pretreatment with aluminum sulfate, blue columns 

denote the 2011 and 2017 alum treatment. 
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Figure 5. Variations in sediment iron-bound P and aluminum-bound P as a function of depth below the sediment-water interface for 

sediment cores collected at station 10 located in the west arm of Half Moon Lake. The year 2010 represents concentrations before 

alum treatment and Aug-18 represents conditions ~ one year after the 2017 alum application to the west arm of the lake. 
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Figure 6. Variations in sediment iron-bound P and aluminum-bound P as a function of depth below the sediment-water interface for 

sediment cores collected at station 30 located in the east arm of Half Moon Lake. The year 2010 represents concentrations before 

alum treatment and Aug-18 represents conditions ~ one year after the 2017 alum application to the west arm of the lake. Please note 

that alum was not applied to the east arm. 
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Figure 7. Annual variations in redox-

sensitive phosphorus (redox-P) and 

aluminum-bound P (Al-bound P) in the 

surface (upper 3 cm for the west arm and 

upper 1 cm for the east arm) sediment 

layer before and after Al treatment. Black 

column = pretreatment with aluminum 

sulfate, blue columns denote the 2011 and 

2017 alum treatments. 
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Figure 8. Annual variations in the mean (n = 5) 

anaerobic phosphorus (P) release rate before and 

after Al treatment. Horizontal lines represent 1 

standard error. Black column = pretreatment with 

aluminum sulfate, blue columns denote the 2011 and 

2017 alum treatments. 
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Figure 9. Seasonal variations in water temperature and dissolved oxygen concentration at west arm stations 10 and 20 in Half Moon 

Lake in 2018. 
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Figure 10. Seasonal variations in water temperature and dissolved oxygen concentration at east arm stations 30 and 40 in Half Moon 

Lake in 2018. 
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Figure 11. Seasonal variations in water temperature and dissolved oxygen concentration at stations 50 and 60 in Half Moon Lake in 

2018. 
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Figure 12. Seasonal variations in total phosphorus (P) at various stations in Half Moon Lake in 2018.  
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Figure 13. Seasonal variations in chlorophyll at various stations in Half Moon Lake in 2018.  
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Figure 14. Seasonal variations in Secchi disk transparency at various stations in Half Moon Lake in 2018. Red circles denote periods 

when Secchi disk transparency was equivalent to the lake bottom depth. 
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Figure 15. Seasonal variations photosynthetically-active radiation (PAR) at various stations in Half Moon Lake in 2018.  

 



 42 

Figure 16. Summer (JUL-SEP) mean total phosphorus (P), 

chlorophyll, and Secchi transparency in the main arm (i.e. 

west and east arms) of Half Moon Lake before (blue bars) 

and after (red bars) Al treatment (red arrows = June 2011 

and 2017).  
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Figure 17. Relationships between mean summer (JUL-SEP) total phosphorus (P), chlorophyll, and Secchi transparency in the main 

arm (i.e. west and east arms) of Half Moon Lake before (solid circles) and after (squares) Al treatment.
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Figure 18. Summer (JUL-SEP) mean total phosphorus (P), chlorophyll, and Secchi transparency in the west (i.e., station 10 and 20), 

east (i.e., station 30 and 40), and south (i.e., station 50) arms of Half Moon Lake before (blue bars) and after (red bars) Al treatment 

(June 2011 and 2017).  
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Figure 19. Variations in mean summer Wisconsin Trophic State Index values for total 

phosphorus (TP), chlorophyll (CHL), and Secchi transparency (SD). Aluminum sulfate 

application occurred in June of 2011 and 2017. 
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Figure 20. Summer (JUL-SEP) mean maximum inhabitable 

depth for stem- and rosette-forming submersed aquatic 

macrophytes based on Middelboe and Markager (1997) in 

the main arm (i.e. west and east arms) of Half Moon Lake 

before (blue bars) and after (red bars) Al treatment (June, 

2011 and 2017).  
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Figure 21. Summer (JUL-SEP) mean maximum inhabitable depth for stem- and rosette-forming submersed aquatic macrophytes 

based on Middelboe and Markager (1997) in the west (i.e., station 10 and 20), east (i.e., station 30 and 40), and south (i.e., station 50) 

arms of Half Moon Lake before (blue bars) and after (red bars) Al treatment (June, 2011 and 2017).  
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Figure 22. Percent improvement (i.e., post-treatment reduction in mean total 

phosphorus and chlorophyll or increase in Secchi transparency) in mean 

summer (July-September) limnological response variables after application of 

alum in June, 2011 and 2017. Horizontal bar denotes 50% improvement. 
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Figure 23. Relationships between main basin 

(St 10-40) total phosphorus (P), chlorophyll 

(CHLa), and Secchi Disk transparency (SD) 

versus summer precipitation (left) and the 

laboratory-derived anaerobic diffusive P flux 

measured at Station 10 (right). 
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Figure 24. Curly-leaf pondweed lake-wide mean biomass (n ~ 140-160) in June and August of various years. White columns represent 

means before the start of early spring Endothall treatments. 
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Figure 25. Percent occurrence (n ~ 140-160; upper 

panel) and numbers (lower panel) of germinated curly-

leaf pondweed tuions in April of various years. White 

columns represent means before the start of early spring 

Endothall treatments.  
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Figure 26. Native submersed macrophyte lake-wide mean biomass (n ~ 140-160) in June and August of various years. 2008 was the 

pretreatment year. The pretreatment native macrophyte community in 2008 was dominated by coontail while elodea has dominated 

the post-treatment assemblage. 



 53 

 

Figure 27. Relationships between mean summer Secchi transparency, photosynthetically active radiation (PAR) attenuation 

coefficient, chlorophyll and mean native macrophyte biomass. Red circle denotes 2017. 
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Figure 28. annual and monthly precipitation measured at the Eau 

Claire Airport. 
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Figure 29. Variations in daily precipitation in 2018. 
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Figure 30. Variations in flow and phosphorus concentrations for storm sewer 1 in 2018. 
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Figure 31. Variations in flow and phosphorus concentrations for storm sewer 2 in 2018. 
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Figure 32. Variations in flow and phosphorus concentrations for storm sewer 4 in 2018. 
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Figure 33. Comparison of mean summer flow at various storm sewers in 

1999 and 2012-18. Please note the log scale in the lower panel. 
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Figure 34. Variations in summer precipitation, mean daily flow, mean event total phosphorus (P) and soluble reactive P (SRP) for 

storm sewers 1, 2, and 4. 
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Figure 35. Comparison of flow-weighted total and soluble reactive 

phosphorus (P) concentrations at various storm sewers in 1999 and 

2012-18. 
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Figure 36. Comparison of total and soluble reactive phosphorus (P) loading at various storm sewers in 1999 and 2012-18. 
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Figure 37. Seasonal variations in total phosphorus and 

chlorophyll volume-weighted concentrations lake-wide and in the 

west, east, and south arms of Half Moon Lake. 
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Figure 38. Seasonal variations in total phosphorus mass lake-wide and in the west, 

east, and south arms of Half Moon Lake in 2018. The rate of mass increase (mg/m2 d) 

is denoted by the red line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


