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Excess Nutrients – One of the most extensive water-quality problems  

Downstream Beaches Great Lakes 

Streams Lakes 



Oligotrophic – Young  

- Clear Water 

- Low Nutrient Conc.  

- Low Productivity. 

- Desirable Fishery 
but often limited 

Mesotrophic 

- Occasional Algal Bloom 

- Moderate Nutient Conc.  

- Increased Productivity 

- Good Fishery 

     

Eutrophic - Old 

- Frequent Algal Blooms 

- High Nutrient Conc.  

- Very Productive 

- Freq. Deep DO Depletion 
- Rough Fish Common 

Eutrophication 

Time & 

Nutrients 

Types of Lakes 

Lake Rehabilitation 

> Hypereutrophic 



Morphometry 

Area – 700 ha; 3.7 mi2 

Fetch – 6 km; 3.5 mi 

Max Depth – 16.5 m; 54 ft  

Delavan Lake 



Delavan Lake 
Elkhorn 



Delavan Lake – ~1970s 



Delavan Lake - Goal 



1972 - EPA Study
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Sources of Phosphorus to Delavan Lake 

Point Sources Contribute ~76% of the Phosphorus Loading  

to the Lake 

Total P Load 

8,020 kg/yr 



Sewerage Treatment Plant 





Delavan Lake 
U.S. Geological Survey 

Monitoring 

Monitoring  

Stations 
Lake 

Stream 



Historical Total Phosphorus Concentrations in 

Delavan Lake
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Delavan Lake 
U.S. Geological Survey 

Monitoring 

Monitoring  

Stations 
Lake 

Stream 





Internal Release of Phosphorus from Deep Sediment 

“Internal Loading” 

Epilimnion 

Hypolimnion 
Thermocline 



Phosphorus Budget For 

Delavan Lake – 1984-85 

Total P Loading – 8,700 kg/yr 

Internal

52%

Inlet

36%

Ungaged

10%

Atmosphere

1%
Ground water

1%

Internal

Inlet

Ungaged

Atmosphere

Ground water





Goals for Delavan Lake Rehabilitation 

Increase Water Clarity – Increase Average Summer 

Secchi Depth from ~1.0 m to at least 1.5 m 

Decrease Average Summer Chlorophyll a 

concentration from ~30 – 50 ug/L to 14 ug/L 

Decrease in lake spring P concentration from  

~100 – 120 ug/L to about 34 ug/L 

Decrease P Loading to the lake from about  

8,700 kg/yr to about 1,900 kg/yr 

Water Quality Model 

Water Quality Model 

Lake Loading Model 



Typical conditions associated with trophic status 

Based on work of Dennis Schupp MDNR Fisheries 

Oligotrophic Mesotrophic Eutrophic Hypereutrophic 

PreRehabilitation 



1984-85

Internal

52%

Inlet

36%

Ungaged

10%

Atmosphere

1%
Ground water

1%

Internal

Inlet

Ungaged

Atmosphere

Ground water

Total – 8,700 kg/yr 

Reduce by >60-75% 

1,900 kg/yr 

Phosphorus Budget For 

Delavan Lake – 1984-85 



WDNR > Dingle Johnson Funds 

Dept. Ag. > Nonpoint Funds USGS > Cooperative Funds 

Local Support > Cash and In-kind 

USEPA > Clean Lake Funding 

 > Water Pollution Control Project House Public Works Committee 

 > Natural Prototype Project for Rehabilitating Lakes 

 >> ~$ 7 Million 

 

State Government 



Les Aspin (U.S. Representative) 

Project Kickoff Celebration 



Watershed Management - BMP’s External Sources 





East Pond 

West Pond 

North Pond 

Jackson Creek Wetland Delavan Lake Inlet 

External Sources – Wetland Construction 



Jackson Creek 

at Petrie Rd. 

0 

1 2 MILES 0 
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EXPLANATION 

Drainage-basin divide 
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Streamflow-gaging station and  
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sampling site 

Miscellaneous sampling site 

Jackson Creek 
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Jackson Creek 
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Jackson Creek  

Short-Circuiting 

















Removal of Internal P Sources 

 Chemical Application of Alum (aluminum sulfate) 

Al +3
2(SO4

-2)3 + PO4
-3            Al PO4 (Solid)  + SO4

-2 



Core Picture 



Typical Food Web of a Mesotrophic Lake 



Delavan Lake - Premanipulation 

Carp & Buffalo 

Biological  

- Biomanipulation 

Delavan Lake - Postmanipulation 



Planktivores Piscivores 

PREmanipulation POSTmanipulation 

Large planktivores are 

much more efficient at 

eating algae than small 

planktivores 

POSTmanipulation 



Trucking in Rotenone 

Restructing of the Fish Community 
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Midwest Floods of 1993 
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Long-term monitoring of phosphorus loading 



Phosphorus Loading to Delavan Lake 

Annual P Loading to Delavan Lake
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East Pond 

West Pond 

North Pond 

Jackson Creek Wetland Delavan Lake Inlet 



Jackson Creek 

Tributary 2 (T2) 

Jackson Creek 

Tributary 1 (T1) 

Jackson Creek 

        (JC) 

West Pond North Pond East Pond 

Tributary inflow 

Pond Accumulation 

Estimated Pond Loss 

Phosphorus outflow @ Mound Rd. 

680 1,972 1,018 

2,560 kg Output 

 - 30% P Removal 

Phosphorus 

 Budget - kg’s 

3,670 kg Input 



Jackson Creek 

at Petrie Rd. 

0 
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Delavan Inlet 



Delavan Inlet 



D 

Phosphorus Budget for Delavan Lake Inlet 

(where is the phosphorus coming from?) 

Atmosphere 

Groundwater 

Ungaged 

Gaged 

Deposition 

Out Macrophytes 
Oxic Anoxic 

Storage 

PG + PUG + PATM + PGW + {(PSO + PSA + PMAC) + DS - PDEP}  =  POUT 

External Sources Internal Sources 





> Release Rates as a function  of DO and pH 



Sampling Platform to document dissolved oxygen and pH conditions in the Inlet 
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5.2% Atmosphere 
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36% 

Phosphorus Budget for 

Delavan Lake Inlet 

pH ^^ 

photosynthesis 

clarity 

macrophytes 
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Jackson Creek 

at Petrie Rd. 
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 Chemical Application of Alum Internal Sources 



Internal Release of Phosphorus from Deep Sediment 

“Internal Loading” 

Epilimnion 

Hypolimnion 
Thermocline 



Near Bottom Total Phosphorus Concentrations 

Internal Loading 
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Eliminating 

“Internal Loading” 

Epilimnion 

Hypolimnion 
Thermocline 



Near Bottom Total Phosphorus Concentrations 

Internal Loading 
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Phosphorus Budgets 

For 

Delavan Lake 

Internal 

Tributaries 

Direct 
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Trophic State of Delavan Lake 

?????????????????????? 

 Strong Fish Effects 

????????? 
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Delavan Lake - Premanipulation 

Carp & Buffalo 



Post-manipulation 



Changes in Walleye Population in Delavan Lake
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Puliceria Types (large)
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Chlorophyta 

(Green algae)
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Delavan Lake 

1994 



But, where have things gone since 1994??  



Delavan Lake - Total Phosphorus Concentrations
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Total External Annual P Loading to Delavan Lake
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Total External Loads do not appear to have changed much 



Volumetrically Weighted Mean Total Phosphorus Concentration, HWY 50
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Changes in the Watershed Appear to Be Working 



East Pond 

West Pond 

North Pond 

Jackson Creek Wetland Delavan Lake Inlet 

Were the Wetlands Part of the Reason for the 

Success? 



East Pond, Cross Section Number 6
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East Pond

Annual Change in Mean Depth

Predicted Mean Depth = -0.1034x + 208.39

R
2
 = 0.95
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** Note Work in the Wetlands is being used. 

Time to Dredge 

Did Dredge in 2009 



East Pond, Cross Section Number 6
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To extend the life of the Wetlands – Dredging was conducted in 2009 



Did changes in the Inlet have an affect on changes in 

Concentrations?? 



Importance of Loading from Inlet to P Load at HWY50 

For the Year
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Did Short Circuiting Start to Occur?? 
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 Chemical Application of Alum Internal Sources 

Did Internal Loading Stop Occurring?? 
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Trophic State of Delavan Lake 

?????????????????????? 

 Strong Fish Effects 

20

30

40

50

60

70

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

T
S

I 
V

a
lu

e
s

, 
J

u
n

e
-A

u
g

u
s

t

Total Phosphorus

Chlorophyll

Secchi

Mesotrophic

Oligotrophic

Eutrophic

 Strong Fish Effects 
???????????????????????? 



Manipulated 
Post-Manipulated 



Changes in Fish Populations in Delavan Lake
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FISH DISTRIBUTION, 2004
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Manipulated 
Post-Manipulated 
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Zooplankton 1984-87
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(Green algae)
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Phytoplankton Population - 1984-87

Green Algae
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Golden Algae

1%

Diatoms

3%

Bluegreen Algae

61%

Phytoplankton Population - 1993-98

Green Algae

16%
Cryptomonads

14%

Golden Algae

1%

Bluegreen Algae

35%

Diatoms

34%

Phytoplankton Population - 2001-07

Cryptomonads

1%

Golden Algae

0%

Green Algae

2%Diatoms

0%

Bluegreen Algae

97%

Phytoplankton Population - 2008-13

Bluegreen Algae

93%

Diatoms

1%

Green Algae

1%

Golden Algae

3%

Cryptomonads

2%

PreManipulation Post Manipulation - 1 

Post Manipulation - 2 Post Manipulation - 3 



Increased Macrophyte Production 



Filamentous Algae Growth 

- Growth high in all shallow regions without  

   macrophytes 



Introduction of Zebra Mussels 







Chemical Control of Algae and Macrophytes
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Further-manipulation 

Walleye 

Unplanned Biomanipulations in Delavan Lake 

Zebra Mussels 



Trophic State of Delavan Lake 

?????????????????????? 

 Strong Fish Effects 
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Conclusions 
Rehabilitation Program 
1. Overall the Rehabilition was a Success, but the level of Success 

depends on what part is examined. 

 

2. Phosphorus concentrations on inflows have dropped almost 50%. 

 

3.   Water clarity and fish populations remain good, but clarity is 

decreasing, especially late in the summer. 

 

4.   Macrophyte and filamentous algae growth very high, now mid- and 

late-summer algal blooms. 

 

5.   Walleye populations have declined, but now a strong fishery; the 

lack of carp,  and possibly effects of zebra mussels maintain a weak 

trophic cascade. 
 

6.   Need to fix the source of the problem (phosphorus loading), 

otherwise any action will be a temporary fix. 



Continuing to Look to the Future 



Delavan Lake, Wisconsin 

Could Algal Blooms Again Become More Common? 

Extensive Algal Blooms of 2007 



Will Climate Change Affect Productivity?? 



Will potential future development affect the 

Phosphorus loading to the lake?? 



What can be done to protect the lake?? 
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Considering modifications to lake withdrawal patterns 

Examination of Possible Actions 



~25% Reduction So Far 
Present Loading ~6,000 kg 

Total Phosphorus Loading 

in 2001-13 

Would another Alum Treatment 

help?  

2001-2013

Inlet

39%

Atmosphere

2%
Ungaged

20%

Internal

37%

Ground water

2%

2001-13 

Examination of Possible Actions 



External – 49% 

Internal – 45% 

Evaluation of the Importance of Internal Phosphorus Loading with 

DYRESM-CAEDYM 

Total Phosphorus Concentrations - NOW 

Spring                   Summer                       Fall 

Chlorophyll a (Algae) 

Spring                   Summer                       Fall 

Total Phosphorus Concentrations – With Alum 

Spring                   Summer                       Fall 

Chlorophyll (Algae) 

Spring                   Summer                       Fall 

External 

Internal 

X 

??? 



~25% Reduction So Far 
Present Loading ~6,000 kg 

Total Phosphorus Loading  

in 2001-13 

Alum Treatment?  

2001-2013

Inlet

39%

Atmosphere

2%
Ungaged

20%

Internal

37%

Ground water

2%

2001-13 

 

 

 

Biomanipulation? 

  

Where to Go from here?? 

Examination of Possible Actions 



Use Scientific Information in the Long-term 

Maintenance of Delavan Lake, Wis.  



Long-Term Rehabilitation of Delavan 

Lake, Wisconsin, USA: Importance of 

Biological Interactions 

Dale Robertson 

U.S. Geological Survey 

Contact Information 

Email: dzrobert@usgs.gov 

Tele: 608-821-3867  

 

 

Questions?? 

mailto:dzrobert@usgs.gov






Changes in Lake & Reservoir Ecosystems Caused by 

Climate Change 
(USGS Climate Change Proposal – Robertson, Green, Heisey, and Hamilton) 

Ice Cover Ice Break Up Date - Delavan Lake
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Establishing New Water Quality Goals 

for Delavan Lake 

Justification:  

1. Although water clarity is good now, it could 

decrease as the biomanipulation and other factors 

change (act more like a typical lake). 
 

Given the present loading and a TSITP of 55.6 

Expect a Chlor a of 13.1 ug/L - - 8.1 ug/L measured 

                Secchi depth of 1.33 m  -- 3.1 m measured  
  

2. Strong seasonality in Secchi Depth and 

Chlorophyll; therefore, want to set a goal for just 

July/August  

Goal: 1.5 m average Secchi Depth for July/August 



Summer = 1.204 x July-August

R
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Goal – 1.8 m Summer Average Secchi Depth 

1.8 m Summer Secchi >> TSI of 51.45 

TSI of 51.45  >> Summer average 

Chlorophyll a of 8.4 ug/L 

TSI of 51.45 >> Summer AverageTotal 

Phosphorus of 26.6 ug/L 



What Growing Season Total Phosphorus is 

needed to obtain a 26.6 ug/L  

Summer Total Phoshorus Conc ?  

>>>> 36.4 ug/L 

y = 0.896x + 12.591

R
2
 = 0.8521
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Growing Season Total Phosphorus

 (Model Vs Measured)
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Used Empirical Models to predict Delavan Lake’s response to Total 

Phosphorus Loading 

Lake did not totally respond to Effluent Diversion until after 1987 

Model worked very well after 1993 

Model doesn’t predict annual variability very well 



Modeled Response in Total Phosphorus, Growing Season
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To Reach the 1.5 m Secchi Goal for July/August need a 

24.5-32% reduction in Total Phosphorus Loading 



Establishing New Goals for Delavan Lake 

Maintain Water Clarity – Average July/Aug Secchi 

Depth at ~1.5 m (~1.81 June/Aug Secchi) 

1.81 m Secchi Depth equates to a TSI of 51.45  

TSI of 51.45 equates to a summer TP of 26.6 ug/L or 

Growing Season TP of 36.4 ug/L   

Decrease external P Loading to the lake from about  

3,800 kg/yr to about 2,720 kg/yr (28% reduction) 



Rehabilitation Efforts 

1981 - Sewage Diversion from the City of Elkhorn 

 

1989-91  

External Treatments 

 1. Better WatershedManagement - Use of BMPs 

 2. Construction of Wetland on Jackson Creek Tributary 

Internal Treatments 

 1. Short Circuiting of Primary Inflow 

  - Original plan  

  - extend peninsula 

  - build channel 

      - Implemented  

  - slightly extended peninsula 

  - small channel 

 2. Alum Application 

  - eliminate TP release during anoxia 

 3. Biomanipulation - 

  - remove all fish 

 - develop a fishery to result in large zooplankton 



Evaluation of the Importance of Internal Phosphorus Loading with 

DYRESM-CAEDYM 

Thermal Structure in Delavan Lake 


