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Sources of External Phosphorus to Delavan Lake

Point Sources Contribute ~76% of the Phosphorus Loading 
to the Lake

Total P Load
8,010 kg/yr



Wastewater Treatment Plant, WalCoMet, began treatment in 1981
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U.S. Geological Survey Study to document the Water 
Quality of Delavan Lake and phosphorus input into the lake

Total – 15,400 kg/yr

Field and Duerk, 1988



Where does all of the phosphorus being delivered to 
Delavan Lake come from and how much is there? 

Groundwater
Septic Systems and 

Point SourcesSediment InputTributary Inputs

Wastewater 
Treatment Plants

External Inputs

Epilimnion

Hypolimnion
Thermocline

And What was Done to Reduce it



Based heavily on USGS studies
-Water quality

- Phosphorus budgets (sources)



Water Quality and Phosphorus Loading Goals for 
Delavan Lake Rehabilitation

Increase Water Clarity – Increase Average Summer 
Secchi Depth from 3 ft (~0.9 m) to at least 5 ft (1.5 m)

Decrease Productivty - Average Summer Chlorophyll 
a concentration from ~30 – 50 ug/L to 14 ug/L

Decrease in lake P concentration from 
~150 ug/L to about 34 ug/L

Decrease P Loading to the lake from about 
15,400 kg/yr to ~2,300 kg/yr (~80%)

Water Quality   Model (Secchi Response with Lathrop et al, 1981
SD = 5.19 x Chl-0.468)

Water Quality Model   (Chl Response with Dillon & Rigler, 1974 
Log(Chl) =1.45 x Log(TP)-1.14)

Lake Loading Model   (Phosphorus Response with Canfield &Bachmann, 1981 
TP = Z /(1.62 (L/Z)0.458 + 1/τ)



What was done to reduce the P loading to the lake? 

Groundwater
Septic Systems and 

Point SourcesSediment InputTributary Inputs

Wastewater 
Treatment Plants

External Inputs
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Hypolimnion
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Typical conditions associated with trophic status

Based on work of Dennis Schupp MDNR Fisheries

Oligotrophic Mesotrophic Eutrophic Hypereutrophic

PreRehabilitation



Original GOAL
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Summer 
Average 

(June-Sept) 
Water Quality

2021

(July-Sept) 

(July-Sept) 

Met all 
of the 
original 
Goals



How does the DNR view the recent water quality of Delavan Lake? Impaired?



Delavan Lake IS LISTED as impaired for Chlorophyll a

Impaired for Chlorophyll a
 >20 ug/L 9.6% of the time

Data from Mid July to Mid September



Delavan Lake could also be listed as impaired
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There was a need to set  New Goals 
for Delavan Lake Water Quality

Because with the old goals, 
 The lake is classified by the WDNR as impaired.
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Goals of Modeling Study:

Determine what phosphorus loading is needed to get 
Delavan Lake off the Wisconsin Impaired Waters list 
(chlorophyll and total phosphorus concentrations). 
Why was Delavan Lake listed as Impaired?
Chlorophyll a concentrations > 20 ug/L between mid 
July and mid September occurred more than 5% of the 
time: currently ~10% of the time. What load reduction 
is needed to reduce chlorophyll conc.?
Total phosphorus concentrations  > 30 ug/L. What load 
reduction is needed to reduce TP conc.? 



Approach

1. What is baseline? Quantify average water quality in 
lake and average P loading to lake for 2017-2021. Use 
most current 5 years of data (includes wide range in 
conditions).

 -------------

2.  Determine goals: 
a. Total phosphorus (WDNR criterion): 
 Geometric Summer mean < 30 ug/L
b. Chlorophyll a (Chl a) concentration (WDNR criterion): 

Chl a concentration so that it is > 20% ug/L less than 
5% of the time?



Approach - continued

3. Develop Response Curves: Determine how Chl a and TP
       concentration respond to changes in P loading

4. Determine TP loading to get summer average TP 
concentration > 30 ug/L response curve (Canfield 
Bachmann relation).

5. Determine TP loading to get summer average Chl a to a 
specified concentration 
 a. Use relation between Carlson TSI’s for TP and Chl a
          to get response curve - A
 b. Use Jones-Bachmann model from TP to Chl a 
          to get response curve - B
 c. Use Chl a response curves A&B to determine P
          loading to get desired concentration.



Current frequency of Chl > 20 ug/L
Determine mean Chl a concentration 
needed to have Chl a > 20 ug/L less than 5% 
of the time

Assume the same variability 
in Chl Concentrations

Determine Chlorophyll a Goal



New Goals >
Geomean summer (June-Sept) TP concentration < 30 ug/L
GeoMean Summer (July-Sept) Chl a concentration < 7.2 ug/L

To get these, we need to reduce P loading to the lake.

How much?
 



Approach to determine external P loading: 
Determine Total Phosphorus concentrations needed and then 
translate Total Phosphorus concentrations to Chlorophyll a 
concentrations and Secchi Depths
(develop response curves between loading in water quality)

Canfield-Bachmann Model

TP  = 
concentration

L
Z (1.62 (L/Z)     + 1/τ)0.458

Where: L = P loading

Z - Mean depth

τ = Residence time
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Total Phosphorus Loading to Delavan Lake – 2017-2021 

6,557 kg/yr

External Loading



Determine how in-lake TP concentrations are related to 
external P loading

Canfield-Bachmann Model (natural lake model)

TP  = 
concentration

L
Z (1.62 (L/Z)            + 1/τ0.458

Where: L = P loading

Z - Mean depth

τ = Residence time
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CALCULATED TOTAL PHOSPHORUS mg m-3

Measured 33.7 ug/L
Calculated 49.7 ug/L

Adjust all predictions by the Percent difference – Multiply all model predictions by 0.68

How well does the 
model work for 
Delavan Lake?

Canfield-Bachmann Model 



Possible causes for the conversion factor needed:
1. Short circuiting of nutrients
2. Nutrients going into macrophytes instead of

 phytoplankton



Determine how in-lake TP concentrations are related to 
external P loading

Canfield-Bachmann Models (natural lake model)

TP  = 
concentration

L
Z (1.62 (L/Z)            + 1/τ0.458

Where: L = P loading

Z - Mean depth

τ = Residence time

Adjust all predictions by the Percent difference – Multiply all model predictions by 0.68



31

STEP 1 >> Calibrate (multiply all predictions by 0.68)
STEP 2 >> Predict TP concentrations for various load changes
STEP 3 >> Current TP = 33.7 ug/L. To get to 30.0 ug/L need to 
reduce external loading by 17% from that measured in 2017-21 
(5,502 kg/yr)



How do we get response curves 
for Chl a?
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Step 1. Determine how summer average Chlorophyll a 
concentration and Secchi depth are related to phosphorus 
concentrations in the lake.
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Site Specific Calibration
TSI Chl a = TSI TP x 1.003



Determining Response in Chl a 
to changes in TP – Approach 1

STEP 2a: Develop response curves
Carlson TSI relations – Model A
a. Compute TSI Chl  from TSI TP
       TSI Chl = TSI TP x 1.003

b. Compute Chl from TSI
       TSIChl = 30.6 +9.81 * Ln (Chl)

c. Calibrate relation
    Chl = Chl TSI x 0.74

STEP 1a >> Determine Goal
Summer Average Chl a 
concentration needed – 7.2 ug/L

STEP 3a >> Determine TP 
load reductions to get 7.2 ug/L
20.5 % reduction – 5,277 kg/yr 
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Step 2b. Approach 2: Find a way to convert predicted TP to predicted 
Chlorophyll a (Jones and Bachmann, 1976)

Measured TP 33.7 ug/L
Calculated Chl 13.79 ug/L
Measured Chl 8.94 ug/L

How well does the model 
work for Delavan Lake?

Model B



STEP 2b:
Jones Bachman model 
Model B
a. Compute ChlJB
   Log(Chl) =1.46 x Log(TP)-1.09

b. Calibrate relation
   Chl = Chl JB x 0.65

Determining Response in Chl
a to changes in TP

STEP 1b >> Determine Summer 
Average Chl a concentration 
needed – 7.2 ug/L

STEP 3b >> Determine TP load 
reductions to get 87.2 ug/L
20.7 % reduction – 5,264 kg/yr 
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GOAL
30 ug/L Total Phosphorus
17% Reduction

GOAL
7.2 ug/L Chlorophyll a
20.5-20.7% Reduction

GOAL
3.0 m Secchi
40% Reduction

New GOAL ??
24.5 - 30 ug/L Total Phosphorus
20.7 - 40% Reduction
External loading > 4,060 kg

How does 
this all fit 
together??
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New Goals for 
Delavan Lake
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Conclusions:

Controllable phosphorus loading needs to be reduced by 
40 % from that measured during 2017-2021 (total 
external loading change from 6,600 kg to about 4,060 kg 
to get TP conc < 30 ug/L, less than 5% of the days with 
chl a concentrations > 20 ug/L, and average July-
September Secchi depth > 3 m. 

Suggested New Goals:
Total Phosphorus conc.: June – Sept. of 24 ug/L
Chlorophyll a conc.: July – Sept. of 7.2 ug/L
Secchi depth: July – Sept. of 3.0 m
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Determining Phosphorus Load Reductions 
Needed to Reach Water-Quality Goals for Delavan 

Lake, Wisconsin 

Questions??

June 12, 2025
Contact:

Dale M. Robertson
dzrobert@usgs.gov
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