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INTRODUCTION 

Conditions have been poor enough historically that 
the MPCA has listed Jennie Lake as an impaired 
water body with respect to recreational use (Table 
1).  This means that the MPCA has ruled that people 
seeking to swim, ski, or recreate in other ways in the 
lake either are reluctant from using the lake in such 
a way, or because of associated harmful algal 
blooms (HABs) it may not be safe.    Jennie Lake 
has low water clarity, particularly during the summer 
months (Fig. 1).   

Water clarity is a function of suspended particles that 
reflect and scatter sunlight penetrating through the 
water column.   Suspended particles are measured 
as total suspended solids (TSS), which includes both 
living (e.g., algae, bacteria, zooplankton) and nonliv-
ing (e.g., mud and silt) particles.  Nonliving particles 
get suspended during wind events and high boat 
traffic in shallow areas, while the living components, 
particularly algae, grow in the water column when 
provided sunlight and nutrients.  While there is no 
way to control the impact of wind on the lake, users 
can help to keep nonliving suspended sediments 
down by using good judgment and keeping boat 
speeds low in shallow and nearshore areas.   

This nutrient budget project focuses on the algae 
contribution to poor water quality.   Algae are micro-
scopic plant-like organisms that capture light in chlo-
rophyll molecules and use that as energy to grow.  
Chlorophyll is proportional to algae biomass and is 
much easier and much less expensive to measure 
than directly counting individual algae cells.   

I modeled Secchi depth water clarity as a function of 
chlorophyll with historical data and found over 66% 
of water clarity to be directly attributable to levels of 
chlorophyll in the water at any given time (Fig. 2).  

Table 1.   MPCA designated impairment thresholds for water quality parameters by ecoregion.   Lake Jennie (red star) 

falls at the edge of the NCHF and is classified as a shallow lake (see yellow highlight).  During 2019 TP averaged 93 

ug.l and chlorophyll a 60 ug/l.  

Fig. 1.  Water quality as measured by Secchi disk 

readings in Jennie Lake annually (a) , including  the 

period of June-September, which is what the MPCA uses 

to measurement impairment and separately (b) for the 

spring (< 6/21) and summer (>6/21).  Historical data were 

obtained from the MPCA.  The impairment threshold is for 

the NCHF shallow lake ecoregion and trend line is 10-yr 

moving average, which is what the MPCA uses to judge 

impairments.  

Ecoregion TP (ug/l) Chl a (ug/l) Secchi (ft)

Northern Lakes and Forests (NLF) - Lake trout (Class 2A) < 12 < 3 > 15.7

Northern Lakes and Forests (NLF) - Stream trout (Class 2A) < 20 < 6 > 8.2

Northern Lakes and Forests (NLF) - Aquatic Rec. Use (Class 2B) < 30 < 9 > 6.6

North Central Hardwood Forest (NCHF) - Stream trout (Class 2A) < 20 < 6 > 8.2

North Central Hardwood Forest (NCHF) - Aquatic Rec. Use 

(Class 2B)
< 40 < 14 > 4.6

North Central Hardwood Forest (NCHF) - Aquatic Rec. Use 

(Class 2B) Shallow Lakes
< 60 < 20 > 3.3

Western Corn Belt Plains (WCBP) & Northern Glaciated Plains 

(NGP) - Aquatic Rec. Use (Class 2B)
< 65 < 22 > 3.0

Western Corn Belt Plains (WCBP) & Northern Glaciated Plains 

(NGP) - Aquatic Rec. Use (Class 2B) Shallow Lakes
< 90 < 30 > 2.3

0

1

2

3

4

1990 1995 2000 2005 2010 2015 2020

S
e
c
c
h
i 
d
e
p
th

 (
ft
)

0

1

2

3

4

5

1990 1995 2000 2005 2010 2015 2020

S
e
c
c
h
i 
d
e
p
th

 (
ft
)

Summer

Spring

Impairment

Impairment

1 



 

 

The remaining variability in Secchi depth water clari-
ty can be attributed to nonmeasured factors such as 
mud, silt, and normal errors in measurements.   

It is important to note that the relationship between 
Secchi depth and chlorophyll is not linear.  Reduc-
tions of chlorophyll when concentrations are on the 

low end of the scale have a bigger impact on Secchi 
depth water clarity than would reductions at higher 
chlorophyll levels.  For example, a change from 75 
to 65 mg/l chlorophyll (10 units) would improve water 
clarity only by 1 inch while a change from 30 to 20 
(10 units) would lead to an improvement of 7 inches.  
This means that initial efforts to reduce algae 
through nutrient reduction procedures may not pro-
duce large improvements in water clarity but that 
with persistent and sustained efforts over time, larg-
er impacts will be more likely.   

In general, for most lakes, the ultimate driver for high 
algae concentrations and associated poor water 
quality are nutrients, primarily phosphorus but some-
times nitrogen.  These are said to be “limiting” fac-
tors or in highest demand relative to supply.   For a 
limiting factor, we should see that as that factor in-
creases so does the algae that depends on it.  His-
torical data support a relationship for Jennie Lake 
between chlorophyll and total phosphorus but not 
necessarily nitrogen (Fig. 3).   As phosphorus goes 
up, algae increase, and water becomes less clear 
(i.e., “turbid”).  While we measured nitrogen during 
2019, the focus on the report will be on phosphorus 

Fig. 2.  Regression model showing the contribution of 

algae to water clarity as measured by Secchi depth for 

42 measurements taken between 1981—2019.  
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Fig. 3.  Relationship between nutrients and algae in Jennie Lake as measured by chlorophyll a.   A total of 19 

measurements had full complements of phosphorus, nitrogen, and chlorophyll a were used  in the analysis came from 

1996, 2007, 2008, and 2019.  
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given the weak relationship between nitrogen and 
algae.   

We used relationships based on data in Jennie Lake 
to first model Secchi depth by chlorophyll and then 
chlorophyll by phosphorus.  These models were  
combined to generate a direct relationship between 
Secchi depth and phosphorus (Fig. 4).  This will al-
low us to estimate potential improvement of water 
quality by reducing  phosphorus inputs to the lake.  

The Lake Jennie Improvement Association contract-
ed with Limnopro Aquatic Science, Inc. in 2019 to 
construct a nutrient budget as a first step in deter-
mining potential actions that can improve water qual-
ity.  If we can determine major sources of phospho-
rus input to the lake and change such conditions so 
that less phosphorus gets into the water column that 
will reduce algae, that can translate to an increase in 
water clarity and higher desirability for recreating in 
the lake.   

There are many management techniques that can 
mitigate phosphorus into the lake, but a first step pri-
or to determining management is to determine what 
sources ought to be targeted.   Additionally, many of 
the methods used to mitigate phosphorus to the lake 
are beyond the ability of most lake associations to 
fund and therefore rely on external funding.  A sound 
nutrient budget is a first step at demonstrating to 
such funders that the lake has done its due diligence 
in coming up with solutions that have the highest 
probability of success possible. 

 

 

 

METHODS 

Study Site 

Lake Jennie is a shallow 1,058 acre lake with a max-
imum depth of 11.5 ft located 5 miles south of Das-
sel, MN within the North Fork Crow River watershed 
(Fig. 5). The lake has a 12,358 acres watershed 
(11:1 watershed to lake ratio) that is dominated by 
cultivated, water, and pasture land uses (Fig. 6). The 
shoreline is 50% developed into residential proper-
ties.   Given its location within the larger watershed, 
the amount of land that directly drains into Jennie 
Lake is relatively small.   Jennie Lake drains into 
Wolf Lake.    

 

Field Sampling 

Data were collected from Jennie Lake on the follow-
ing dates in 2019: 5/24, 6/24, 7/24, 8/22, 9/14, 9/26, 
10/26, and 11/24.  A total of six inflows were identi-
fied as well as a single outflow. At each sampling 
period two separate  grab samples were taken from 
a triple rinsed 250 ml poly bottle for total phosphorus  
analysis.   At the same time, flow measurements 
were made with either a Geopacks Advanced 
Stream Flowmeter (Model ZMFP126-S), or, in the 
case flow was low, by timing distance traveled for a 
standard tennis ball.  Flow measured in the later 
case was adjusted by multiplication by 0.85 given 
flow at the surface is known to be faster than aver-
age discharge.  Flow velocities were converted to 
discharges by measuring cross-sectional areas 
where flow would be measured during the first sam-
pling occasion.  

At five of the sampling occasions (i.e., 5/24, 6/24, 
7/24, 8/22, 9/26, and 10/26) water samples were al-
so collected at MPCA CLMP site for Jennie Lake 
using a 2-m integrated surface sampler and were 
analyzed for total phosphorus, total nitrogen, and 
chlorophyll a.  A temperature/dissolved oxygen pro-
file was also collected at these five sampling occa-
sions as well as a biological sample for zooplankton 
and algae.  Zooplankton were sampled through a 
183 micron plankton net with an 8 inch diameter low-
ered to 2.5 feet below the water surface.  Algae were 
sampled as a grab sample using 150 ml amber poly 
bottle.  Zooplankton were preserved in 50% ethanol 
and algae in 2% Lugol’s solution.  Additionally, sedi-
ment samples were taken to assess nutrient content 
of lake bottom.  
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Fig. 4.  Relationship between total phosphorus and 

Secchi depth (ft) based on Jennie Lake data collected 

in 1996, 2007, 2008, and 2019.  

2019 Mean TP:  93 ug/l  

3 



 

 

Model Development 

I used the data collected to build nutrient model us-
ing a two compartment model, the first consisting of 
“external” sources of nutrients that were directly de-
pendent on hydrology (i.e., movement of water) and 
a second “internal” source of nutrients that was not 
directly depend on hydrology.  Hydrology dependent 
sources of nutrients included nutrients added 
through the six inflows, direct precipitation to the 
lake (i.e., nutrients in rain water), dry deposition to 
the lake (i.e., particles containing nutrients in the air), 
and removal through flow to the outlet of Jennie 
Lake, and nutrients added or subtracted to the lake 
through groundwater movement.  Precipitation falls 
directly on the surface of the lake and drives runoff 
directly from the basin.   Precipitation also drives vol-
ume changes in the lake, which impacts elevation.  
The elevation of the lake, in turn impacts the flows in 
a predictive way via a stage-rating curve.  The deter-
mination of groundwater inflow is the difference be-

tween all measured inflow and outflows.   

Internal sources of nutrients included resuspended 
nutrients from lake sediments, leaching from senes-
cent curlyleaf pondweed, and septic inputs.  The 
model was built on a daily time-step over the aver-
age open water period of 4/15 to 11/15 for a total of 
214 days.   All measures are used in imperial nota-
tion with rates given as feet per day and volumes as 
acre-ft day.   Lake volume measurements were giv-
en as acre-ft.  

Internal sources of nutrients included resuspended 
nutrients from lake sediments, leaching from senes-
cent curlyleaf pondweed, and septic inputs.  The 
model was built on a daily time-step over the aver-
age open water period of 4/15 to 11/15 for a total of 
214 days.   All measures are used in imperial nota-
tion with rates given as feet per day and volumes as 
acre-ft day.   Lake volume measurements were giv-
en as acre-ft.  

Fig. 5.  Location of Jennie Lake within (a) Minnesota, (b) the North Fork Crow River major watershed, and  (c) the 

total watershed area draining to Jennie Lake (i.e., Jennie Lakeshed).    Red arrows in subplot c indicate numbered 

inlets for delineated areas draining to sampled points.   The unnumbered arrow indicates the only outlet from the lake.  
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Fig. 6.  Jennie Lake subbasin characteristics based on NLCD 2016 land use layer.   
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Hydrology Submodel 

I used a standard mass-balance model to estimate 

water budget terms where the volume of water in 

Jennie Lake (V) could be simulated by a series of 

water input and outputs (Fig. 6).  It is standard in hy-

drology models to symbolize discharge using the 

letter “Q”.  By discharge, we mean the volume of wa-

ter flowing into or out of the lake assigned to a spe-

cific source.   

Water inputs included direct precipitation to the lake 
surface (QDP), runoff as overland or interflow  from 

the land surrounding the lake (QRO), stream flow 
coming into Jennie Lake (QSFi) and inflow from 
ground water (QGWi).  Water outputs from the lake 

include water lost as direct evaporation from the lake 
(QDE), stream flow out of the lake leaving through the 
fish gate, and groundwater outflow (QGWo).  We can 

then model the daily change in lake volume (dV/dt) 
as,                                    

where all discharge rates were modeled in acre-ft 

per day and lake volume was estimated in acre-ft. 

 

Lake Volume  

Lake volume could be indirectly measured with lake 

elevation through construction of  hypsographic and 

Fig. 7.  Generalized water budget (from USGS).  
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volumetric curves.  A hysographic curve is an analyt-

ic method used to determine the surface area of the 

lake at each depth interval (Fig. 8).   This information 

can be used to calculate the volume of water be-

tween every change in depth and then add those 

together to get the overall volume.  We set surface 

depth of zero equal to the ordinary high-water level 

reported by the MN DNR at 1061.0 ft.  In order to 

establish a functional relationship between lake level 

and volume, we pulled out depths from 0 – 5 ft 

(=1061.0 - 1056 ft) above sea level) and fit a linear 

function to these data, and we estimated volume as 

a result using the equation,  

 

                                     

Direct Precipitation 

Next, to estimate direct precipitation to the lake 

(QDP), we needed to determine the precipitation rate 

(PREC) and the surface area (A) of the lake on any 

given day.   Direct precipitation to the lake is the 

product of daily precipitation rate and area of the 

lake such that                                                                      

 

Precipitation rates (PREC) were used from records 

at the Dassel, MN weather station.  We were able to 

use the hypsographic curve to generate a function 

that related the surface area (A) of the lake to water 

levels.   Using depths from 0 to 5 ft, we used the 

same procedure to estimate surface area as we did 

to volume with the resulting function as  

 

Runoff 

Generally, only a small portion of precipitation will 

enter a lake as runoff.   The majority of precipitation 

leaves the landscape as evaporation after it is inter-

cepted by plants, pools in depressions, or temporari-

ly saturates soil.  The water that is not returned to 

the atmosphere either moves into the lake through 

runoff or seeps through soils into the groundwater 

pool.    

The proportion of precipitation making it to the lake, 

into groundwater, or returned to the atmosphere is in 

large part dependent on the nature of the soils in the 

watershed through which new rainfall moves.  I use 

a measure called the “infiltration” rate to estimate 

how much water moves into the soil.  Infiltration is 

the maximum rate that rain can soak into the ground, 

and it depends on sediment type.  For example, 

sandy soils have a large particle size and associated 

large pore size.  This allows water to quickly move 

through it.   In sandy soils, rain can soak into the 

ground at rates of up to 1 inch/hour.   Clay soils, on 

the other hand, have small particle sizes and small 

pore size and subsequently it takes longer for rain to 

soak in.   In heavily clayed soils it may take up to 13 

hours for the same inch of rain to soak into the soil.   

During that time, the rain on the surface of the land 

can either be evaporated or runoff into the lake.    

The Meeker County Ground Water Survey (2019) 

gives expected infiltration rates for different soil hy-

drology types in Meeker County (Fig. 9).   In order to 

determine the soil hydrology types in the Star Lake 

lakeshed, we mapped them using GIS layers availa-

ble through the NRCS web soil survey tool.  Once 

we knew the area of the lakeshed for each of the soil 

hydrology group, we estimated the infiltration rate by 

finding the weighted average.  This gave a single 

infiltration rate of 0.215 in/hr for the Jennie Lake 

lakeshed (Table 2).   

Runoff (QRO) was calculated in inches per hour by 

subtracting the weighted infiltration rate (0.215 in/hr) 

from the measured hourly precipitation in inches per 

hour and multiplying that value by 762 acres, which 

is the area directly surrounding the lake that I esti-

mate contributes interflow or sheetflow rather 

119 120,939V Z= − [EQ. 2] 

DPQ PREC A=  [EQ. 3] 

Hydrology 

Group
Acres Percent

Infiltration 

(in/hr)

Weighted  

(in/hr)

A 0.2 0.03% 1.000 0.00

A/D 27.6 3.62% 1.000 0.04

B 188.9 24.78% 0.500 0.12

B/D 2.1 0.28% 0.500 0.00

C 309.7 40.63% 0.075 0.03

C/D 233.8 30.67% 0.075 0.02

Total 762.3 Total 0.215

Table 2.  Soil hydrology group and infiltration rates used to 

estimate runoff as sheet flow in the area directly 

surrounding the lake.   Raw data were obtained from 

NRCS Soil Survey and infiltration rates from Meeker 

County Groundwater Atlas.  

Group A: >90% sand, high infiltration

Group B: 50-90% sand, moderate infiltration 

Group C: < 50% sand, low infiltration and unsaturated

Group D: < 50% sand, low infiltration and saturated

23.8 24,188A Z= − [EQ. 4] 
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than intercepting tributary.   If hourly precipitation 

was lower than the weighted precipitation rate, then 

all rain would soak up into the ground and runoff 

would be equal to zero for that hour.   Using this 

method yielded an estimate of 4.6 inches of runoff 

for the period 4/15-11/15 and 30.17 inches of precip-

itation over the same period.   

The runoff coefficient can be computed as R/P and 

in this case is equal to 15%, which is consistent with 

other Minnesota measurements.   In other words, 

approximately 15% of precipitation that falls over the 

year ends up as runoff to the lake as interflow.  Inter-

flow is water that moves through the shallow subsur-

face to the lake or potentially through tiles.  We as-

sume that the 85% of the precipitation that does not 

get the lake is eventually returned to the atmosphere 

as evapotranspiration.  Subsequently, we do not add 

ET from the watershed as a separate term.  Ground-

water will be treated as the residual term of the 

equation such that any infiltration that percolates to 

the groundwater pool will be captured by that term.  

 

Tributary Flows 

Flow measurements were made at four sites directly 

from culverts.  Stage-discharge rating curves were 

developed to estimate flow during the time where 

direct measurements were not collected by using a 

regression of lake level data against measured dis-

charge.  Initial plot visualizations were inspected, 

and apparent outliers were removed prior to estimat-

ing the standard stage-rating curve using either line-

ar or second order polynomial regression models 

(Fig. 10).   

 

Direct Evaporation 

Direct evaporation (QDE) is water lost from the sur-

face of the lake and can be calculated as the meas-

ured evaporation rate multiplied by the surface area 

of the lake.   Evaporation measurements are notori-

ously difficult, and in fact, there are only two weather 

stations in Minnesota that attempt to do so on a con-

tinual and long-term basis, one in St. Paul and the 

other in Waseca, Minnesota.  Pan evaporation is 

recorded monthly at two sites in Minnesota, includ-

ing one in St. Paul, MN and the other in Waseca, 

MN.  Pan evaporation is known to overestimate 

evaporation from a lake surface, and as such many 

pan coefficients have been developed to convert 

them to evaporation.  Without direct measurements, 

most researchers use a pan coefficient of 0.745 and 

we do so here.  We adjusted from Baker (1979), 

based on the location of Jennie Lake,  the monthly 

evaporation relative to both the St. Paul and Waseca 

readings, which are the only publicly available ongo-

ing records available.  These monthly records were 

converted to a daily value by dividing by 30 and then 

setting that reading to the 15th of each month.  A fifth 

order polynomial function was used to fit a line be-

tween readings to estimate daily evaporation (Fig. 

10).    

Fig. 9. Soil characteristics including Hydrological Soil Group (HSG; see Table 2) left and average depth to water table 

right.   



 

 

Fig.  10. Stage rating curves for each of the six inlets and single outlet to Jennie Lake for flow measurements made in 

2019.  Points indicate measurements and dashed line indicates modeled flow.  
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Nutrient Submodel 

Having estimated waterflow, we used a standard 

mass balance model for estimating nutrient fluxes to 

and from the lake (Fig. 11).  

 

External Loading 

Both total phosphorus and total nitrogen were moni-

tored during 2019.  Water samples were collected 

simultaneously and sent to AW Research, Inc., 

Brainerd, MN, for chemical analysis.   In general, 

nutrient loading was estimated by multiplying the 

modeled discharge at each source by the measured 

nutrient concentrations at the times when samples 

were collected.   For estimation of nutrient concen-

trations between sampling events, I used a linear 

interpolation method to generate daily concentra-

tions from 4/15-11/15/2019.   

Constant concentrations for direct precipitation (14.7 

ug/l) and dry deposition (0.170 kg/ha/year) were 

used from Barr (2007) averages for the Upper Mis-

sissippi Major Watershed.  While no wells are includ-

ed in MN DNR database from Meeker County, there 

are 127 records from Pope and Stearns Counties, 

for which portions exist within the North Crow River 

Watershed.   The total phosphorus for these wells 

was 68 ug/l, which is what we used to account for 

groundwater flux of nutrients in the lake.  

 

Internal Loading 

Sources and sinks for internal nutrient dynamics in-

clude septic tank inputs, curlyleaf pondweed senes-

cence, and within lake storage.  Septic tank inputs 

were taken as reported by Barr (226) at XXX.  We 

did not have adequate data to estimate contribution 

of curlyleaf senescence to lake nutrient pool in 2019 

and subsequently had to lump it in with the broader 

“internal load” category.  Lake storage was calculat-

ed by multiplying the volume of the water by the 

deep open water nutrient concentration samples col-

lected during five events. These five samples collect-

ed at approximately one month intervals were used 

as a basis for linear interpolation to fill in missing 

days.  Once daily values were obtained we derived 

an estimate of the change in storage from one day to  

the next by taking the difference (i.e., Nt+1- Nt where 

Nt is the nutrient load for phosphorus and nitrogen 

respectively at time t and Nt+1 is the nutrient load in 

time t+1)  Once the change of storage was estimat-

ed we could solve for the internal load (i.e., LOAD) 

as the difference sedimentation to and release from 

lake sediments, between the change in storage of 

nutrients within the lake from all other sources of nu-

trient flux such that 

( ) ( )1

 [EQ. 5]

t tLOAD TP TP RUN PREC ATM SEP

INFLOW GW OUT

+= − − + + +

  −

Fig. 11.  Generalized nutrient budget to a lake.  Not shown are sources to the lake from biological recycling, including 

death and decay of plant material, nor groundwater nutrient flow through.  Diagram adapted from lakeaccess.org.  
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RESULTS 

The average volume of the lake during the open wa-

ter season of 2019 was 5,392 acre-ft.  Water levels 

changed by 1.5 feet with higher water levels during 

spring and lows during late July through beginning of 

September and generally followed pattern of the cu-

mulative inflows to the late (Fig. 12). With total in-

flows of 11,200 acre-ft over the period of study, the  

water residence time was estimated at 176 days or 

just shy of six months.   The lake’s primary inflows 

occur through direct precipitation and tributary flows 

at Inlet 1, 2, and 3 carrying runoff from the relatively 

small watershed (Table 3).  The primary outflow is 

seepage through groundwater movement by the 

lake.  The position of the lake high in the watershed  

and depth of water table support its  characteristic as 

a seepage lake.  

An estimated 5,395 pounds of phosphorus and 

86,424 pounds of nitrogen moved into Jennie Lake 

in 2019.  The primary source of phosphorus to the 

lake was internal (25%) followed by Inlet 2 (14%) 

and Inlet 3 (13%) with the remaining balance coming 

from the other sources.  The primary source of nitro-

gen is Inlet 3 (39%) and Inlet 6 (11%).  Internal load-

ing of nitrogen was estimated at 14% (Fig. 13).  

The position of the lake high in the watershed  and 

depth of water table support its  characteristic as a 

seepage lake.  

 

 

Fig. 12.  Modeled hydrology for Jennie Lake 4/15-11/15/2019.  Inflows are combined from Inlets 1-6.  Precipitation data 

come from Dassel, MN.  Black precipitation lines show 7-day moving average.  

Source/loss Percentage of total

Inputs

Inlet 1 1,595      14.2   

Inlet 2 2,432      21.7   

Inlet 3 3,197      28.5   

Inlet 4 60           0.5     

Inlet 5 106         0.9     

Inlet 6 271         2.4     

Precipitation 2,709      24.2   

Runoff 412         3.7     

Groundwater 418         3.7     

Total inputs 11,200    100.0 

Outputs

Outlet 2,014      18.0   

Inlet 3 233         2.1     

Inlet 4 157         1.4     

Evaporation 2,094      18.7   

Seepage 6,598      58.9   

Storage 105         0.9     

Total outputs 11,200    100.0 

Ac ft

Table 3.  Water budget for Lake Jennie in 2019.   
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Source/loss Percentage of total

Inputs

Inlet 1 3,498    4.0        

Inlet 2 7,177    8.3        

Inlet 3 33,493  38.8      

Inlet 4 169       0.2        

Inlet 5 532       0.6        

Inlet 6 9,815    11.4      

Precipitation 5,387    6.2        

Dry deposition 4,973    5.8        

Ground water 2,230    2.6        

Septic 1,954    2.3        

Internal 12,004  13.9      

Storage change 5,192    6.0        

Total inputs 86,424  100.0    

Outputs

Outlet 6,038    7.0        

Inlet 3 859       1.0        

Inlet 4 682       0.8        

Seepage 24,818  28.7      

Internal 54,027  62.5      

Total outputs 86,424  100.0    

Pounds

Inlet 1
4%

Inlet 2
8%

Inlet 3
39%

Inlet 4
0%

Inlet 5
1%

Inlet 6
11%

Precipitation
6%

Dry 
deposition

6%

Ground water
3%

Septic
2%

Internal
14%

Storage change
6%

Source/loss Percentage of total

Inputs

Inlet 1 301       5.6        

Inlet 2 771       14.3      

Inlet 3 716       13.3      

Inlet 4 10         0.2        

Inlet 5 31         0.6        

Inlet 6 105       2.0        

Precipitation 123       2.3        

Dry deposition 163       3.0        

Ground water 177       3.3        

Septic 406       7.5        

Internal 1,352    25.1      

Storage change 1,240    23.0      

Total inputs 5,395    100.0    

Outputs

Outlet 418       7.7        

Inlet 3 84         1.6        

Inlet 4 33         0.6        

Seepage 1,799    33.3      

Sedimentation 3,061    56.7      

Total outputs 5,395    100.0    

Pounds

Inlet 1
6%

Inlet 2
14%

Inlet 3
13%

Inlet 4
0% Inlet 5

1%Inlet 6
2% Precipitation

2%
Dry deposition

3%
Ground water

3%
Septic

8%

Internal
25%

Storage change
23%

Nitrogen Budget Summary 

Jennie Lake 2019 
Phosphorus Budget Summary 

Jennie Lake 2019 

Fig. 13.  Main results summary for 2019 Lake Jennie nutrient budget. 
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DISCUSSION 

There are two ways that phosphorus in the lake can 

be managed.  One is through the use of “Best Man-

agement Practices (BMPs)” in the watershed to con-

trol phosphorus coming into the water from the land-

scape.   BMPs mostly focus on engineered solutions 

to slow water down as it travels over the landscape 

prior to getting into the water into depressional areas 

where nutrients can settle out prior to getting into the 

lake.   The second way to control nutrients is through 

within lake controls, primarily by plant management, 

nutrient interception at the mouth of an inlet, and 

locking up nutrients to sediments of the lake.   Os-

good (2017) indicates by review of past efforts that 

eutrophic lakes require >80% reduction in subbasin 

phosphorus source to lakes must occur by BMP’s to 

potentially create a discernable positive impact in 

water quality.   This is virtually impossible, and ef-

forts at a lesser scale will be expensive and likely not 

impact phosphorus concentrations.  I agree with his 

conclusion that BMP’s are not a good strategy to 

control phosphorus in lakes and also agree that the 

primary way lake water quality can improve si 

through internal load management.  Efforts focusing 

on phosphorus interception strategies (e.g., at the 

mouth of inlets) and removal efforts by chemical pre-

cipitation, which are much less expensive and have 

removal efficiencies of up to 90%.  

Mobilization of phosphorus in shallow lakes is 

thought to follow three different pathways (1) bacteri-

al mineralization of phosphorus from lake sediments, 

(2) iron-phosphorus redox conditions under tempo-

rary anoxia brought on by high BOD, particularly un-

der warm water and calm condition with wind mixing, 

and (3) exchangeable cation activity at high temper-

atures that occurs in the upper water column at high 

rates of photosynthesis.   

Aluminum sulfate is widely used in unstratified shal-

low lakes effectively; however, most applications are 

in small lakes where cost is more manageable.  The 

total cost of an alum treatment for a lake the size of 

Jennie could be between 1 – 3 million dollars (i.e. 

Sample ID mg/g dry

A 1.040

B 1.151

C 1.118

D 0.758

E 0.976

Average 1.01

SD 0.16

Fig. 15.  Lake sediment sample phosphorus 

concentrations for Jennie Lake.  

Fig. 14.  Jennie Lake isopleths for temperature and dissolved oxygen profiles collected during 2019.  
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$2,000—$3,500 per acre), but it is not unusual for 

treated lakes to cut phosphorus in the lake in half 

with results lasting more than 5-10 years.    

A feasibility analysis could be done to determine oth-

er lower cost application methods.  For example, for 

a lower cost option would be to treat not the entire 

lake but only areas where wind is most likely to push 

liberated phosphorus into the water column and re-

stricting alum treatments to those areas.  Another 

idea would be to just focus on shallow areas (e.g., 

those less than 5 feet in depth) given these areas 

are more likely to be impacted by wind disturbance.   

At the same time, there appears to be a pulse of 

phosphorus later in the year in Lake Jennie (Fig. 14).  

If that is current, a dose of alum to the deeper areas 

of the lake may also be important.   For property 

dosing, there would need to be more sediment sam-

ples taken in proposed areas for alum. Sediment 

phosphorus concentrations are not unusual for wa-

tersheds with heavy agriculture (Fig. 15).    

In addition to treating anoxic areas of the lake, I am 

also advocating a feasibility analysis of installing a 

flow controlled alum dosing station at Inlet’s 2 and 3 

or potentially a sand iron filter.  These controls to-

gether have a good chance of improving water quali-

ty as measured by clarity.    

There is a risk in improving water clarity that will lead 

to an increase to macrophyte growth.  Macrophyte 

growth was a primary concern and motivated current 

work on the nutrient budget to the lake.  Lake resi-

dents were concerned about plants washing up on 

shore.   I hypothesize that this may be due to late 

season poor water quality that weakens plants.  If 

water quality improves, perhaps plants stay put and 

tat relieves the problem. Strategic management of 

curlyleaf pondweed will also help improve water 

quality and nuisance plant proliferation.  A thoughtful 

and long-term plant management plan that focuses 

on replacing curlyleaf pondweed with low growing 

native species will be important, particularly as part 

of an overall plan that includes improving water clari-

ty.  Improving water clarity will increase plant habitat 

and lead to greater coverage of plants on the lake.  

This is unavoidable.  A good plant management 

plant will seek to decrease early spring matting 

plants in favor of later and lower growing native 

plants and being vigilant of new invading AIS.  

Finally, while the impaired waters threshold for the 
NCHF Lakes Ecoregion is 3.8 ft for Secchi depth, 
the average annual Secchi depth over all measured 
points has never been below that level for Cedar 
Lake (review Fig. 1a) which leads to the conclusion 
that it would be extremely difficult to make changes 
to bring the lake off of the impaired waters list, at 
least in the short term.   A more realistic target for 
the short term would be to improve the water quality 
so that it stays above the 75th percentile for Secchi 
depth over all periods which is 2.76 feet.  
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Appendix 1.  Plankton phenology in Jennie Lake during 2019. 



 

 

Group Genus Percent

Cyanobacteria (58.7%)

Anabaena* 20.6

Pseudoanabaena 11.9

Aphanocapsa* 8.4

Microcystis* 6.3

Cylindrospermopsis* 4.5

Oscillatoria* 2.8

Coelosphaerium 2.1

Chroococcus 0.7

Homoeothrix 0.7

Pleurocapsa 0.7

Diatoms (20.6%)

Pennate Diatom, UID 17.8

Fragellaria 1.4

Melorosa 1.4

Yellow-Green Algae (11.6%)

Tribonema 11.9

Dinoflaggelates (5.6%)

Ceratium 5.6

Green Algae (2.7%)

Crucigenia 1.7

Pediastrum 1.0

Monads (0.3%)

Cyptomonas 0.3

Appendix 2.  Algae Summary 

*Potentially toxin generating 



 

 


