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Appendix 1. Estimation of Streamflow at Silver Lake Dam
Water leaving Silver Lake through Silver Creek had to
be accounted for in the water budget. To do this, the water
level in the impoundment upstream from the Silver Lake
Dam (fig. 2, table 2 in the main report) was monitored using
a water-level sensor to measure changes in the water level
above the dam. In addition, estimating streamflow required
knowledge of the geometry of the dam, records of how the
dam was operated, and manual measurements of streamflow
downstream from the dam.
Water-level measurements in the Silver Lake Dam
impoundment were collected from September 26, 2012, to
October 1, 2014. The water levels were collected with reference to a gage datum of 579.85 feet (ft) above North American
Vertical Datum of 1988 (NAVD 88). To obtain the elevation
of the water in the impoundment in feet above NAVD 88, the
gage height reported at the sensor is added to the reference
value of 579.85 ft above NAVD 88. The gage height values for
the impoundment are served online at http://waterdata.usgs.
gov/mi/nwis/uv/?site_no=04122211&agency_cd=USGS.
The next component needed to estimate flow was
the geometry of the dam. The dam consists of four gates
(fig. 1–1): two outer gates that are sluice gates and two inner
gates that are overflow gates. The two inner gates may be
manipulated by removing metal control boards that are 0.5 ft
in height. Engineering plans for the dam’s construction were
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provided by Progressive AE (Tony Groves, Progressive AE,
written commun., 2013). The engineering plans provided were
referenced to an older vertical datum of National Geodetic
Vertical Datum of 1929 (NGVD 29). Because the other gages
used in this study were referenced to NAVD 88, the elevations
of the dam were converted to NAVD 88 by applying a correction of −0.328 ft to the NGVD 29 elevations. This correction factor was obtained from the National Geodetic Survey
VERTCON site for orthometric height conversion (National
Geodetic Survey, 2003). In addition, the elevation of the dam
gates and the crest of the dam were surveyed using surveygrade global positioning system (GPS) to better correlate the
elevation of the dam to the gage height elevation of water
measured at the gage (U.S. Geological Survey (USGS) station
number 04122211).
The operation of the dam was obtained through personal
communication with the drain commissioner and a volunteer
who assisted with maintenance of the dam. In the fall, two
boards were removed from one of the inner gates to reduce
water levels in the lake to their legal winter levels (Fusilier
and Fusilier, 2001). In the spring, when high flows are common, there are periods where the sluice gates as well as the
overflow gates are adjusted to help move water faster to Lake
Michigan to prevent high water from damaging property in
and around Silver Lake. Table 1–1 illustrates how the dam was
adjusted during the period of study.
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Figure 1–1. Approximate dam configuration for the Silver Lake Dam at Silver Creek, Oceana County, Michigan.
Figure 22. Approximate dam configuration for the Silver Lake Dam at Silver Creek, Oceana County, Michigan.
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Table 1–1. List of adjustments made to dam configuration during this study.
[—, no time recorded]

Date
(month/day/year)

Approximate time
(24-hour clock)

Adjustment made
2012

9/26/2012

—

All boards in at left and right sills, side gates completely closed.

10/10/2012

—

Two boards in overflow gate closest to left bank were removed.

4/15/2013

12:00

Open both sluice gates, 2-1/2 inches each.

4/17/2013

12:00

Open both sluice gates to 6 inches each.

4/18/2013

12:00

Open both sluice gates to 11 inches each.

2013

4/21–4/23/2013

—

Closed all gates, no time recorded.

5/6/2013

11:45

Put first board in for summer level in left overflow gate.

5/10/2013

15:50

Put in last board left overflow gate for summer lake level.

10/18/2013

15:15

Two boards in overflow gate closest to left bank were removed.
2014

4/14/2014

8:45

Opened left and right sluice gates, about 1 foot each.

4/18/2014

13:00

Drain commissioner closed gates before the weekend.

4/21/2014

15:20

Drain commissioner opened sluice gates 1 foot.

4/22/2014

15:00

Sluice gates lowered 6-inch opening.

4/26/2014

12:58

Sluice gates were completely closed.

4/28/2014

13:50

Put first board in for summer level in left overflow gate.

5/9/2014

17:45

Opened the sluice gates, both sides, about 6–7 inches each.

5/12/2014

11:00

Pulled out one board on the left overflow gate, and raised the left sluice
gate an additional 2 inches.

5/19/2014

16:40

Closed both sluice gates.

5/25/2014

16:35

Put first board in left overflow gate.

6/18/2014

20:00

Pulled out one board on the left overflow gate.

6/22/2014

17:00

Put first board in left overflow gate.

7/14/2014

12:00

Put last board in left overflow gate for summer lake level.
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Figure 1–2. Discharge rating for Silver Creek Dam, Oceana County, Michigan.

Figure 23. Discharge rating for Silver Creek Dam, Oceana County, Michigan.
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To develop a rating, the dam was divided into the nine
sections that can convey water. Those nine sections include
four different gates and any overflow that goes over the five
different crest sections of the dam (fig. 1–1). Each section was
solved by an appropriate weir or sluice gate equation using the
geometry of the dam, and the elevation of the water surface
in the impoundment upstream from the dam. The results of
each section were then summed to get the total estimated
streamflow.
For the sluice gates (gates 1 and 4), the equation below
described by Rouse and Howe (1953) was used to estimate the
flow:
Cc
Q=
bL 2 gh
(8)
1 + Cc b h
where

Q
Cc
b
h

is streamflow,
is the coefficient of contraction,
is the height of gate opening,
is the head (water level) measured above the
opening,
L
is the width of the gate, and
g
is the gravitational constant in square feet per
second
Of those coefficients, L, g and Cc are held constant at 5 ft,
32.17 square feet per second (ft2/s), and 0.61, respectively.
The water level (h) varied through time as did the height of the
opening, b, as noted in table 1–1 and measured by the water
level sensor. During the periods when gates 1 and 4 were not
opened flow was not estimated through those gates.
For the overflow gates (gates 2 and 3), the flow was estimated using a sharp-crested weir equation (Rouse and Howe,
1953) of the form:

2
3
Q = Cd 2 gLh
3
2
where

Q
Cd
g

(9)

is streamflow,
is the discharge coefficient,
is the gravitational constant in square feet per
second,
L
is the width of the gate, and
h
is the head (water level) measured above top
of the weir.
The coefficients Cd, L, and g are held constant at 0.652, 5 ft,
and 32.17 ft2/s, respectively. Only the water level above the
weir, h, varied through time. Any additional flow that may go
over the crest of the dam, if the water level in the impoundment should rise high enough, was estimated using the same
weir equation only using the width from the various five different crest segments (Crests 1-5; fig. 1–1).

Lastly, the streamflow going past the Silver Lake dam
was measured 15 times during this study to assist in calibrating the developed rating. The individual streamflow measurements can be obtained from http://waterdata.usgs.gov/mi/
nwis/measurements/?site_no=04122211&agency_cd=USGS.
Streamflow measurements were only made during periods
where the overflow gate boards were manipulated, so events
where sluice gates were manipulated were not measured.
Initially, the comparison of the rated discharge to the measured
discharge was poor. However the discharge coefficient, Cd,
was adjusted to find the best fit between the rated and measured streamflow (fig. 1–2). The discharge coefficient that
provided the best fit between the rated and measured streamflow was 0.652. The linear best-fit line produced an R-squared
of 0.969, which indicates good correlation between the rated
and measured streamflow estimate.
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Appendix 2. Additional Data Collected
Bioassay Study—Microcystin and Phytoplankton
Laboratory Analysis
Intercellular microcystin concentrations were determined
by liquid chromatography-mass spectrometry (LC-MS) after
an extraction process involving both a freeze-thaw step and
lyophilization to lyse the algal cells (Fastner and others, 1998).
A five-point calibration curve with internal standard addition
was used to determine final concentrations of the two primary
forms of microcystin: microcystin LR and microcystin RR;
these were summed to estimate total microcystin.
Identification and enumeration of phytoplankton samples
were done in a Palmer-Maloney counting chamber (0.1 milliliter [mL]) at 400 × magnification with a Leica DM LB2 compound microscope. A total of 300 algal units (cells, filaments,
or colonies) were counted and identified to the lowest possible
taxonomic level. The biovolume of dominant taxa (that is,
all taxa that composed greater than 5 percent of the biovolume in an individual sample) was estimated by measuring 10
individuals and applying the mathematical formulae for their
appropriate geometric shape (Hillebrand and others, 1999).
The biovolume of less abundant taxa was estimated using data
from Steinman and others (2008). Only organisms with intact
cell contents were included in the biovolume estimation. The
standard operating procedure was modified for phytoplankton analysis (U.S. Environmental Protection Agency, 2010)
to increase the likelihood that species forming large floating colonies (for example, Gloeotrichia) would be detected.
Each concentrated sample was settled for at least 24 hours
before all visible colonies of Gloeotrichia were counted with a
magnifying glass. The sample also was examined for individual Gloeotrichia filaments, but they were not encountered.
Ten colonies were transferred to a Palmer-Maloney counting
cell and measured under the microscope to estimate colony
size, number of filaments, and biovolume. In only 1 instance
(1 sample from initial treatment) were less than 10 colonies
found. The Gloeotrichia biovolume was then included in total
phytoplankton biovolume computations for each treatment.

Data Analysis
One-way analysis of variance (ANOVA) was used to
assess differences in phytoplankton biovolume among the
five treatments in the bioassay study (initial, control, nitrogen,
phosphorus, and nitrogen plus phosphorus) with four replicates each (except initial, n = 3). Test assumptions were verified by examining biovolume data for normal distribution and
equal variance among treatments. Statistically significant (α =
0.05) results were further analyzed with Tukey Honest Significance Difference (HSD) test to identify significant differences
between pairs of treatments (Tukey, 1949).

Nonmetric multidimensional scaling (NMDS) ordination
was used to evaluate patterns in phytoplankton community
structure due to nutrient treatment. NMDS used the BrayCurtis similarity coefficient as a distance measure (Bray and
Curtis, 1957). To evaluate the goodness-of-fit between the
calculated (plotted) and the actual (from the similarity matrix)
distances among the samples, the stress value was estimated.
A stress value less than 20 indicates a good ordination (Clarke,
1993). The NMDS function was specified to run with 20 random starts in search of optimal solution with the lowest stress
value.
To test if treatments resulted in different species compositions, samples were analyzed with analysis of similarity
(ANOSIM; Clarke, 1993). This method tests for significant
differences between two or more groups using the rank order
of the sample dissimilarity matrix. Dissimilarity values were
calculated with the Bray-Curtis similarity coefficient. If two
groups had very different species compositions, the dissimilarities between the groups would be larger than those within
the groups. This was evaluated by the R statistic, which varies
between −1 and 1, with values close to 0 indicating random
grouping. The statistical significance (α = 0.05) of the R statistic was evaluated with 999 permutations. If there was a significant difference in the species composition among treatments,
indicator species analysis (Dufrêne and Legendre, 1997) was
performed to find the species most responsible for the differences. Indicator taxa were those that were more abundant and
had a higher probability of occurrence in one particular treatment (α <0.05). These data analyses were performed in the R
program for statistical computing (R Development Core Team,
2012).
Other differences in algal response to nutrient treatments
were analyzed using ANOVA. Differences in chlorophyll a
concentration, microcystin concentration (RR, LR, total), and
chlorophyll a-normalized microcystin concentration (RR,
LR, total) were analyzed among treatments (control, nitrogen,
phosphorus, nitrogen plus phosphorus). Chlorophyll a concentrations were ln-transformed prior to analysis to meet assumptions of normality and equal variance. Normality was tested
using the Shapiro-Wilk test and multiple pairwise comparisons
were tested using Holm-Sidak Method. Statistical significance
was determined by p-values less than 0.05. Chlorophyll a and
microcystin analyses were performed using SigmaPlot (version 12.5, Systat).

Bioassay Study Results—Microcystin and
Phytoplankton
Microcystin concentrations were not significantly different among nutrient treatments and were similar to the initial
values for all microcystin forms (RR, LR, total). The World
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Health Organization (WHO) has issued guidelines for recreational exposure, including a low probability of acute health
effects when microcystin-LR concentration is <10 μg/L, moderate risk at 10-20 μg/L, high risk at 20-2,000 μg/L, and very
high risk at >2,000 μg/L (WHO, 2003).
In Silver Lake, all microcystin concentrations were well
below the WHO low-risk guidance for recreational exposure
and none exceeded the EPA drinking water advisory for adults.
Microcystin-LR concentrations were >0.3 μg/L in early June
and from mid-August through early October, though it is
highly unlikely that any person could ingest a sufficient volume of lake water to cause adverse health effects from microcystin at such low concentrations (Steinman and others, 2015).
There is no indication that increased nitrogen or phosphorus
inputs will trigger greater toxin production, at least during the
summer when these studies were conducted.
Mean total phytoplankton biovolume was 35.57 × 106
cubic micrograms per milliliter (µm3/mL) per sample. On
average, diatoms accounted for the greatest biovolume
(32.50 × 106 µm3/mL), followed by cyanobacteria
(2.43 × 106 µm3/mL), and chlorophytes (0.34 × 106 µm3/mL).
Diatoms were the most dominant group in all treatments; they
reached their highest numbers in the nitrogen plus phosphorus
treatment (56.34 × 106 µm3/mL) and lowest numbers in the
initial samples (17.00 × 106 µm3/mL). Cyanobacteria were the
second most dominant group in the control treatment
(6.89 × 106 µm3/mL) and the second least dominant in the
initial samples (0.21 × 106 µm3/mL). Similar to diatoms, chlorophytes were most abundant in the nitrogen plus phosphorus
treatment (0.65 × 106 µm3/mL) but least abundant in the phosphorus treatment (0.19 × 106 µm3/mL).

A total of 41 phytoplankton species was observed, which
resulted in a sample richness of 15 species (range 10–19).
The most diverse group were the chlorophytes (14 species),
followed by diatoms and cyanobacteria (11 species each),
dinoflagellates (2), chrysophytes (2), and 1 cryptophyte. On
average, the control and phosphorus treatments had the least
species richness (13 and 14, respectively), initial samples had
15 taxa, while nitrogen and nitrogen plus phosphorus had
16 taxa each. The control treatment had the highest Shannon
and Simpson diversity indexes (4.0 and 3.2, respectively),
while the nitrogen plus phosphorus treatment had the lowest
diversity (2.5 and 1.9). Of the 10 most dominant taxa, 5 were
diatoms, 4 were cyanobacteria, and 1 was a chlorophyte
(table 3-1). Five phytoplankton species were found in all samples; they included two cyanobacteria (Anathece minutissima
[W. West] Komárek, Kastovsky & Jezberová and Gloeotrichia
echinulata Richter) and three diatoms (Aulacoseira granulata
[Ehrenberg] Simonsen, Aulacoseira islandica [O.Müller]
Simonsen, and Fragilaria crotonensis Kitton). The three species with the highest mean biovolume were all chain-forming
diatoms such as Aulacoseira granulata (Ehrenberg) Simonsen,
Aulacoseira islandica (O.Müller) Simonsen, and Aulacoseira
granulata var. angustissima (O.Müller) Simonsen (table 2–1).
Although Gloeotrichia was observed in all samples, its overall
biovolume was modest compared to the dominant phytoplankton in Silver Lake.
Similar to the chlorophyll a results (fig. 10 in the main
report), the nitrogen plus phosphorus treatment resulted in the
greatest algal biovolume (fig. 2–1), although this difference
was statistically different from only the initials (F-value 3.66,
p-value <0.05); high variance precluded significant differences

Table 2–1. Ten most abundant phytoplankton species based on frequency of occurrence.
[µm3/mL, cubic micrometers per milliliter]

Species
Aulacoseira granulata (Ehrenberg)
Simonsen

Division
Bacillariophyta

Biovolume
(µm3/mL)
Mean

Standard
deviation
(µm3/mL)

100

2,558,455

13,682,458 48,203,070

19,529,633

13,890,654

Taxon
frequency
(percent) Minimum

Median

Maximum

Aulacoseira islandica (O.Müller) Simonsen

Bacillariophyta

100

3,209,901

9,672,541

28,240,490

10,566,959

5,933,022

Fragilaria crotonensis Kitton

Bacillariophyta

100

10,570

298,069

865,670

382,200

244,195

Gloeotrichia echinulata Richter

Cyanobacteria

100

1,585

38,957

104,528

42,520

29,189

Anathece minutissima (W. West) Komárek
Kastovsky & Jezberová

Cyanobacteria

100

1,448

35,938

96,240

39,145

27,037

Aulacoseira granulata var. angustissima
(O.Müller) Simonsen

Bacillariophyta

89

198,147

986,254

2,511,333

979,394

650,360

Oocystis borgei Snow

Chlorophyta

84

54,783

143,691

544,462

182,182

116,694

Chroococcus dispersus (V. Keiss) Lemm.

Cyanobacteria

84

9,131

40,104

114,212

53,622

39,283

Pseudanabaena mucicola (Naumann &
Huber-Pestalozzi) Schwabe

Cyanobacteria

84

129

743

1,628

802

488

Fragilaria capucina Desmazieres

Bacillariophyta

68

2,715

12,446

72,938

25,873

24,424

68  Water Quality and Hydrology of Silver Lake, Oceana County, Michigan, with Emphasis on Lake Response to Nutrient Loading, 2012–14

Analysis of variance
p<0.05

Biovolume, 10^6 micrometers per millimeter

60

40

20

a

ab

I

C

ab

ab

bc

N

P

NP

0

Treatment
EXPLANATION
I

Initial

P

C

Control

NP

N

Nitrogen

Phosphorus
Nitrogen and phosphorus
(with four replicates
each [except I, n=3])

Different letters in the barplots (e.g., a versus bc) denote significant
differences (p<0.05) based on Tukey’s Honest Significant
Difference (HSD) test. Data bars with labels containing the same
letter (e.g., ab versus bc) are not significant from each other
(p>0.025).

Figure 2–1. Barplots (mean plus 1 standard error) of phytoplankton biovolume in Silver Lake, Oceana County, Michigan,
for five nutrient treatments.

between the nitrogen plus phosphorus versus the other treatments. Similarly, there were no significant differences among
treatments in terms of Gloeotrichia biovolume, colony size
and density, number of filaments per colony, filaments density,
and biovolume. The same trend was observed for the dominant
species. However, some of them exhibited differences among
treatments and they included Aulacoseira granulata (significantly higher biovolume in the nitrogen plus phosphorus

treatment), Chroococcus dispersus (significantly different
biovolume between the control and phosphorus treatment),
and Fragilaria capucina (significantly higher biovolume in
nitrogen plus phosphorus treatment). Microcystis aeruginosa
also exhibited differences among treatments (significantly different biovolume between control and nitrogen plus phosphorus treatment).
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E. coli Monitoring
Laboratory Analysis
Water samples collected from the tributaries, lake, and
groundwater sampling locations were tested for Escherichia
coli (E. coli) concentrations using the IDEXX 24-hour Colilert
most probable number (MPN) method (IDEXX, 2013). E. coli
samples were collected and stored away from sunlight and
on ice for transport to the Michigan Bacteriological Research
Laboratory at the U.S. Geological Survey (USGS), Michigan
Water Science Center, Lansing, Michigan, where the samples
were then analyzed. Samples were stored on ice for no longer
than 60 hours prior to analysis.

Results
E. coli concentrations (MPN/100 milliliters [mL]) analyzed at each of the lake sites ranged from less than 1 (nondetect) to 7 MPN/100 mL. The State of Michigan recreational
criteria for E. coli is a daily geometric mean below 300 E.
coli/100 mL for recreational activities such as swimming and
snorkeling (total-body contact). The E. coli concentrations on
Silver Lake measured as part of this study were far below the
State’s recreational criteria guidelines; however, it should be
noted that the holding time of 60 hours exceeded the regulatory holding time set by the State for E. coli (6 hours).
E. coli concentrations at Hunter Creek ranged from
24 to 1,000 MPN/100 mL with a mean concentration of
250 MPN/100 mL. E. coli concentrations at Hunter Creek
exceeded the daily standard of 300 E. coli/100 mL on three
occasions, two of which were during storm events. E. coli
concentrations at the tributary at State Park ranged from 6
to 1,400 MPN/100 mL, with an average concentration of
240 MPN/100 mL; the highest concentrations were recorded
during storm events. For the tributary at North Shore Drive,
E. coli concentrations ranged from 8 to 1,600 MPN/100 mL,
with a mean of 352 MPN/100 mL, which is in exceedance of
the State E. coli criterion of 300 E. coli/100 mL.
E. coli concentrations were measured quarterly at the
groundwater wells, and E. coli was not detected in any of the
samples collected (indicated by less than 1 MPN/100 mL).
The E. coli concentrations from the drain tiles at the north end
of Silver Lake were consistently low, and averaged approximately 6 MPN/100 mL.

Suspended-Sediment Concentrations
Suspended-sediment concentrations (SSC) collected at
Hunter Creek were typically low and ranged from 4 to 13 milligrams per liter (mg/L), and averaged 8 mg/L during the study
period. SSC typically increased during storm events in Hunter
Creek. SSC concentrations at the tributary at State Park and
the tributary at North Shore Drive ranged from 5 to 155 mg/L
and 8 to 33 mg/L, respectively.
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Appendix 3. Quantification of Groundwater Flow to Silver Lake
The groundwater flow to Silver Lake was characterized
on the basis of water levels measured at the four shallow wells
around the lake, discrete seepage meters, and discrete groundwater temperature data. Water levels were monitored continuously in the wells on the east and west side of Silver Lake and
discretely on the north and south side of Silver Lake (fig. 3–1).
These water levels were used in conjunction with the lake
stage estimated near Hunter Creek (0412220999) to estimate
groundwater flux using the Dupuit equation (Rosenberry and
LaBaugh, 2008). The Dupuit equation for an unconfined aquifer is defined as
Q = Km

where

K
m
L
h1
h2

(h12 − h22 )
2L

(10)

is horizontal hydraulic conductivity in meters
per day,
is length of shoreline in meters,
is distance from piezometer to lake shore in
meters,
is saturated aquifer thickness at the
piezometer, and
is aquifer thickness at the edge of the surfacewater body.

The hydraulic conductivity for the unconfined aquifer
adjacent to and below Silver Lake was estimated at 7 feet per
day (ft/d) based on information from the Michigan Groundwater Mapping Project (2006) map viewer. The length of
shoreline was split up into four quadrants around the lake as
shown in figure 3–2 such that each quadrant corresponded to
a piezometer. The length of shoreline by cardinal direction
was 3,809, 5,485, 5,187, and 7,949 feet (ft) for the north, east,
south, and west shorelines, respectively. The distance from
the piezometer to the lakeshore varied as the water level in
the lake varied, but, on average, the distance was 12, 38.4,
8, and 24 ft, for the north, east, south, and west quadrants,
respectively.
The effective thickness of the aquifer was estimated
assuming that the base of the aquifer contributing water was
approximately the maximum depth of the lake which was 22 ft
(Groves and others, 2013). Assuming a mean lake surface
elevation of 586 ft, puts the base of the aquifer elevation
at approximately 564 ft. The aquifer thickness, h1, for each
piezometer was estimated by subtracting 564 ft from the water
level elevation measured in the piezometer. The aquifer thickness at the edge of the surface water body, h2 was estimated
by subtracting 564 ft from the elevation for the lake stage
estimated from the Hunter Creek streamgage. In order to get
a daily estimate of flux for the piezometers with only discrete
water-level elevation measurements, a correction factor was
applied to the west piezometer water-level record to get the

continuous water-level record to correspond to the discrete
measurements at those wells. The factor applied was 0.2 ft
for the north piezometer and 0.22 ft for the south piezometer.
Solving the Dupuit equation for using the piezometer waterlevel data from October 1, 2013, to September 30, 2014,
yields a total flux of 2.16 × 107 cubic feet (ft3). Comparison
of the Dupuit groundwater-flux estimate to the groundwaterflux estimate from the water-balance compilation (Sources
of Water–Water Budget section), derived as the difference
between the inflows and outflows (2.27 × 108 ft3), indicated
that some assumptions in the Dupuit estimate were likely
wrong. Possibilities for error include, but are not limited to,
using incorrect hydraulic conductivity estimates for the aquifer, inaccurate representation of the effective aquifer thickness,
incomplete data for water year 2013 limiting the period for
estimates to 2014, and an inability to represent water-level
variability around the lake with the four water-level monitoring points available. A water year is the 12-month period
October 1 through September 30 designated by the calendar
year in which it ends.
As a result of the complexities with using the Dupuit
estimate, a different approach to estimating the groundwater
discharge to the lake was attempted. Discrete seepage meters
(Rosenberry and LaBaugh, 2008) were deployed at 18 locations around Silver Lake (fig. 3–2). The seepage meter consists of a 2.69 square feet (ft2) cutoff barrel that is attached to a
bag containing a known volume of water sheltered in a plastic
enclosure. The plastic enclosure helps protect the bag from
effects of waves or flowing water from affecting the volume
of water entering or leaving the bag. The procedure used for
operating the seepage meters is outlined in Rosenberry and
LaBaugh (2008). For this investigation, three individual seepage measurements were collected at each site and the mean
value of those measurements was used as the seepage rate estimate for that site. Results of the seepage survey indicate that
the seepage rates vary from 4.86 × 10-8 feet per second (ft/s) to
1.52 × 10-5 ft/s with a mean value of 3.00 × 10-6 ft/s; note that
seepage measured from the seepage meters was seepage from
the groundwater to the lake.
In addition to seepage meters, discrete temperature sensor
arrays were deployed to estimate groundwater flux at several
locations around Silver Lake. This was done to both confirm
the seepage meter derived groundwater discharge estimate
and identify any temporal variability in groundwater flow to
the lake. The temperature array used for this investigation
consisted of a wooden stake with four temperature sensors
inserted in the stake at 3.9-inch (in.) intervals. The temperature sensors used in this study were iButton thermal data
loggers (Maxim Integrated DS1922L), which were operated
at a thermal precision of 0.0625 degrees Celsius (°C). The
stake was then driven into the lakebed sediment such that a
temperature sensor was located just below the sediment water
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Figure 3–1. Continuous and discrete water-level elevations for the shallow wells around Silver Lake, Oceana County,
Michigan, April 2013–December 2014.
Figure 24 Continuous and discrete water-level elevations for the shallow piezometers around Silver Lake,
Oceana
County,
April 2013–December
interface defined as
0 inches
(in.),Michigan,
3.9 in. below
the lakebed, 2014. Analysis of the temperature data was performed using

7.9 in. below the lakebed, and 11.8 in. below the lakebed.
The temperature was then recorded every 20 minutes at each
sensor while the array was deployed. The wooden stakes were
then recovered and the data downloaded from each sensor for
analysis. The temperature sensors were deployed at five locations around Silver Lake from July 23 to September 18, 2014.
However, only two sensor arrays on the north and east sides of
the lake were recovered. It is suspected that wave action and
(or) anthropogenic activity removed the others. Two sensor
arrays were deployed again in October 2014 at locations on
the west side of the lake and the south side of the lake. Only
the south sensor array was recovered in November, and again
the west sensor array was not recovered due to suspected wave
or anthropogenic activity.

1DTempPro (Voytek and others, 2013), which is a graphical
user interface for VS2DH (Healy and Ronan, 1996). 1DTempPro formats the user-supplied groundwater temperature data
for VS2DH to solve a one-dimensional finite-difference
solution to the groundwater-flow and heat transport equation. The program then sets up a grid of 3 columns with 103
rows, each 39.4 in. wide and 0.114 in. deep. The first and third
columns establish no-flow boundaries and the central column
represents a vertical section between 0 and 11.8 in. deep in
the lakebed. Sensitivity of the groundwater flux estimates
to the cells size was not determined for this study. Specified
temperature boundaries were applied to the top and bottom
cells of the model which correspond to the data collected at the
top (0 in.) and bottom (11.8 in.) sensor of the temperature array.
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These temperature boundaries were time-varying as they represent the temperature over the duration of time that the array
was deployed. There were no external stresses (for example,
pumping) applied to the model. To analyze the groundwater
flow to Silver Lake, temperature data from each sensor array
was downloaded and merged into one input file for 1DTempPro. The data were then loaded into 1DTempPro and simulated
using the following parameters for each site; porosity of 0.33,
thermal conductivity of 2.3 mW°C (where W is watts, m is meters
and C is Celsius), dispersivity of 0.328 ft, and sediment heat
capacity of 2.50 × 106 m3J°C (where J is Joules, m is meters and
C is Celsius). These parameters are within the range of values
for coarse-grained sediment like the dune sands found at Silver
Lake (Lapham, 1989). The model was calibrated by adjusting
the estimated groundwater discharge until the simulated temperature signal matched the observed temperature signal. Figure
2–3 indicates an accurate fit with high coefficient of determination (R2) ranging from 0.971 to 0.998, and low root mean square
error (RMSE) of estimated temperature ranging from 0.041 to
0.231°C. Note that only the 3.9 and 7.9 in. depth temperature
signals were calibrated to, as the 0 and 11.8 in. depth temperature signals serve as boundary conditions in the model. These
boundary conditions are forced to match the observed temperature and are not appropriate to include in the simulated to
observed value comparison.
Limitations of using 1DTempPro for estimating groundwater fluxes to Silver Lake include but are not limited to: assuming that all flow to and from the lakebed is entirely vertical or
1-dimensional, and that all hydraulic and thermal properties of
the lakebed are homogenous and isotropic. If the flow over the
length of lakebed studied was more 2-dimensional, the 1-dimensional approximation might not accurately represent the flux.
Similarly, heterogeneity in the physical and thermal characteristics of the lake bed sediment may cause some uncertainty in the
flux estimate. However, for the very short flow distance that was
examined (11.8 in.), these assumptions appear to be valid given
the low error between simulated and observed temperatures.
The estimated groundwater discharge for the north array
was very low, 1.8 × 10-6 ft/s and indicated that the lake was
discharging water into the aquifer. The estimated groundwater
discharge for the east array was also quite low, 1.46 ×10-6 ft/s,
but indicated groundwater was discharging to Silver Lake.
These low estimates can be classified as circum-neutral, less
than 3.28 × 10-6 ft/s (Lautz, 2012), or essentially that they are
so low that they cannot effectively be differentiated from a noflow condition using the temperature profiling approach. The
estimate of groundwater discharge for the south array indicates
discharge from the aquifer to the lake at a rate of 3.17 ×10-5 ft/s,
which is slightly higher than that measured by the discrete
seepage meter near that location (8.23 × 10-6 ft/s). Although
the values are slightly different, they agree in general magnitude. Additionally, the rate of discharge for the period that was
measured (October 29 to November 17, 2014) remained fairly
constant which indicates that groundwater discharge to the lake
did not vary greatly over short time scales.

On the basis of the seepage meter estimates and temperature sensor data, a new approach was taken to allocating
groundwater discharge to Silver Lake. Rather than independently estimate the total groundwater discharge to Silver Lake,
the residual between the inflows and outflows of the water
balance were used to estimate the total groundwater discharge
to the lake. This total value was then proportionally divided
amongst the four quadrants (fig. 3–2) using a proportion factor
developed from the seepage meter estimates. This factor was
defined as the mean seepage by each quadrant, multiplied by the
length of shoreline in the quadrant and then divided by the sum
of that product for all quadrants. The result was a proportion
of flow by quadrant, which for Silver Lake was 2.7, 10.9, 25.0,
and 61.4 percent for the north, east, south, and west quadrants,
respectively. Those proportion factors were applied to the total
volume of groundwater flow estimated from the water balance
analysis to develop the flow estimates used in the BATHTUB
model for estimating the nutrient load from groundwater
sources.
The flow estimates derived from the procedure outlined
above were then compared to the discrete seepage measurements to ensure that the average value was a reasonable magnitude. This was done by dividing the volume of groundwater
flow for each quadrant by the number of seconds in the study
period (63,072,000), the length of shoreline for the respective
quadrants, and a characteristic leakage length. The characteristic leakage length, termed lambda, is defined as = Tc, where
T is the aquifer transmissivity and c is the resistance between
the groundwater and surface water feature (Hunt and others,
2003). It has been observed that approximately 95 percent of the
leakage into a lake occurs within three times this characteristic
leakage length lambda (Hunt and others, 2003). To estimate the
characteristic leakage length λ, the transmissivity (T ), defined
as the aquifer thickness multiplied by the hydraulic conductivity of the aquifer and the resistance (c), defined as thickness of
the lakebed layer divided by the vertical k of the layer had to be
estimated. The T estimate was based on an assumed thickness of
22 ft based on the lake depth as well as hydraulic conductivity
of 7 ft/d, which yields 154 square feet per day (ft2/d). The c estimate was based on an assumed lakebed thickness of 1.5 ft and
a vertical hydraulic conductivity of 0.7 ft/d, which yields 2.14
days. The square root of the product of T and c yields a λ of
18.2 ft. Taking the volumetric flow of water by quadrant for the
2-year study and dividing by the number of seconds in the study,
the length of shoreline, and three times the characteristic length
(λ) yields an average flux rate of 9.25 × 10-7 ft/s, 2.64 × 10-6 ft/s,
6.38 × 10-6 ft/s, and 1.02 × 10-5 ft/s for the north, east, south and
west quadrants, respectively. This compares well to the average rate of seepage by quadrant determined from the seepage
meter survey 5.58 × 10-7 ft/s, 1.60 × 10-6 ft/s, 3.85 × 10-6 ft/s,
6.20 × 10-6 ft/s for the north, east, south, and west quadrants,
respectively. The agreement in these numbers further supports
the estimates of groundwater flow to Silver Lake derived from
the procedure outlined in this appendix (fig. 3–3).
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