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Study Methods and Sampling Sites

were collected from November 2012 to December 2014. The
following sections detail the site selection criteria and methods
used in this study.

USGS and AWRI scientists collected data from November 2012 to December 2014 to inform future management
decisions for Silver Lake. Volunteers also aided in the data
collection effort for collection of atmospheric nutrient deposition data. Site information and water-quality data collected
from previous studies aided in the overall study design for this
project; however, the data used in the analyses for this study

Silver Lake Study Overview
This report includes several sections describing the study
design and results. Figure 3 summarizes the numerous components
of the project and some of the key questions related to the study.
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Figure 3. Overview of study in Silver Lake Oceana County, Michigan.
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Site Selection
Silver Lake was divided into five sections (north, middle,
east, southeast, and south) and monitoring locations were
established in each section. The middle section includes the
historic deep basin location sampled in previous studies (L2;
fig. 2). After the first year of lake monitoring (2013), the lake
water-quality data were evaluated to determine if there was
spatial variation between lake measurement locations. Using
the Wilcoxon signed-rank test (Helsel and Hirsch, 2002),
results indicated that there was no significant difference
(p-value >0.05) in the water-quality data collected from the
five lake sampling locations for that year. As a result, the three
lake sites that showed the most variation were kept in the sampling design (north (L1), middle (L2), and south (L5) sites),
which were sampled through 2014 (fig. 2). Sampling location
information is presented in table 2.
All major inflows and outflow were monitored as part of
this study. These included Hunter Creek (T1), the unnamed
tributary to Silver Lake at North Shore Drive (tributary at
North Shore Drive) (T2), the unnamed tributary to Silver
Lake at the North End State Park (tributary at the State Park)
(T3), and Silver Creek (outlet) (T4) (fig. 2, table 2). Some of
the smaller ephemeral tributaries and drains were not directly
measured as part of this study due to the minimal flow contributions to the lake. A continuous streamgage was installed
at Hunter Creek (A) to measure streamflow into the lake, and
(B) to continuously monitor the stream stage at Silver Creek
dam to use in the estimation of streamflow leaving the lake
(fig. 2, table 2).
Groundwater-monitoring locations were determined
based on reconnaissance synoptic groundwater sampling that
was conducted in October 2012 using a temporary drive-point
piezometer (DPP) at 17 locations in the nearshore/beach environment around the perimeter of the lake (see Groundwater
Monitoring and Flow section of this report). As a result of the
groundwater reconnaissance, four locations [north (W1), south
(W4), east (W2), and west (W3)] were identified for installation of monitoring wells for longer term groundwater-level

measurements and groundwater sampling (fig. 2, table 2). The
piezometer installation locations also were chosen to represent
expected variable inputs from septic systems around the lake.
Direct groundwater discharge to the lake was measured using
seepage meters (Rosenberry and LaBaugh, 2008) that were
temporarily installed at 18 locations around the perimeter of the
lake. Lastly, an array of discrete temperature sensors (Briggs
and others, 2013) was deployed at five locations around the
lake to estimate groundwater discharge rates to the lake.
Sediment cores were collected for internal nutrient loading analysis from the middle (L2) and south (L5) lake sites
(fig. 2) on four separate dates in 2013 and 2014. Diel dissolved oxygen measurements were made at the near-surface
and near-bottom of the lake at the middle and south lake sites
on four separate dates in 2013. Water for an algal bioassay
was collected at the middle lake monitoring site (L2) and then
transported to the shore near the north groundwater monitoring
well (W1) (fig. 2) to determine if nitrogen or phosphorus were
limiting phytoplankton growth in Silver Lake.
The atmospheric deposition monitoring station was
installed in December 2013 near the south end of Silver Lake
(D1) (fig. 2). The location for the deposition station was
carefully selected based on the proximity to Silver Lake, the
absence of overhead and nearby vegetation, and easy accessibility for the volunteer conducting the sampling.

Water-Quality Data; Collection
A detailed summary of the water-quality data collection
effort is presented in table 2. Data collected by the USGS as
part of this study are publicly available and can be accessed
via the USGS National Water Information System (NWIS)
database (waterdata.usgs.gov/nwis) through use of the station number (table 2) to identify the sampling locations. All
samples were collected according to the methods described
in the USGS National Field Manual (U.S. Geological Survey,
2006) unless otherwise described. The constituents measured
by USGS and AWRI in this study are presented in table 3.

T2

T3

T4

T5

T6

B

L1

L1

L1

041222099902

041222099901

04122210

04122209972

04122209986

04122211

434025086300305

434025086300303

434025086300302

SILVER LAKE NEAR MEARS, MI
(NORTH, 3 FT AB LK BOT)

SILVER LAKE NR MEARS, MI
(NORTH, PHOTIC ZONE)

SILVER LAKE NEAR MEARS, MI
(NORTH, 3 FT BL LK SRF)

SILVER CREEK AT SILVER LAKE
DAM NEAR MEARS, MI*

UPPER SILVER LK OUTLET AT
W TAYLOR RD NR MEARS, MI

HUNTER CR US OF UPPER
SILVER LK OUTLET NR
MEARS, MI

SILVER CREEK AT SILVER LAKE
OUTLET NEAR MEARS, MI*

TRIB TO SILVER LAKE AT
NORTH END ST PK NR
MEARS, MI

TRIB TO SILVER LAKE AT
NORTH SHORE DR NR
MEARS, MI

HUNTER CREEK AT NORTH
SHORE DRIVE NEAR MEARS,
MI*

Site identification

1

Sites discontinued after 1 year of data collection (USGS only).

T1, A

0412220999

USGS
station number

Map
label
(see
fig. 2)

43°40’25”

43°40’25”

43°40’25”

43°39’25”

43°40’26”

43°40’25”

43°39’34”

43°39’51”

43°39’58”

43°40’14”

Latitude
(degrees,
minutes,
seconds)

86°30’04”

86°30’04”

86°30’04”

86°31’43”

86°28’57”

86°28’56”

86°31’05”

86°29’38”

86°29’30”

86°29’26”

Longitude
(degrees,
minutes,
seconds)

NAD
83

NAD
83

NAD
83

NAD
27

NAD
83

NAD
83

NAD
27

NAD
83

NAD
83

NAD
27

Datum

Lake

Lake

Lake

Tributary,
stage gage

Tributary

Tributary

Tributary

Tributary

Tributary

Tributary,
streamgage

Location

8

8

8

na

3

3

12

11

6

12

Total
number
of
samples
collected

2

2

2

na

1

1

3

1

0

5

Total
number
of QC
samples
collected

Quarterly

Quarterly

Quarterly

na

3 sampling
events

3 sampling
events

Quarterly,
2–3
storm
events
annually

Quarterly,
2–3
storm
events
annually

Quarterly,
2–3
storm
events
annually

Quarterly,
2–3
storm
events
annually

Frequency
of sample
collection

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

Partner
(USGS/
AWRI)

[AWRI, Annis Water Resources Institute; MI, Michigan; na, not applicable; QC, quality control; USGS, U.S. Geological Survey; *, streamgage or stage recorder; N/A, no samples collected; NAD27, North
American Vertical Datum of 1927; NAD83, North American Datum of 1983]
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L2

L2

L2

L3

L3

L3

L4

L4

L4

L5

L5

L5

W1

W2

W3

USGS
station number

434006086301105

434006086301103

434006086301102

434012086294105

434012086294103

434012086294102

433952086300805

433952086300803

433952086300802

433946086304805

433946086304803

433946086304802

434041086295802

434014086292702

434020086302801

OCEANA 15 18 SL WEST

OCEANA 15 18 SL EAST

OCEANA 15 18 SL NORTH

SILVER LAKE NEAR MEARS, MI
(SOUTH, 3 FT AB LK BOT)

SILVER LAKE NEAR MEARS, MI
(SOUTH, PHOTIC ZONE)

SILVER LAKE NEAR MEARS, MI
(SOUTH, 3 FT BL LK SRF)

SILVER LAKE NR MEARS, MI
(SOUTHEAST, 3FT AB LK BT)1

SILVER LAKE NR MEARS, MI
(SOUTHEAST, PHOTIC ZONE)1

SILVER LAKE NR MEARS, MI
(SOUTHEAST, 3FT BL LK SF)1

SILVER LAKE NEAR MEARS, MI
(EAST, 3 FT AB LK BOT)1

SILVER LAKE NEAR MEARS, MI
(EAST, PHOTIC ZONE)1

SILVER LAKE NEAR MEARS, MI
(EAST, 3 FT BL LK SRF)1

SILVER LAKE NR MEARS, MI
(MIDDLE, 3 FT AB LK BOT)

SILVER LAKE NEAR MEARS, MI
(MIDDLE, PHOTIC ZONE)

SILVER LAKE NR MEARS, MI
(MIDDLE, 3 FT BL LK SRF)

Site identification

1

Sites discontinued after 1 year of data collection (USGS only).

Map
label
(see
fig. 2)

43°40’20”

43°40’14”

43°40’41”

43°39’46”

43°39’46”

43°39’46”

43°39’52”

43°39’52”

43°39’52”

43°40’12”

43°40’12”

43°40’12”

43°40’06”

43°40’06”

43°40’06”

Latitude
(degrees,
minutes,
seconds)

86°30’28”

86°29’27”

86°29’58”

86°30’48”

86°30’48”

86°30’48”

86°30’08”

86°30’08”

86°30’08”

86°29’41”

86°29’41”

86°29’41”

86°30’11”

86°30’11”

86°30’11”

Longitude
(degrees,
minutes,
seconds)

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

NAD
83

Datum

Well

Well

Well

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Lake

Location

8

8

8

8

8

8

5

5

5

5

5

5

8

8

8

Total
number
of
samples
collected

3

3

2

2

3

3

1

1

1

1

1

1

2

3

3

Total
number
of QC
samples
collected

Quarterly

USGS

USGS

AWRI

2013
Quarterly

USGS

AWRI

2013, 2014
Quarterly

USGS

AWRI

2013, 2014
Quarterly

USGS

Quarterly

USGS
AWRI

2013, 2014

USGS

USGS

USGS

USGS

USGS

Quarterly

Quarterly

Quarterly

Quarterly

Quarterly

Quarterly

USGS

2013, 2014
Quarterly

USGS
AWRI

Quarterly

USGS
AWRI

2013, 2014

USGS

Partner
(USGS/
AWRI)

Quarterly

Quarterly

Frequency
of sample
collection

[AWRI, Annis Water Resources Institute; MI, Michigan; na, not applicable; QC, quality control; USGS, U.S. Geological Survey; *, streamgage or stage recorder; N/A, no samples collected; NAD27, North
American Vertical Datum of 1927; NAD83, North American Datum of 1983]
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W4

D1

USGS
station number

433936086304302

433936086305201

ATMOSPHERIC DEPOSITION
STATION NEAR MEARS, MI

OCEANA 15 18 SL SOUTH

Site identification

43°39’36”

43°39’36”

Latitude
(degrees,
minutes,
seconds)

86°30’52”

86°30’43”

Longitude
(degrees,
minutes,
seconds)

NAD
83

NAD
83

Datum

Atmospheric
deposition
station

Well

Location

X
X
X

Atmospheric
deposition station

Lake sediment

X

Groundwater

X

X

Nutrients

Lake

Water
transparency
(Secchi depth)

Tributaries

Location

[SSC, suspended sediment concentration]

X

X

Chlorophyll a

X

X

X

Bacteriological
data

X

X

X

X

Physical
water-quality
data

X

SSC

X

Sediment
cores

Sediment

X

Total
dissolved
solids

Table 3. Analytes measured as part of the 2012–14 nutrient loading study for Silver Lake, Oceana County, Michigan.

1

Sites discontinued after 1 year of data collection (USGS only).

Map
label
(see
fig. 2)

X

2014

X

X

Volunteer

USGS

Partner
(USGS/
AWRI)

X

Common ions,
color,
alkalinity,
total dissolved
solids, and
silica

Quarterly

Frequency
of sample
collection

Phytoplankton

1

2

Total
number
of QC
samples
collected

Microcystin

9

8

Total
number
of
samples
collected

[AWRI, Annis Water Resources Institute; MI, Michigan; na, not applicable; QC, quality control; USGS, U.S. Geological Survey; *, streamgage or stage recorder; N/A, no samples collected; NAD27, North
American Vertical Datum of 1927; NAD83, North American Datum of 1983]
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A Summary of Nutrients

Phosphorus

Nutrients can come from natural sources such as eroding soils, decomposing plant material, and wildlife wastes;
however, excess nutrients enter surface waters from pointsource discharges (a discrete pipe) as well as nonpoint sources
(overland runoff).

Phosphorus plays a major role in biological metabolism,
and is an essential nutrient used by all organisms for the basic
processes of life. Its natural source is the weathering and
leaching of phosphate-rich geological formations. However,
phosphorus is used extensively in agricultural and residential
fertilizers, and is a component of domestic sewage (wastewater discharge, failing septic systems). Phosphorus also can
enter the system through wet and dry atmospheric deposition, waterfowl feces, and plant decomposition. Phosphorus
is considered a limiting nutrient in most Midwestern lakes, as
phosphorus typically “limits” macrophyte and algal growth
because it is less available for uptake than other nutrients,
such as nitrogen (Wetzel, 1983). Aquatic plants may struggle
to grow in lakes with little to no phosphorus, but may grow
rapidly in systems with excessive amounts of phosphorus.
Nutrient loading in lakes can come from outside the lake
(for example, atmospheric, tributaries, waterfowl), which is
referred to as external loading, or from the sediments within
the lake, which is referred to as internal loading. In the case of
phosphorus, internal loading is often a function of sediment
redox state, as anoxic conditions will cause the reduction of
ferric iron (Fe3+) to ferrous iron (Fe2+), liberating phosphorus
that is bound to ferric oxyhydroxides, resulting in phosphorus
flux from the sediment to the overlying water column (fig. 4).

“In Michigan, nutrient control has focused on
phosphorus since the majority of surface waters are
limited in this nutrient. Nitrogen reductions have
been necessary when this nutrient was considered the
limiting factor for plant productivity or has been the
direct cause of water quality impairment”(Michigan
Department of Environmental Quality, 2013).
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Nitrogen
All organisms require the nutrient nitrogen to live and
grow; it is a building block of cellular proteins. Many of the
same sources that contribute phosphorus to the system also
contribute nitrogen, and nitrogen is a major nutrient that
affects the productivity of fresh waters. The nitrogen cycle is
a complex biochemical process in which nitrogen in various
forms is altered by nitrogen fixation, assimilation, and denitrification (Wetzel, 1983) (fig. 5).

“Although nitrogen is abundant naturally
in the environment, it is also introduced through
sewage and fertilizers. Some nitrate enters water
from the atmosphere, which carries nitrogencontaining compounds derived from automobiles
and other sources. Ammonia and organic nitrogen
can enter water through sewage effluent and runoff
from land where manure has been applied or
stored” (U.S. Geological Survey, 2015b).
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Study Methods and Sampling Sites   17

Lake Monitoring
Silver Lake monitoring was conducted on a quarterly
basis by USGS personnel for a total of eight routine visits
during November 2012–September 2014. During each visit,
physical properties such as water temperature, dissolved oxygen, specific conductance, and pH were recorded using a YSI
ProPlus multiparameter water-quality sonde. Turbidity was
measured using a portable Hach Series 2100P Turbidimeter.
A Secchi disk was used to record Secchi depth (water clarity) at all locations and to determine the photic zone required
for the collection of chlorophyll a, phytoplankton, and E. coli
samples.

(2013 and 2014) at the middle lake site (L2; deepest basin)
and analyzed for common ions, color, turbidity, alkalinity, total
dissolved solids (TDS), and silica.
Near-surface and near-bottom lake samples were collected by lowering weighted 3/16 in. peristaltic tubing to the
appropriate depth in the water column. Lake water was then
pumped through the tubing using a peristaltic pump. After
field rinsing, water samples were collected from the end of the
tubing, and filters (0.45 micron [µm]) necessary for dissolved
nutrient analysis were connected directly to the tubing. Clean
tubing was used at each lake sampling location. The chlorophyll a, phytoplankton, and E. coli samples were collected
using a weighted-bottle sampler that was manually lowered
through the photic zone at a steady rate so as not to overfill the
sample bottle.

Internal Nutrient Loading

During the winter, the ice was augered in a clover-leaf
fashion to allow the Secchi-disk to pass through the ice.
Water samples were collected near surface (3 ft below
the lake surface) and near bottom (3 ft above lake bottom) in
order to describe the distribution of constituents in the water
column. Both the near-surface and near-bottom samples
were analyzed for nitrogen (total nitrogen, ammonia, organic
nitrogen, nitrite, and nitrate) and phosphorus (total phosphorus and orthophosphate). Chlorophyll a, phytoplankton, and
E. coli samples were collected in the photic zone (twice the
Secchi depth) of the water column (U.S. Geological Survey,
2006). Additional water samples were collected each spring

Estimates of internal nitrogen and phosphorus loading
from the sediments were made by incubating sediment cores
in a climate-controlled growth chamber housed at the AWRI
laboratory. Sediment cores were collected from the middle
(L2) and south (L5) lake monitoring sites (fig. 2) on four
separate dates over the project period: May 29, 2013; August
20, 2013; June 19, 2014; and August 20, 2014. Sediment core
sampling and laboratory incubation followed the procedures
of Steinman and others (2004). Six sediment cores were collected from each site using a piston corer (Fisher and others,
1992; Steinman and others, 2004). The corer was constructed
of a graduated 0.6-meter (m) long polycarbonate core tube
(7-centimeter [cm] inner diameter) and a polyvinyl chloride
(PVC) attachment assembly for coupling to aluminum drive
rods. The piston was retracted 20 to 25 cm prior to deployment
to maintain a water layer on top of the core during collection.
The corer was positioned vertically at the sediment-water
interface and pushed downward with the piston cable remaining stationary. After collection, the core was brought to the
surface and the bottom was sealed with a rubber stopper prior
to removal from the water, resulting in an intact sediment
core that was approximately 20 cm in length, with a 25-cm
overlying water column. The piston was then bolted to the
top of the core tube to keep it stationary during transit. Core
tubes were placed in a vertical rack and maintained at ambient
near-bottom water temperature during transit. An additional
sediment core was collected from each site and the top 5 cm
was removed for analysis of sediment total phosphorus and
sediment elements (August 20, 2014 only) in the laboratory.
Water quality was measured at both coring locations
at the time of core collection. Dissolved oxygen, pH, temperature, specific conductance, turbidity, chlorophyll a, and
TDS were measured at the surface, middle, and bottom of the
water column using a YSI 6600 multiparameter water-quality
sonde. Photosynthetically-active radiation (PAR) profiles were
measured using a LiCor Li-193SA spherical quantum sensor
and used to calculate the light extinction coefficient (Kd ). Secchi depth was measured at both sites to estimate water clarity.
Water samples for phosphorus analysis were collected at the
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near-surface and near-bottom with a Niskin bottle; samples
for soluble reactive phosphorus (SRP) and total phosphorus
were processed as described in the following paragraphs.
Samples were stored on ice until transported to the laboratory,
within 5 hours of collection. Water-quality sampling occurred
between 0930 and 1330 during each sampling event.
The 12 sediment cores (6 per site) were incubated at
AWRI in an environmental growth chamber, with the temperature maintained to match ambient near-bottom conditions
in Silver Lake at the time of collection. The water column in
three of the cores from each site was bubbled with nitrogen
(with 5 percent carbon dioxide) to create buffered anoxic
conditions, while the remaining three were bubbled with air to
create oxic conditions.
Phosphorus release rate estimates were made using the
methods outlined in Moore and others (1998), with minor
modifications (Steinman and others, 2004, 2009). Briefly,
a 60 milliliter (mL) water sample was removed by syringe
through the sampling port of each core tube at 0 hours (h),
12 h, 1 day (d), 2 d, 4 d, 6 d, 8 d, 12 d, 16 d, 20 d, 24 d, and 28 d.
Immediately after removal, a 20 mL subsample was refrigerated for analysis of total phosphorus, a 20 mL subsample was
filtered through a 0.45 μm membrane filter and frozen for
analysis of SRP, and a 20 mL subsample was frozen for analysis of ammonium (NH4+). The 60 mL subsample was replaced
with filtered water collected from the corresponding site in the
lake; this maintained the original volume in the core tubes (at
the beginning of the incubation).
Flux (phosphorus and nitrogen release rate) calculations
were based on the change in water column total phosphorus or
ammonium using the following equation (Steinman and others, 2004, 2009):

= (Ct − C0 ) V
RR
A
where

(1)

RR

is the net total phosphorus or ammonium
release rate (positive values) or
retention rate (negative values) per unit
surface area of sediments,
Ct
is the total phosphorus or ammonium
concentration in the water column at
time t,
		
C0 is the total phosphorus or ammonium
concentration in the water column at
time 0,
V
is the volume of water in the water column,
A
is the planar surface area of the sediment
cores.

Release rates were calculated over the time period that
resulted in the maximum apparent release rate, with the caveat
that the initial and final samplings could not be consecutive sampling dates to avoid potential short-term bias. SRP

concentration was nearly always below detection, precluding
SRP flux calculations. Sediment elements (aluminum [Al],
calcium [Ca], iron [Fe], magnesium [Mg]) were measured on
cores collected on August 20, 2014, and not used for nutrient
release experiments.

Diel Dissolved Oxygen Measurements
Measurements of diel dissolved oxygen concentration
(that is, daily variation in dissolved oxygen concentration)
provided information on the redox status of Silver Lake, which
can influence sediment phosphorus biogeochemistry (Boström
and others, 1982). Specifically, hypoxic conditions (dissolved
oxygen concentrations less than 2 mg/L) can facilitate the
release of phosphorus from sediments into the water column,
as iron-bound phosphorus is dissociated under reducing conditions. Water column dissolved-oxygen concentrations were
measured overnight, from late afternoon until mid-morning,
to characterize in situ diel fluctuations in dissolved oxygen.
Multiparameter water-quality sondes were suspended from
an anchored buoy at the near-surface and near-bottom of the
lake at the middle (L2) and south (L5) lake monitoring locations (fig. 2). The sondes were programmed to record data
every 10 minutes. Diel dissolved oxygen concentrations were
measured on four separate occasions over the study period:
July 9, 2013; July 22, 2013; August 26, 2013; and August
29, 2013. Hourly wind data measured at the Mason County
Airport (located approximately 21 mi north from Silver Lake)
were downloaded from the National Oceanic and Atmospheric
Administration (NOAA) National Climatic Data Center
(National Oceanic and Atmospheric Administration, 2013) for
all diel dissolved oxygen events.

Bioassay Study
A nutrient bioassay was conducted July 22–25, 2013, to
determine if nitrogen and/or phosphorus were limiting phytoplankton growth in Silver Lake. Sixteen 10-liter (L) carboys
were filled with surface water at the middle lake monitoring
site (L2) (fig. 2). Grab samples (n=1 unless otherwise noted)
were taken from the water surface at the time of carboy filling
for initial analysis of SRP, nitrate (NO3), chlorophyll a (n=3),
microcystin content, and phytoplankton community composition (n=3). The carboys were transported to the shore near the
north groundwater monitoring well (W1) (fig. 2), and exposed
to four nutrient treatments, each replicated four times: nitrogen
addition (potassium nitrate [KNO3], 10× ambient concentration); phosphorus addition (monopotassium phosphate
[KH2PO4], 10× ambient concentration); nitrogen plus phosphorus addition (KNO3 + KH2PO4, each 10× ambient concentration); and a control (no nutrient additions). A PVC frame was
anchored in the nearshore zone (approximately 3.3 ft water
depth) and the carboys were secured to the frame in a way that
allowed them to float just below the water surface. The carboys were randomly assigned positions on the frame (fig. 6).
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Figure 6. Bioassay carboys (A) prior to final subsampling at the end of the incubation period, and bioassay incubation frame
(B) at its deployment location at the north end of Silver Lake, Oceana County, Michigan. (note submerged white caps from top of
carboys). (Photo by Mary Ogdahl, Grand Valley State University-Annis Water Resources Institute, Muskegon, Michigan).

General water-quality parameters (dissolved oxygen,
temperature, pH, specific conductance, turbidity, TDS, and
chlorophyll a) were measured at the water surface using a
multiparameter water-quality sonde at the middle lake site
at the time of collection and at the incubation location at the
beginning and end of the bioassay.
After 72 hours, the carboys were retrieved and subsampled for analysis of phytoplankton taxonomic composition,
chlorophyll a, SRP, nitrate, and microcystin content. Carboys
were inverted 30 times prior to subsampling to ensure wellmixed subsamples. Subsamples for SRP were processed as
described here. Subsamples for chlorophyll a were filtered
through glass-fiber filters, which were frozen until analysis
(within 28 days). Nitrate (NO3) subsamples were filtered
through 0.45-µm membrane filters and frozen until analysis. Subsamples for phytoplankton identification (1 L) were
preserved with formalin to a final concentration of 4 percent.
Phytoplankton subsamples were then allowed to settle for at
least 48 hours in glass cylinders before the supernatant was
removed and the concentrated phytoplankton volume (less
than 125 mL) was quantitatively transferred to an opaque
sample bottle. An additional 2 mL of formalin was added to
each sample upon transfer and samples were stored in opaque
bottles until processing for microscopic analysis (see Laboratory Analysis, Bioassay Study section for more details).

Tributary Monitoring and Streamgaging
Three tributaries were routinely monitored to evaluate the
surface water-quality and discharge from the watershed and
upstream lakes. These include Hunter Creek (T1) (the largest
tributary) and two unnamed smaller tributaries: the tributary
at the State Park (T3) and the tributary at North Shore Drive
(T2), located at North Shore Drive just north of the State Park
campground (fig. 2, table 2). In addition, Silver Creek at the

outlet of Silver Lake (T4) was routinely monitored to evaluate the surface-water quality and discharge leaving the lake
(fig. 2). Water-quality samples were collected quarterly from
November 2012 through September 2014, as well as during storm events, targeting 2–3 storm events annually. Two
additional stream locations were monitored on three occasions
in August and September 2014; these sites included Hunter
Creek upstream from the Upper Silver Lake outlet (T5) and
the Upper Silver Lake outlet at West Taylor Road (T6).
Streamflow, or discharge, was continuously measured and
recorded at Hunter Creek at 5-minute intervals from October
1, 2012 through September 30, 2014 using a SonTek SL1200
acoustic doppler velocity meter (ADVM). This streamgage,
Hunter Creek at North Shore Drive near Mears, MI.
0412220999, was located downstream from the North Shore
Drive road crossing and near the mouth of the creek (A; fig. 2)
as the upstream portions of the tributary were altered by a
series of lagoons used for docking boats. Due to the proximity
of the streamgage to the lake, an ADVM that is able to measure forward and reverse flow direction was installed. These
reverse flow conditions occurred at Silver Lake when there
were strong winds from the west.
To measure the amount of water leaving the lake, a
continuous stage recorder was installed just upstream from the
Silver Creek channel dam (B; fig. 2) that continuously measured and reported water stage at 5-minute intervals (Silver
Creek at Silver Lake Dam near Mears, MI, 04122211). Given
the known dimensions of the dam and the stage of the water, a
discharge rating was developed that was then used to calculate
discharge for Silver Creek (appendix 1). Discharge was measured at the smaller tributaries [tributary at the State Park (T3)
and the tributary at North Shore Drive (T2)] during sample
collection using a FlowTracker® acoustic doppler velocimeter
(ADV) and established USGS protocols (fig. 2) (Turnipseed
and Sauer, 2010).
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Water samples were collected from each of the tributaries
following the USGS equal-width-increment (EWI) method or
the grab sample method (U.S. Geological Survey, 2006) and
were analyzed for nitrogen and phosphorus species, chlorophyll a, phytoplankton, turbidity, E. coli, and suspended-sediment concentrations (SSC) as well as pH, dissolved oxygen,
temperature, specific conductance, and turbidity. Suspendedsediment concentrations and E. coli data, collected as part of
the tributary monitoring, are included in appendix 2.
Average annual mean nutrient concentrations for the
tributaries were calculated based on 2 years of data collection
by summing the nutrient concentrations and dividing by the
total number of samples. These concentration data were not
flow-adjusted as only one site (Hunter Creek) had adequate
discharge records for that calculation.

Synoptic groundwater sampling on the west side of Silver Lake.

Groundwater Monitoring and Flow
An initial synoptic groundwater sampling was conducted
using a temporary drive-point piezometer (DPP) at 17 locations in the near shore/beach environment circling the lake.
The DPP was driven into the saturated zone beneath the lake
and was then purged of three casing volumes. After purging, the shallow groundwater was sampled for basic physical
water quality properties (pH, specific conductance, dissolved
oxygen, and temperature) and groundwater was field tested for
orthophosphorus, nitrate, nitrite, ammonia, and chloride using
Hach water-quality test strips. Groundwater collected using a
DPP was also tested for E. coli. The results of the groundwater
reconnaissance were then used to identify four locations for
installation of monitoring wells for groundwater-level measurements and groundwater sampling.
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The results of the synoptic groundwater monitoring indicated likely locations around the lake where shallow groundwater was being influenced by septic system discharge. The relative rank of each synoptic-sampling site was computed by first
determining the mean, and 1 and 2 times the standard deviation
(SD) values for each of the measured property or constituent
(nitrate, nitrite, ammonia, chloride, phosphate, pH, dissolved
oxygen, specific conductance, temperature, and E. coli bacteria). The relative percent difference from the mean for each
property or constituent was then determined by subtracting
the mean value from the individual observed value and then
dividing by the mean value for that analyte. The values for sites
were then scored for each parameter, with those less than 1 SD
from the mean receiving a zero, those from 1 to 2 SDs from the
mean receiving a score of 1, and those greater than 2 SDs from
the mean receiving a score of 2. The scores for all parameters
were then added for each site and ranked. It was anticipated that
higher-ranked sites or those with higher constituent concentrations and lower dissolved oxygen (when compared to the other
groundwater samples collected) could indicate the likely presence of septic influence. The west and east wells were placed
at sites that ranked in the bottom 25 percent of sites sampled
for measurements indicating less potential for septic influence,
while the north and south wells were placed at sites in the top
25 percent of sites where measurements indicated a likely septic
influence.
As a result of the synoptic sampling, four 1.25-in. diameter
monitoring wells were installed on the north (T1), south (T4),
east (T2), and west (T3) shorelines of Silver Lake (fig. 2). These
wells were installed near the edge of the lake to depths 6.42 ft
(west well), 6.75 ft (north well), 9.6 ft (south well), and 10.2 ft
(east well). Groundwater pumped from these four shallow wells
was monitored quarterly for 2 years, and water samples were
analyzed for nitrogen and phosphorus species, turbidity, and
E. coli, as well as pH, dissolved oxygen, temperature, and specific conductance. The four wells were installed to characterize
local groundwater flow by determining measured gradients of
groundwater from recorded continuous water levels at 15-minute intervals at the east and west side of the lake, modeled after
Garn and others (2006). Groundwater levels at all four wells
were recorded pre-sampling and post sampling during each
quarterly sampling event. E. coli data collected as part of the
groundwater monitoring are included in appendix 2.
In addition, groundwater-flow data were supplemented by
the installation of seepage meters, which were used to measure
the flux of water across the sediment-water interface following
methods described by Rosenberry (2008). On July 22 and 23,
2014, seepage meters were temporarily installed at 18 locations
around the perimeter of Silver Lake.
In the northern section of the lake, several properties have
tile drainage systems installed to assist in lowering groundwater levels. These drains remove groundwater that would have
normally discharged to the lake through groundwater seepage
and convey the groundwater directly to the lake. There were 38
visible drain tile outlets to the lake. Samples from five drain tile
outlets were collected four times over the course of a year.

Septic Systems as Sources of Nutrients
Since lakeshore septic systems could be an important
source of the phosphorus and nitrogen observed in shallow groundwater, the likely contribution of phosphorus and
nitrogen from septic systems was computed using a model for
septic transport originally published by Reckhow and others
(1980) and adapted by Garn and others (1996). This model
estimated phosphorus and nitrogen loading to Silver Lake
from septic systems based on published literature values and
by applying per-capita occupancy and likely soil-retention
coefficients. Phosphorus and nitrogen loads were estimated
based on the sum of all contributions from systems that were
likely to impact the groundwater monitoring wells, as well as
the flow from septic systems that was likely intercepted by
surface water between the septic sources and the lake.
The following is the general septic mass expression (Garn
and others, 1996; Reckhow and others, 1980) used to compute
the mass of both phosphorus and nitrogen that directly load
the lake or that load discrete surface-water bodies:
M = Es (number of per capita years) (1–SR)
where

M

Es

(2)

is the annual mass (load) of phosphorus or
nitrogen entering the lake from septic
systems, likely draining toward a
groundwater-monitoring well (pounds
per year),
is the export coefficient to each household
septic tank system (per capita export
from a household to a septic tank)
(pounds per capita year),

number of per
capita years is the number of people using septic
systems within 200 ft of the lake, or
surface-water body that drains to the
lake, multiplied by the fraction of the
year that the residence is occupied,
SR
is the soil-retention coefficient representing
the fraction of phosphorus or nitrogen
retained between the septic-treatment
system and the lake.
This septic model considers the number of residences
and facilities within 200 ft of the shore of the lake or surface
water that drain to the lake. Septic systems further than 200 ft
from the lake still have an expected impact, but because of the
longer travel distance and larger area of diffusion, the uncertainty in the estimation of load from these systems is too large
to produce a reliable number. Furthermore, the model included
only personal residences in the septic model estimates, not
commercial facilities such as campgrounds and hotels within
200 ft of the shoreline and Hunter Creek, as the septic model
was not designed to accurately represent commercial facilities.
If commercial facilities were included, the estimated nutrient loading from septic sources to the lake and Hunter Creek
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would be higher. However, it should be noted that commercial
and residential septic sources further than 200 ft from the lake
are still captured in the nutrient budget from the groundwater
well monitoring that includes nearby (within 200 ft) and diffuse (further than 200 ft) septic sources. As a result of these
constraints, the amount of phosphorus and nitrogen being
contributed directly to the lake or tributaries to the lake, as
computed using this model, are likely a conservative estimation (an underestimate) of the actual phosphorus load coming
from all septic tanks around the lake.
The number of facilities with septic systems was estimated by partitioning the area within 200 ft of the lakeshore
into drainage areas that likely impacted a groundwater monitoring point or a surface water body (based on groundwater
gradient and flow direction) and then overlaying a parcel map
(written communication Oceana County Equalization Department, 2012). For the south portion of Silver Lake there are
109 parcels, in the east there are 75 parcels, in the north there
are 49 parcels, and in the west there are 0 parcels assumed
to be impacting Silver Lake. Along the canals and directly
adjacent to Hunter Creek there are 70 parcels, the tributary
at North Shore Drive has 7 parcels. The drainage area of the
tributary at the State Park was uncertain because it is routed
underground. Based on an estimated drainage area, it was
uncertain if there were any full parcels directly influencing the
tributary at the State Park; therefore, an estimate of 0.5 parcels
was used. Some of the parcels contributing to each area were
not counted because aerial photographs (U.S. Department of
Agriculture, 2014) ) indicated that they were empty lots likely
purchased for lake access by residences that are not directly
connected to the lake. Therefore, the number of household or
hotel units used in the analysis can be different from the number of parcels identified (table 4).
Data on monthly occupancy were obtained from the
Silver Lake Area Demographic Analysis (DeJong, 2015).
Mean monthly occupancy rates were calculated by dividing
the reported number of persons by the number of homes and
cottages in the Silver Lake area. This number was multiplied
by the expected number of units contributing to each area
and the fraction of the year represented by each month to
obtain capita-months. These monthly values were summed
to produce a capita-year value for each contributing area.
There were no parcels on the west side of Silver Lake in the
Silver Lake dunes therefore the contribution from septic was
assumed to be zero.
“Es,” the per-capita export of phosphorus and nitrogen
from a household to an onsite septic system, was estimated
using previously published values. The median, 25th percentile, and 75th percentile of phosphorus were calculated as
reported in Reckhow and others (1980), 3.2, 2.6, and 3.3 lb/
capita-yr, respectively. Due to the variation in nitrogen monitoring data, the mean, maximum, and minimum values were
calculated as reported in Reckhow and others (1980), 10.5,
4.7, and 18.1 lb/capita-yr, respectively.
There are several other factors that influence if phosphorus and nitrogen from septic systems can reach Silver Lake.

These factors are typically related to the physical characteristics of the sites (groundwater gradient, depth to water table,
and distance to surface water), properties of the soil (phosphorus and nitrogen adsorption capacity), and properties of the
septic system (age of the system, designed use of the system,
maintenance of the system). Properly working septic systems
can remove from 23 to 95 percent of phosphorus and an average of 30 percent of nitrogen from wastewater (Robertson
and others, 1998; Canter and Knox, 1986). However, soil has
finite adsorptive abilities. The age of the system is directly
related to the nutrient saturation of the soil that is intended to
treat the waste, and therefore is directly related to treatment
efficiency, with older systems becoming less efficient. In addition, older or poorly maintained septic systems may build up
solids overtime, which can then migrate to the drain field and
further negatively influence treatment efficiency by reducing
the amount of time that wastewater is in the septic treatment
process (Canter and Knox, 1986; Garn and others 1996). Inefficient settings for septic systems to remove phosphorus and
nitrogen include settings where water tables are high, systems
are placed on steep slopes, systems are placed in very coarse
soil with little organic content, or systems are placed very
close to surface water features, and some of these settings are
applicable to Silver Lake.
To account for soil retention, the soil retention coefficient
(SR; fraction of phosphorus or nitrogen retained in the soil),
was estimated based on the described influencing factors. The
SR can range from 0 to 1.0. If 100 percent of phosphorus and
nitrogen reach surface water, the SR = 0; if there is no phosphorus and nitrogen that reaches the surface water, then the
SR = 1.0. In this study, only parcels within 200 ft of surface
water (lake or stream tributary to the lake) were considered.
The soil type within 200 ft of Silver Lake is dominated by
pipestone fine sand on a 0 to 4 percent grade (U.S. Department of Agriculture, 2015). This sand is defined by the USDA
as “very limited” for use as a septic tank absorption field.
This rating indicates that the soil may have a high saturated
hydraulic conductivity (Ksat) and a low depth to water table,
which can affect the absorption of the effluent. The soil could
also be underlain by loose sand and gravel at a depth of less
than 4 feet below the septic system. These factors all indicate
that pipestone fine sand may not adequately filter the effluent
(U.S. Department of Agriculture, 2015). SR coefficients for
these poor soils have been reported to be 0.2 to 0.6, whereas
failing septic systems have been reported using an SR of 0.25
(Garn and others, 1996). In an effort to be as conservative as
possible when estimating septic contributions, and to match
the observed data from groundwater monitoring, a range of
SR values were used (table 4). Due to the uncertainty of septic
function, age, and soil saturation, SR values were adjusted.
Low values of SR were increased by 0.15 units to indicate the
potential for better filtration (less phosphorus and nitrogen
reaching the lake), while high SR values were decreased by
0.15 to indicate the potential for poorer filtration (more phosphorus and nitrogen reaching the lake).

70
0.5
7
20
109
6
0

Tributary at State Park

Tributary at North Shore Drive

Groundwater north

Groundwater south

Groundwater east

Groundwater west

Units

Hunter Creek

Input area

na

13.4

244.3

44.8

15.7

1.1

156.9

Per-capita
years

3.22

3.22

3.22

3.22

3.22

3.22

3.22

TP

10.47

10.47

10.47

10.47

10.47

10.47

10.47

TN

Likely Es

2.56

2.56

2.56

2.56

2.56

2.56

2.56

TP

TN

4.73

4.73

4.73

4.73

4.73

4.73

4.73

Low Es

3.34

3.34

3.34

3.34

3.34

3.34

3.34

TP

TN

18.08

18.08

18.08

18.08

18.08

18.08

18.08

High Es

Export coefficient (Es) in lb/capita-year

na

0.83

0.68

0.71

0.83

0.83

0.83

Likely SR

na

0.98

0.83

0.86

0.98

0.98

0.98

Low SR

na

0.68

0.53

0.56

0.68

0.68

0.68

High SR

Soil-retention coefficient

[Units, household or hotel; number of per-capita years, number of people using septic systems multiplied by the fraction of the year that the residence is occupied; Es, per-capita export of phosphorus
and nitrogen from a household to septic system; lb, pounds; SR, soil-retention coefficient; TP, total phosphorus; TN, total nitrogen; na, not applicable as no units influence this well]

Table 4. Septic contribution model input.
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Meteorology
Meteorological data including precipitation, air temperature, soil moisture, relative humidity, soil temperature, total
solar flux, wind direction, and wind speed were obtained from
the Enviro-weather Network (Enviro-weather, 2015) Hart (hrt)
and Ludington (ldt) stations. The Hart station was the primary
station used for data analysis and is located at Asparagus
Research Farm in Hart, Michigan, approximately 8.5 mi
northeast of Silver Lake (http://www.agweather.geo.msu.edu/
mawn/station.asp?id=hrt&rt=60). In the event of data interruption at the Hart weather station, the data from the Ludington,
Michigan (http://www.agweather.geo.msu.edu/mawn/station.
asp?id=ldt&rt=60) weather station were used, which is located
at Vanortwick Farms, approximately 17 mi northeast of Silver
Lake. Data at both stations are recorded and reported hourly.
There were 603 hourly measurements (of 19,704 total hourly
measurements throughout the study period) when the Hart
station was not operational due to maintenance issues and data
were substituted with the Ludington weather station. During the period October 1, 2012–September 30, 2014, Silver
Lake received an average of 31.9 in. of precipitation per year.
The minimum, maximum, and mean temperatures during
that time period were 24.3 degrees Celsius (°C), 33.2 °C and
7.26 °C (−11.7 degrees Fahrenheit (°F), 91.8 °F, and 45.1 °F),
respectively.

Atmospheric Deposition Monitoring
Atmospheric deposition can contribute both phosphorus
and nitrogen to a system. Atmospheric nutrient deposition to
Silver Lake was determined by the analysis of wet and dry
deposition samples. During February 2014–September 2014,
wet samples were collected after a precipitation event (rain or
snow) and dry samples were collected after several days (from
5 to 7 days) following no precipitation. Samples were collected according to methods described in Robertson and others
(2009). The atmospheric deposition station was constructed by
securing a 2 ½ × 2 ½ ft table into the ground and attaching a
stainless steel bowl on top of the table to which a clean polycarbonate sample bowl was attached prior to a sampling event.
A wire mesh screen was secured over the sample bowl during
periods of dry deposition sampling to minimize contamination from birds, leaves, and so forth. For wet deposition,
samples were collected as soon as possible after the event in
an effort to minimize evaporation and prevent contamination.
A clean cover was placed on the sample collection bowl and
the sample bowl was shaken until the sample was well mixed.
Then, using a funnel, the sample water was decanted into a
125-mL sample bottle using clean sampling techniques and
preserved for shipment to the National Water Quality Laboratory (NWQL). Prior to sample collection, sample bottles were
rinsed three times with sample water.
For dry deposition, a 250-mL bottle of deionized water
was poured into the sample collection bowl, a clean cover was
placed on the sample collection bowl, and the contents were

shaken until the sample was well mixed. A small amount of
sample water was poured into the sample bottle (3 times) in
order to rinse the bottles. Sample water was then decanted into
a 125-mL sample bottle using clean sampling techniques and
preserved for shipment to NWQL.
Total precipitation (inches) was aggregated by season:
winter (December, January, and February); spring (March,
April, and May); summer (June, July, and August); and fall
(September, October, and November). The seasonal total precipitation volume was estimated and multiplied by the nutrient
concentration for the respective season. If there was a single
measurement during that season, then the observed concentration was used. If there were multiple measurements during a
season, the mean concentration was used for the season. This
value was then used with a unit conversion factor to compute
the pounds of phosphorus and nitrogen from wet deposition
that fell on Silver Lake during each season. Annual wet deposition was then computed by summing the seasonal deposition.
Phosphorus and nitrogen mass from dry deposition were
computed based on the measured concentrations, the volume
used to suspend the mass (0.25 L), and the open area of the
collection bowl. Mass per unit area of the collection bowl was
extrapolated to the area of Silver Lake, and mass per area was
divided by the time to obtain the rate in pounds per day of dry
deposition on the lake. Seasonal dry deposition (pounds per
season) was computed by multiplying the number of dry days
(to the nearest hour) in the season by the daily deposition rate
for each nutrient. No dry deposition samples were collected
during the winter; therefore, winter dry deposition rates were
estimated by applying the ratio of mean wet to mean dry
deposition in spring, summer, and fall to the mean wet deposition that was measured in the winter. The resultant rate was
used for winter dry deposition. If only one measurement was
made, then that concentration was used to compute seasonal
dry deposition rates. If multiple concentrations of dry deposition were measured during a season, the mean concentration
was used to compute seasonal dry deposition rates. Annual
dry deposition was computed by summing the seasonal dry
deposition rates.

Waterfowl
The mass of nitrogen and phosphorus deposited by waterfowl also was estimated. Weekly average counts of Canada
geese and mallards for Oceana County were obtained from
eBird (eBird, 2014). The mean count is the mean count of
birds from reported observations within Oceana County. This
number indicates the mean number of birds expected to be
observed on any day during that week, wherever the species
is encountered in the county, although the mean is likely an
underestimate because bird densities will typically be higher
near water. Each weekly number was multiplied by the number of days attributed that week in the eBird data. The resultant values for bird counts were multiplied by published values
for deposition of phosphorus and nitrogen by each bird species
(Manny and others, 1994). Resultant loads were determined
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in pounds of phosphorus and nitrogen per year. Because it
represents a solid mass (not a mass delivered in water), this
load was input into the BATHTUB model as an addition to the
atmospheric deposition value.

Change in Storage

Lawn Runoff
The mass of nitrogen and phosphorus from lawn runoff was estimated using previously measured values from
lake studies conducted in Wisconsin (Garn, 2002). Published mean runoff nutrient concentrations were weighted
based on estimated fertilization patterns which were based
on existing land use and on observed new lawns/construction around the lake where phosphorus fertilizer could likely
be applied. The fertilizer utilization patterns for Silver Lake
were estimated as 10 percent of fertilizer from unfertilized
forest (representative of the SLSP), 50 percent unfertilized
lawn (representing lawns around the lake that do not fertilize), 35 percent nonphosphorus fertilized lawns, (representing
lawns that fertilize with regulated nonphosphorus fertilizer),
and 5 percent regular phosphorus fertilized lawn (representing
new lawns legally able to use standard phosphorus-containing
fertilizer). Runoff rain events were those where greater than
0.3 in. of rain fell continuously. The data presented here
assume that 25 percent of the rain that fell moved to the lake
as runoff. This value falls in the middle of minimum and
maximum percentages of runoff from precipitation that has
been previously reported (Hunt and others, 2006; Garn, 2002).

Water Budget
A water budget was developed for Silver Lake to evaluate
the various components of the hydrologic cycle and their relation to the lake. In addition to improving our understanding
of the water cycle in Silver Lake, the information is important
to identifying the key pathways that deliver nutrients to Silver
Lake. In its simplest form, the water budget equation is a balance between the flow into and the flow out of a study unit. In
this case the study unit was Silver Lake and the specific water
balance equation used for Silver Lake was as follows:
SW
GW
ET+∆S+Qout
+ Qout
=P+QinSW+ QinGW

(3)

where
ET
∆S
SW
Qout
GW
Qout
P
SW
Qin
QinGW

Each of these components was measured during the
course of the study. For this analysis, a time period of October
1, 2012–September 30, 2014, was examined.

is the evaporation from the lake,
is the change in storage of the lake,
is the loss of lake water to surface water,
is the loss of lake water to the groundwater,
is precipitation on the lake,
is the gain from surface water tributaries
into the lake,
is the gain of groundwater into the lake

The change in storage for the lake accounts for changes
in the volume of the lake during the study. The lake volume
change was estimated using the mean monthly gage height
for the beginning and end months of the study period from
the Hunter Creek gage. This was because the gage height was
collected right at the river mouth confluence with the lake. The
mean monthly lake stage was 586.5 ft above North American
Vertical Datum of 1988 (NAVD 88) in October 2012 and
also in September 2014. As a result, there was no net storage
change in the lake for that time period. This was expected as
the lake stage is controlled through the operation of the Silver
Lake Dam located 0.75 mi downstream from Silver Lake on
Silver Creek. Seasonally, there are storage changes that occur
as the dam that controls the lake level is adjusted to lower the
water level in the late fall and winter and then raise the water
level in the late spring and summer. This equates to a storage
loss in the fall and winter and a storage gain in the spring and
summer.

Precipitation
During October 1, 2012–September 30, 2014, a total of
64.1 in. of precipitation fell in Hart, Mich., and it was assumed
that the same amount fell on Silver Lake. The 1981–2010
mean annual precipitation for Hart, Mich., was 36.54 in.
(National Oceanic and Atmospheric Administration, 2013)
or would be 73.08 in. for 2 years. The precipitation measured
during our study was below the long-term mean, indicating drier conditions than normal. Assuming a surface area
of 672 acres, the total volume of precipitation that the lake
received is estimated to be 1.56 × 108 cubic feet (ft3).

Evaporation
Estimates of evaporation from the lake were derived
from the parameters measured at the climate stations in Hart
and Ludington. Previous studies indicate that when using data
from a climate station not located on the lake (Winter and
others, 1995, Rosenberry and others, 2004) the Jensen-Haise
method (Jensen and Haise, 1963) produces results that match
favorably with energy budget estimates of evaporation. The
data required for developing an evaporation estimate were the
daily maximum temperature, daily minimum temperature, and
solar radiation. The evapotranspiration package for R (Guo
and Westra, 2015) was used to process the climate data and
return an estimated daily evaporation in millimeters. These
daily estimates were summed and reported as total evaporation in inches. In addition to the climate data, some equation
constants were required to estimate evapotranspiration, which
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included elevation of the lake (586.5 ft), latitude of the lake
in radians (0.7621), latent heat of vaporization (2.45 MJ
), and
kg
the solar constant (0.0820 m MJ
),
where
MJ
equals
mega× min
joules, kg equals kilogram, m2 equals square meter and min
equals minute. The lake was observed to be ice-covered from
December through March during the study, so lake evaporation estimates were assumed to be zero during those months.
The total evaporative loss estimated for the period October 1,
2012–September 30, 2014, was 50.7 in. from the lake. Assuming a surface area of 672 acres for the lake, the evaporative
loss is estimated to be 1.24 × 108 ft3.
2

Surface-Water Inflow and Outflow
Surface water serves as a pathway to both remove and
deliver water to Silver Lake. For the removal of water from
the lake there was one outflow, Silver Creek, at the southern
end of the lake that connects Silver Lake to Lake Michigan
(fig. 2, table 2). The Silver Lake Dam is located approximately
0.75 mi downstream from Silver Lake and is used to regulate
the lake level on Silver Lake. To estimate flow leaving the
outlet, the reservoir upstream from the control structure was
instrumented to measure the gage height of the water.
A rating for the dam that relates gage height to flow was
developed using the gage height information and the geometry
of the structure. A description of the process for developing
the rating for the dam can be found in appendix 1. Using that
rating, the estimated total volume of water that left Silver Lake
through Silver Creek from October 1, 2012 to September 30,
2014, was estimated to be 1.39×109 ft3.
Three surface-water tributaries that contributed flow to
Silver Lake included Hunter Creek, the tributary at the State
Park, and the tributary at North Shore Drive (fig. 2, table 2).
For the period October 1, 2012–September 30, 2014, an estimated total of 7.92×108 ft3 of water entered Silver Lake from
Hunter Creek based on information from the streamgage. The
two other tributaries were monitored at various times throughout the study but were not continuously monitored. The tributary at North Shore Drive was measured 5 times and the tributary at the State Park was measured 10 times. The estimates of
streamflow at the tributary at North Shore Drive ranged from
0.26 to 1.68 cubic feet per second (ft3/s) with a mean flow of
0.662 ft3/s. Using the mean streamflow and applying that to
the 2-year period of study, results in an estimated contribution of 4.18×107 ft3. Similarly, estimates of streamflow at the
tributary at the State Park ranged from 0.79 to 1.54 ft3/s with
a mean streamflow of 0.993 ft3/s. Using the mean streamflow
and applying that to the 2-year period of study results in an
estimated contribution of 6.27×107 ft3.

Groundwater Inflow and Outflow (Flux)
Groundwater also may serve dual roles as a pathway
to remove or contribute water to Silver Lake. Several methods were used to understand the role of groundwater in
Silver Lake. Based on the water levels collected at shallow

piezometers and estimates of flux from seepage meters and
discrete temperature sensors, the lake did not appear to be losing
water to the aquifer. Rather, groundwater seemed to be contributing water to the lake.
An attempt was made to quantify the flux to the lake using
the water-level data collected at the four monitoring wells
around the lake (see appendix 3). Complexities associated with
incomplete water-level data for part of the study period and the
heterogeneity in groundwater hydraulic properties resulted in
flux values that were not consistent with the other components of
the water budget. Therefore, to maintain a balance with the other
variables in the water budget equation, the groundwater inflow
was set to the difference between the sum of the loss terms (ET,
GW
Qout
) and the sum of the remaining input terms (P, QinSW ). The
result was a net contribution of 4.65×108 ft3 for the period from
October 1, 2012 to September 30, 2014.
For the purposes of the BATHTUB model, the groundwater
flux was refined into different input sources. In the northern section of the lake, five drain tiles were measured (out of 38 visible
drain tiles). A mean flow rate was estimated from these sampling
events and used to estimate a mean annual flow of 5.04×106 ft3.
Extrapolating that value to the 2-year period of study yields a
total flow of 1.01×107 ft3.
The groundwater component of the water budget was further refined by quadrant of the lake. Silver Lake was divided into
four quadrants on the basis of the four shallow wells installed
to monitor groundwater-nutrient concentrations (fig. 3-2). To
distribute groundwater flux by quadrant, the mean seepage
per quadrant was multiplied by the length of shoreline in that
quadrant to get a perimeter-weighted mean flux. Each quadrants’
perimeter-weighted mean flux was divided by the sum of the
perimeter-weighted mean fluxes to get a relative percentage of
how much water is contributed by each quadrant. This percentage was then multiplied by the total groundwater contribution
to obtain the estimated flux by quadrant. When broken down by
quadrant, the estimated total groundwater flow for the 2-year
study period was 1.21×107 ft3 for the north quadrant, 4.98×107
ft3 for the east quadrant, 1.14×108 ft3 for the south quadrant, and
2.79×108 ft3 for the west quadrant (appendix 3).
Rates of groundwater flow around the lake were estimated
using discrete seepage meters. On the basis of seepage measurements collected (appendix 3), specific discharge, or the apparent
velocity of water moving through a section of aquifer ranged
from 0.0042 to 1.3 feet per day (ft/d). The average linear velocity, defined as the specific discharge divided by the effective
porosity of the medium, represents the velocity that water is
actually moving through the porous medium. The average linear
velocity was computed assuming an effective porosity of 20
percent (Fetter, 1994) and results in a range of groundwater flow
rates of 0.014 to 4.3 ft/d. It should be noted that the effective
porosity represents the estimate of the connected pore space in
the aquifer. This is different from the total porosity which was an
estimate of the total pore space in a porous medium. A total porosity of 33 percent was used for the lakebed sediment when doing
the temperature modeling of groundwater flux in appendix 3.
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USGS staff measuring groundwater flux using seepage meters in Silver Lake.
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Laboratory Analysis

Water-Quality Standards and Criteria

U.S. Geological Survey National Water-Quality
Laboratory/ U.S. Geological Survey Sediment
Laboratory

The development of nutrient criteria for water quality is an
important, albeit complicated, process. Several references for
nutrient-related criteria have been compiled for Michigan inland
lakes, as the MDEQ has yet to adopt numeric nutrient criteria
standards for Michigan (table 5). In 2012, the MDEQ awarded
a grant to Michigan State University to update the methods used
to develop expected nutrient concentrations for inland lakes in
an effort to further the development of numeric criteria (Michigan Department of Environmental Quality, 2013).
In 2000, the EPA published the recommended water-quality criteria for nutrients (nitrogen and phosphorus) for different
ecoregions around the country (U.S. Environmental Protection
Agency, 2000a, b). The criteria were established as guidelines
for each State to use as a starting point in the development
of their own nutrient criteria. According to the EPA ambient
water quality criteria recommendations for lakes in Ecoregion
VII, total nitrogen values greater than 0.66 mg/L and total
phosphorus values greater than 0.015 mg/L would indicate
eutrophic conditions in the lake. The EPA ambient waterquality criteria recommendations for tributaries in Ecoregion
VII for total nitrogen and total phosphorus are 0.54 and 0.033
mg/L, respectively (table 5). Since Michigan has yet to adopt
numeric nutrient criteria, the EPA nutrient criteria for Ecoregion VII for lakes and rivers/streams was used in this report.

All water samples collected by the USGS were analyzed
by the NWQL located in Denver, Colorado, in accordance
with analytical procedures, holding time requirements, and
quality assurance procedures as described in the USGS methods of analysis by the U.S. Geological Survey National Water
Quality Laboratory (Fishman, 1993); determination of inorganic and organic constituents in water and fluvial sediments ).
All sediment samples collected by the USGS were
analyzed for SSC by the USGS Kentucky Sediment Laboratory located at the USGS Kentucky Water Science Center in
Louisville. SSC analysis was conducted according to USGS
methods and procedures, as described in the Quality Assurance Plan for the Kentucky Water Science Center Sediment
Laboratory (Shreve and Downs, 2005; Guy, 1969).

Non-U.S. Geological Survey Laboratories
Internal Nutrient Loading
Water samples from internal nutrient loading sediment
core incubations were analyzed in the AWRI laboratory for
soluble reactive phosphorus (SRP), total phosphorus, and
ammonium on a SEAL AQ2 discrete automated analyzer (U.S.
Environmental Protection Agency, 1983). Values below detection were calculated as half the detection limit (SRP: 5 μg/L,
total phosphorus: 10 μg/L, ammonium: 20 μg/L).

Sediment Metal Analysis
Sediment elements were analyzed using inductively
coupled plasma-atomic emission spectrometry according to
EPA method 6010B (U.S. Environmental Protection Agency,
2007) at Trace Analytical Laboratory, Muskegon, Michigan.
Sediment iron:phosphorus ratios were determined by weight
using dry weight-normalized total phosphorus concentrations.

Bioassay Study
Nitrate (NO3) subsamples were filtered through 0.45-µm
membrane filters and frozen until analysis. SRP was analyzed
in the AWRI laboratory as described in Study Methods and
Sampling Sites, Bioassay Study section. Chlorophyll a was
extracted using a combination of an organic solvent (90 percent acetone with saturated magnesium carbonate) and tissue
grinding. Chlorophyll a was analyzed using the phaeophytin
correction method on a Shimadzu UV-1601 spectrophotometer
following standard methods (American Public Health Association, 1992). Nitrate was analyzed by ion chromatography on a
Dionex DX500 (American Public Health Association, 1998).

Data-Quality Assurance
Sample field blanks and field replicate samples were
collected to assess for bias and precision, following methods
described in the USGS National Field Manual (U.S. Geological Survey, 2006). Inorganic-grade reagent water was used as
the sample medium for field blanks. Replicate and field blank
samples were collected as part of the lake, tributary, groundwater, and atmospheric deposition monitoring.
For all field replicates, the relative percent difference
(RPD) was calculated between the environmental and replicate
samples for all major constituents using the formula below:
RPD =
where
Cenv − C rep
		

		
Mean (Cenv : C rep)

Cenv − C rep

Mean (Cenv : C rep)

× 100

(4)

is absolute value of the difference between
concentrations of the analyte in the
primary environmental samples and the
replicate sample,
is mean concentration of the analyte in the
primary environmental and replicate
sample.
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Table 5. References for Michigan water-quality nutrient criteria recommendations for lakes and rivers.
[*, indicates nutrient criteria used in this report; mg/L, milligrams per liter; µg/L, micrograms per liter; TP, total phosphorus]

Waterbody
type

Total nitrogen
(mg/L)

Michigan Department of
Natural Resources (1982)

Lake

Not available

0.021–0.050
mg/L

Eutrophic trophic state
classification.

Robertson and others (2003)

Lake

Not available

0.017–0.020
mg/L

Eutrophic trophic classification, U.S. Geological
Survey, Wisconsin.

Carlson (1977)

Lake

Not available

0.024 mg/L

Concentrations of nearsurface total phosphorus
greater than 0.024 mg/L
indicate eutrophic conditions.

U.S. Environmental
Protection Agency (EPA)
(2000a)*

Lake

0.66 mg/L*
(reported)

0.015 mg/L*

Michigan Department of
Environmental QualitySurface Water Quality
Division (2001)

Lake

Not available

0.020–0.030
mg/L

U.S. Environmental
Protection Agency (2000b)*

River

0.54 mg/L*

0.033 mg/L*

Reference

Total
phosphorus
(mg/L)

For this study, RPD values greater than 20 percent were
considered indicative of high variability of sample results.
Overall, for all of the major chemical and sediment parameters
analyzed by USGS as part of this study, the RPD values were
less than 10.5 percent (ammonia, 0.3 percent; nitrate plus
nitrite, 2.8 percent; total nitrogen, 5.9 percent; orthophosphate,
2.5 percent; total phosphorus, 7.5 percent; chlorophyll a,
10.5 percent; and SSC, 7.3 percent). Field replicates accounted
for approximately 17 percent of all samples collected by the
USGS as part of this study.

Chlorophyll a
(µg/L)
(flourometric)

2.63

Secchi
depth
(feet)

10.93

Notes

Based on 25th percentile
(EPA Ecoregion 7 criteria).
Goal of 0.02 to 0.03 mg/L (TP)
has been set for more
productive lakes classified as
eutrophic in Michigan.

1.54

Based on 25th percentile
(EPA Ecoregion 7 criteria).

Field blank sample results indicate that there was no
contamination that could be attributed to equipment cleaning, sample collection and handling, and laboratory handling.
Almost all field blanks were at or below the detection limits
for the major chemical and sediment parameters except for
one total nitrogen concentration that exceeded the detection
limit by 0.01 mg/L, which is considered negligible for this
study. Field blanks accounted for approximately 3 percent of
all samples.

