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1 Summary

The Shakopee Mdewakanton Sioux Community (SMSC), Prior Lake 0 Spring Lake
Watershed District ( District) and City of Prior Lake (City) (hereafter referred to as  Partners)
entered into an agreement to investigate the relationship between Arctic Lake a nd its
watershed. Review of best management practice (BMP) options by site, type and design were
modeled to estimate changes in water quality of subwatershed runoff and in -lake water quality .
The results of this work provides the Partners with clear guidance towards the implementation of
appropriate best management practices (BMPs), specific site -driven design and performance
optimization considerations, precision BMP siting and arrangement within the subwatershed, and
a related cost analysis of impl ementation strategies.

The analysis was comprised of four phases:

1. A review of current data related to the lake and its subwatershed for quantity
and quality ( Existing Data Review )

2. A modeling effort describing the hydrology and water quality of the
subwate rshed as well as lake water quality modeling ( Hydrologic/Water Quality
and Lake Models )

3. An assessment of the subwatershedds current
and an analysis of the effect of various stormwater BMP implementation
strategies on su bwatershed runoff water quality (Water Quality Impacts and
Opportunities - Subwatershed )

4. An assessment of culrent tand chistdricalk wabes quality and
opportunities available for in -lake management (Water Quality Impacts and
Opportunities & In-Lake)

The data reviewed for analyzing the watershed and lake were sufficient to precisely
| ocate and conceptually design specific stormwater
contribution of total  phosphprus (TP) and total suspended solids (TSS) (a s well as nitrogen, metals,
hydrocarbons, bacteria and organic debris) to the lake. The current estimated loadin g of TP to
the lake from the wa tershed was 62 LBSyear considering modeled existing treatment of 5 City
ponds (21% - 51% annual TP removal) . Urban areas are expected to contribute approximately
half of the subwatershed load to the lake (32.7 LBSTP/yr) while making up 8% of the total
drainage area. Optimal treatment of this runoff was determined to be a combination of existing
pond modification , agricultural sedimentation and filtration BMPs and urban bioretention.
Although several significant g ullies were noted along bluff lines both directly and indirectly
connected to Arctic Lake, it was beyond the scope of work to produce field verified estimat es
of TSS and associated TP delivery. Further investigation into their contributions of loading are
recommended. The recommended urban BMP retrofit strategy is estimated to annually remove
11.4 LBSTP (35% reduction). An estimated annual removal of 5.5 LBSTP (26% reduction) results
from the recommended agricultural BMPs while a proposed enhanced wetland restoration is
estimated to annually remove approximately 19.7 LBSTP (90% reduction). All combined, the
subwatershed strategy outlined in this report redu ces the annual load of TP to Arctic Lake by
approximately 37 LBS(60% removal).
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Although the data provided by SMSC proved vital for investigation
chemistry as well as for estimating watershed load from the western 2/3rds of its w atershed, only
a preliminary lake model could be constructed. Four of the years (2005, 2006, 2007 and 2010)
were modeled for this analysis and compared to measured annual average concentrations
from the epilimnion. The se model s consistently underestimat ed observed concentrations of
phosph orus with an average of 26.5% (13.8% & 42.0%). The years 2006 and 2007 yielded the most
accurate net concentrations (13.8% and 14.4%, respectively), while both 2005 and 2010 ranged
above 36% error . The years 2005 and 2010 produced approximately 10 more inches of rain than
2006 and 2007 and were close to the 30 year normal precipitation depth . With the exception of
5 data points, taken in the late winter/early spring of 2013, from the drainage channe | draining
the western 2/3rds of the subwatershed , no flow data was available for the agricultural and
urban contributing areas.  As such, only modeled flows and water quality values could be used
for lake response models. Therefore, it was not possible to calibrate subwatershed inputs and

water budgets for these models. It is recommended that the current lake modeling effort be
continued and supplemented with additional monitoring data for inflows and outflows to
perform a calibration and sensitivity analys is for normal, dry and wet years, if possible. It may

then be possible to estimate lake responses to subwatershed load reduction strategies.

Implementation of i n-lake water quality treatment stra tegies are presented and
recommended for Arctic Lake given ex isting historic, water chemistry and plant survey data
even in the absence of a s table lake water quality model. SMSC Monitoring data suggests
epilimnion TP concentrations well above what is considered regionally normal. Consistent fall
turnover events | ikely drive a late summer algal bloom while snow melt and spring runoff from
2/3rds of the watershed via a drainage ditch had significantly elevated TP and low dissolved
oxygen levels in samples taken in April 2013.  The complete absence of submerged plant life and
the abundance of bottom feeding fish species are know to increase suspended sediments from
the benthic environment. Oxygen levels within the hypolimnion are constantly low to
undetec table until apparent breakup of a thermocline normally occurring during late
September to mid October. In 2007, an average hypolimnion TP concentration was 0.37 mg/L
(0.11 6 0.61 mg/L from 6/4/2013 & 7/17/2013) while the epilimnion averaged 0.121 mg/L (0.045 o}
0.320 mg/L, non -winter seasons of years 2004 - 2012). Historic aerial photography , dating back to
1937, shows a directly adjacent  agriculturally -dominated landscape until the 21 st century with
the strong likelihood of this land use occurring as far back as the 18 50 6 s . rsity of Minreesota
remote sensin g research suggests very shallow S ecchi depths for Arctic Lake from 1975 to 2008
(0-0.75m) . Review of this data suggests the likelihood of internal dynamic drivers on water quality
and clarity at least on par with subwatershed influences.

At this time, t he recommended initial implementation strategyfor recovery of Artic Leé
water quality is:

1. Develop and implement an in  -lake, inflow and outflow monitoring program to
better understand nutrient dynamics within A rctic Lake (e.g., internal loading)

2. Retrofit the recommended subwatershed opportunities to achieve the estimated
TP load reductions

3. Assess directly connected gullies below the medium density residential areas
southeast of the Lake for stability and estimate the total annual TP for each with a
simulat ed, continuous, physics -based 2D model
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4. |Initiate a carp removal and exclusion effort for the lake

2 Background

The SMSChas an interest in managing the water quality of Arctic Lake. Although the lake
is not currently listed as an impaired water body by the State of Minnesota, the Community
wants to do what it can to restore clarity and quality of this resource to regional standards for
aquatic recreational use. It is expected that the remaining agricultural fields north and west of
Arctic Lake will be developed to medium density residential land use in the next couple
decades. Similarly, the District and City have a vested interest in Arctic Lake & water quality. The
District manages water quality within its jurisdiction and Arctic Lake drains to Upper Prior Lake, a
lake with an approved  total maximum daily load (  TMDL (Spring/Upper Prior TMDL, 2011) . The
City is an MS4 community and  is accoun table for stormwater discharges to surface waters of the
State of Minnesota (S tate) . Arctic Lake also sits within the currently developed Spring Lake
Regional Park which is owned and operated by Scott County Parks and Recreation with similar
conservation interests. Considering the multiple entity interest in Arctic Lake, the SMSC partnered
with the City and District to undertake a lake and subwatershed analysis to identify
implementation strategies that would promote water quality levels in the lake more closely
aligned with State targets.

Arctic Lake is located in Scott Coun ty, MN within the boundaries of the SMSC, the City
and District. Its outlet is positioned approximately 0.25 mile s west of Upper Prior Lake, to which it
drains. The lake is approximately 23 acres in size with a maximum depth of 30 feet (average of
95feet). Arctic Lakeds 507 acr e s udomadantyr of lweodlandss, alonhg mpr i s e d
with corn/soybean production land uses , and low to medium -density residential uses ( Figure 1,
Table 1). Future (2030) land use for the area is expected to become low -density residential but it
is uncertain as to the timing and extent of development ( pers. comm . Scott Walz, SMSC
Hydrologist). There is at least one drain tile entering the lak e from the adjacent agricultural area,
and a drainage channel enters the lake contributing run -on from wetlands and a small, shallow
lake/wetland to its northwest. Lastly, soil erodibility for the subwatershed is considered high given
its topography with m oderate capacity for infiltration. Slopes tend to become steepest in the
areas within 0.25 miles of Arctic Lake.
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Figure 1. Arctic Lake subwatershed and land use/cover

Land Use/Cover
LAND_USE
I 1un-Family Resicential
I vea Densty Resicertial
Low Density Residential
osuo
Croptand
Open
Woodand
Prare
Water
Wetiand

Table 1. Land cover and us e in the Arctic Lake subwatershed  (in acres)
Catchment Cropland LDR MDR MFR Open Park Prairie  Water  Wetland Woodland Total
Space

1 0.68 9.14 0.58 1.37 10.36 23.28 26.51 16.32 88.24

2 12.93 0.28 1.30 6.18 20.68

3 6.18 0.35 0.50 7.03

4 11.12 0.91 1.45 13.47

5 2.84 3.04 0.01 0.55 50.16 42.61 99.19

6 0.00 22.13 22.13

7 18.55 10.49 29.04

8 9.25 1.90 20.07 31.22

9 2.17 25.95 9.04 12.74 45.90 95.80

10 2.69 3.95 6.64

11 3.21 2.79 0.17 0.01 24.13 30.31

12 4.17 4.17

13 14.71 0.55 15.26

14 1251 1.64 1.26 15.41

15 8.55 0.02 151 0.35 1.79 12.21

16 6.57 0.07 0.09 1.25 0.00 8.13 0.54 16.65

Total 3436 496 61.36 0.67 59.37 137 2047 3891 92.62 193.36 507.46
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LDR = Low density residential; MDR = Medium density residential; MFR = Multi  -family residential

Arctic Lakebds watershed h a s bignwoodshte dultivetioroamd i t s nat.i
urbanized landscapes starting approximately 160 years ago. The nearby C redit River watershed
was cleared and cultivated s tntarefluv 20@8). Batwedn hthat pariodd 185038 s
and the first aerial photographic record of the landscape, the predominant contributing land
cover was crops. It is possible that the major drainage gullies cutting through the hill slopes to the
north, west and south of the lake saw increased incision during this period. The channel draining

the wetland adjacentto  Arctic lake to the west was established during this period as well, likely
shortly after the turn of the 20 hcent ur vy. The remnant woodl ands in the
portion (now incorporated as County Parkland), as wel |

south, remained mostly in -tact and are more or less similar  in distribution today. By sometime
before 1937, however, the predominant land use surrounding the Lake was agricultural.

Al t hough a comprehensive historical analysis of th
the scope of this study, it is safe to say thatt he establishment of County Road 83, between 1980
and 1990, likely altered its drainage patterns . It was during this period that the bluff  -tops to the
lake & south and east were being converted into low -to-medium density residential
development. By the year 2000, the lands to  Arctic L a k endrtheast and the SMSC lands to  the
northwest were being developed into commercial, industrial and residential land uses. However,
it is likely that the land conversions mentioned for this period altered the drainage to the lake
beyond what the County Road may established prior to this conversion (i.e., the County Road
may have cut off outlying farmstead lands which were then converted to urbanized
landscapes).

The immediate watershed to  Arctic Lake a ppears to have reduced its agricultural land
uses from the years 1980 through 1990. The adjacent, major wetland complex to the lake & west
appears to have been taken out of agricultural production during this time as well although it is
possible that the area was used for grazing livestock. With the exception of the urbanization of
the relatively smaller portion of the watershed area north of CR -83,the lakeds drainage ar
land cover has not changed much since this period. The residential areas north of CR-83 were
still in agriculture land use unt il a point between 2000 and 200 3 and were likely drained directly
under CR -83 to the current agricul tural field north of the lake. These areas both drained directly
to the lake until the SMSC began establishing a prairie buffer towards the end of the 2000 -2003
period. Runoff from the newly urbanized areas north of CR -83 and the remaining agricultural
fields south of CR -83 are now routed through a long prairie swale before reaching Arctic Lake
(before entering the  swale, the residential runoff is treated by a detention pond, then routed
under CR -83 to a small wetland that overflows to the swale).

The Spring/Upper Prior Lake TMDL descri bes Arctic Lakeds contributi
Upper Prior Lake. Upland drainag es carry sediment and phosphorus loads to Arctic Lake that are
passed along to Upper Prior Lake. The annual amount of phosphorus being conveyed from
Arctic Lake to Upper Prior Lake, from 1998 -2006, ranged from 28 -212 Lbs-TP fnean =118.22, s.d. =

68.47). This represents a portion of an expected 4 percent contribution toUpperPriorLakeds tot al
load coming from all upstream lakes except for Spring Lake. The SMSC has collected lake water

quality and elevation data since 1999 using several sample point locati ons as well as protocols.

I n addition, the University of Mi n n e s antladd shistdRieaimot e Sen
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data to interpret water clarity for Arctic Lake dating back to 1975. The comp iled data suggest
that water quality/clar ity of Arctic Lake was very poor as early as 1975 and continues to be well
above State standards for the region it resides in (North Central Hardwoods Forest ; see 4.1.
Existing Data Review ).

3 Methods

3.1 Existing Data Review

Existing data w as used to genera te, calibrate and validate landscape loading and treatment
models as well as lake modeling to assist in the development of a restoration implementation
plan for Arctic Lake. Data availability, resolution and quality were considered to identify gaps.

When g aps existed, new sources of data were pursued including the collection of new field

data. The following identifies the data used, their sources and describes their utility.

3.1.1 Precipitation and Lake Levels

SMSC collected precipitation and lake elevation data from June 7t in the first year
(2004), otherwise starting in April in the remaining years, and continued through November in all
years with the exception of 2012 ( Appendix 6.1.1). Rainfall data from the Minneapolis -St, Paul
airport (MSP) for the period 19 81-2011 was used for determining a 30 -yr average.

Outlet (an active beaver dam) e levation information was provided for the years 2004 -
2008 and for 2012. The elevation was established via survey in 2004 and then visually inspected
the following years and r eported as an inferred elevation. This was then checked against lake

elevation data for the final assignment of outlet elevation. The outlet shift ed its elevation from
276.60 MASL for the years 2004 -2008 to 277.28 MASL in 2012. It is very likely that beave r dam
construction increased sometime after 2007 as an upward trend in lake levels is most no table
after this year. The spatially and temporally non -uniform dam outlet configuration proved to be
a confounding factor in establishing a reliable water budget for this analysis.

SMSC precipitation data collected at the outlet was compared against the 30 -yr

average MSP record to identify average, dry and wet years to aid in lake modeling.

3.1.2 Lake Water Quality

SMSC provided HDR with four MS Excel files containing wa  ter quality data . Each set
provide d data for several sampling sites within the lake. The data was quality controlled and
used to develop annual average concentrations of TP for the epilimnion and hypolimnion for
input into lake modeling as well as to obser  ve temporal and potential cross strata ( load mixing
between the epilimnion and hypolimnion) nutrient dynamics for each year. To facilitate this
analysis, water quality parameters were individually plotted against time for each year with both
epilimnion and hypolimnion data to identify signs of stratification and mixing.

Dat a from the Uni versity of Mi nnesot apbogsidedRe mot e
estimates of water clarity (estimated secchi depth) that were used to consider historic trends
preceding SMSC dat a.
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3.1.3 Inflow to Arctic Lake

Initially, no inflow volume, rate or water quality data exist ed for inflowing channels, gullie s
or ponds to Arctic Lake. In April of 2013, @ SMSC collected flow and water quality (temp erature ,
specific conductivity, total dissolved s olids, pH, orthophosphorus , percent dissolved oxygen and
dissolved oxygen concentration ) data for the drainage channel inlet to the lake as well as at the
outfall of two of the major gullies draining the upper watershed (Figure 2). From 4/5/2013 -
4/25/2013 water quality and flow data for inflow to the lake via the drainage channel was
provided. An additional day of flow in the channel was provided for 4/30/2013. For the 2
monitored gullies, flow was measured on 4/25/2013 and 4/30/2013 at approximately the s ame
time as for the outlet channel sampling point. These data were used to preliminarily calibrate in -
lake as well as watershed models.  Future monitoring will allow for a more complete calibration.

Figure 2. Sampling locations, ca tchment delineations and topography of the Arctic Lake Subwatershed

Legend

@ Monitorng Stes
) Arctic Lake Catcnments
dem01_SPFT

Value
mr High : 1026.89

- Low - 900.827

The City of Prior Lake provided As -Built plan sets and hydrologic/hydraulic model inputs
(in the form of previous HydroCAD analyses performed for the developments within the study
area) for the stormwater ponds within the Arctic Lake subwatershed (catchments 2, 3 and 4,
and 13, Figure 2). Th data were field verified by HDR  staff and City staff to develop stormwater
devices within WinSLAMM ( see Section 3.2).
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3.1.4 Outflow from Arctic Lak e

Initially, no volume, rate or water quality data existed f or Arctic Lakeds outl et
However, SMSC provided 30 -minute interval lake level data starting from 6/7/2004 through
9/26/2012. No winter data was provided. Since the initiation of the analys is, SMSC collected flow

and water quality data for the outlet of the Lake for the dates 4/23/2013, 4/25/2013 and
4/3012013. These data were used to assist in preliminarily calibrating in-lake models , as described
in 3.1.3.

3.1.5 Watershed Loading

To develop wate rshed loads for both rural and urban areas, two approaches were taken
that utilized unique data sets. For the rural watershed areas, the District provided its TMDL Load
Distribute ArcGIS shapefile to be used as a means of estimating loading. This file was created
from the 2012 TMDL Implementation Plan (IP) for the Spring and Upper Prior Lake TMDL
(Spring/Upper Prior 2011) . Its Unit Area Loads (UAL) for land cover/use were originally developed
by first cal i br at i n ginstpmobitbreds flovesdwithU iA IMinsesota gHighway 13 0 s
drainage channel (within the District boundary, south of the Arctic Subwatershed) . This occurred
during the relatively wetter years of 1999 and 2002.
expected onor mal 6 vy erdheyears 1998 throdigh 2006avers gefiemate  d based on
their flows compared to 1999. The average load factor from that period was 0.583. This
coefficient was applied to the initial UALS6s within th
the Normalyear 6 s UAL val ue.

No local pollutant build -up or wash off data were available for the urbaniz ed portions of
the subwatershed. Therefore, pollutant probability, runoff coefficient, particulate solids
concentration and land use class (n = 6) street delivery fil es within WINSLAMM (PV and
Associates) were adopted to represent expected loading from urbanized land cover. This data
was collected and analyzed by the developers of WinSLAMM in several urbanized cities from
multiple sources (e.g., rooftops, streets, side walks, turf, etc). For WinSLAMM settings associated
with this data see appendix  6.1.2.

Although several gullies exist within the subwatershed, an accurate estimate of annual
loading of sediment and  phospho rus was beyond the scope of this study.

3.1.6 Topography

The most current topographic information was provided to HDR by SMSC in the form of 2 -
foot contours based on LIDAR data (1.5 points per square meter; Twin Cities Metro Region,
Minnesota 2011). This data set is state of the science and, in as such, mee ts the needs of modern

hydrology and terrain analysis procedures. This data was used in conjunction with SMSC and City
of Prior Lake stormwater utility shapefiles, as well as in  -field verification, for quality control of the
existing Arctic Lake subwatersh ed, catchment delineation, non  -contributing area identification,
gully identification and for identification of storm  -flow focal points in rural land use areas.

Adjustments to the Districtés subwatershed boundar
first running the LIiDAR data through standard GIS watershed methodology via ArcHYDRO (ESRI)
Delineation of smaller catchments within the subwatershed were similarly constructed using
supplemental spill points then corrected using the stormwater infrastructure. All delineations
were then field verified for final definition of catchments.
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Identification of non -contributing areas for this small watershed was carried out by
generating a graduated DEM for visual inspection. If a pit was detected, HydroCAD would be
used to route a 10 -yr storm event from the drainage area to a pond device representing the pit
within the landscape. Allowance for infiltration and time of concentration would be made
based on the existing soils, topography and land cover data using standard hydr ological
methods. If the pit did not overflow , its drainage are a would be considered non -contributing
and excluded from both loading estimates for the lake as well as for siting BMPs.

Gullies were identified through visual inspection of the graduated DEM then field verified
to the extent possible (chiefly, those areas where permission was granted for property access)
Several gullies, located on private property, were later identified and visited by City Staff . Rapid
visual assessments (qualitative) of sta bility and/or extent of erosion were made in consideration
of delivery to the lake.

3.1.7 Soils
Scott County SSURGO soils data was selected to provide relevant soils attributes such as
hydraulic conductivity and hydrologic soils classification. This data set me ets the needs of

modeling, screening and conceptual BMP treatment efficacy studies. The data set will not serve

final BMP design and performance needs, however, and the final selection of infiltrating BMPs is
best determined by performing, at least, soil b oring investigations or, ideally, hydraulic
conductivity testing of all sites called out in the final report.

3.1.8 Land Use/Cover
The PLSLWD TMDL Load shapefile as well as the SMSC Planning shapefile will be used to
model both existing conditions and treatment options for Arctic Lakeds wate
Load file was originally generated for a less resolute scale than this study proposes to use. In as
such, land cover/use will be re -delineated using high resolution pictometry and the values for
0adj ust e drom the angidal file will be correlated to the new working file. No adjustments
were made to the Planning shapefileds | inework but vV a
areas wil |l be assi gned -Dersity Residentiallsandardlelri $Jself oile

3.1.9 Stormwater Utilities

Both the SMSC and the City provided stormwater utility data in the form of shapefiles. The
City also provided As -Built designs and modeling information (Hydrology and Hydraulics) for the
existing stormwater ponds within the study area. It is likely that some points listed as manholes will
be found to be inlets (catch basins) during field investigation (not every manhole was field
verified) . In those cases, as with other error checking results, conflicting or missing information
was noted and provided to the data owner for database updates.

After review of the pond models from the City, several errors and unanswerable
guestions regarding their assumptions led to their abandonment for use in this study. As -built
plans were then field checked by City Staff and corrected fiel  d notes were provided to HDR. This
corrected information ~ was then be used to build existing ponds within WinSLAMM fo r existing
conditions and treat ment models.

3.1.10 Land Ownership
A parcel shape file was provided by the C ity of Prior Lake. Ownership information  aid ed
the selection and siting of new BMPs and for modification of older, existing BMPs. The
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undeveloped agricultural field immediately north of Arctic Lake use d existing condition sin the

model runs . This area is dated for Low-Density-Residential development and it is assumed, given

the SMSCO6s proven dedication to Low | mpact Devel opment
meeting State and Federal water quality standards when converted

3.1.11 Aquatic Vegetation

A previous study surveying the presence and abundance of both native and invasive
plant species was conducted by Blue Water Science and reported on in January 2013
(McComas and Stuckert, 2012a). The survey was completed on September 5, 2012 and found

no species of rooted submerged plants within the lake. It was suggested that low -light levels
during the growing season as well as the presence of bottom feeding fish species limit, or
exclude, the ability of submerged, rooted plants to take hold and survive within the lake. It was

speculated that the removal of carp would encourage new plant growth to occur.

3.1.12 Fish

A fish survey was conducted by Blue Earth Science on September 18 -20, 2012 (McComas
and Stuckert, 2012b). Ten species of fish were sampled using standard trapnets with Bluegill
sunfish and Yellow Bullheads being predominant. An average of 6.7 carp per net were sampled
and was considered reflective of high abundance. Both Snapping and Painted Turtles were also
sampled and considered common in the lake.

Mini-trapnets were used to sample smaller fish. A total of eight species were sampled
with Bluegills again representing the dominant species in terms of abundance. Fathead Minnows
and Golden Shiners were also sampled, but at a slightly higher rate than found i n the regular
trap nets. Yellow and Black Bullheads were sampled at lower rates than Carp and Suckers, while
no small Yellow Perch were captured. The report found that minnow populations were low within
Arctic Lake for the year 2012.

The report suggests th at Carp are likely contributing to poor water quality given that their
benthic scavenging behavior stirs up sediments thereby contributing to internal loads. Similarly,
the scavenging activity of benthic feeders likely has contributed to the absence of sub merged,
rooted vegetation further exacerbating sediment re -suspension and internal loading magnitude.
Because no piscivorous fish were sampled within the lake, predatory pressure on planktivorous
and herbivorous species is likely not present causing their populations to grow with likely limited
controls on their populations beyond carrying capacity. Winter kill conditions were suggested to
occur with limited frequency given the depth of Arctic Lake, though observation of such events
have occurred in the pas t with the most recent being in 2010 -2011. The report found a diverse
range of age classes in its sampling suggesting that either these conditions are infrequent, not
extensive or migration for Upper Prior Lake is frequent. All three conditions may be true

Although the report suggests the Beaver Dam limits, possibly excludes migration in some
years (such as suggested for 2012 for Carp), the study was not designed to assess that function
and its inference was purely speculative.
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3.1.13 Lake Sediment Fertility

Blue Water Science completed an analysis of sediment fertility for Arctic Lake and
submitted a report of their findings on February 2013 (McComas and  Stuckert, 2012c) . The study
analyzed sediment in two ways: release potential based on the ratio of total iron to total
phosphprus as well as a prediction for potential support of Curlyleaf Pondweed and Eurasion
Watermilfoil (as predicted by pH, iron and sediment bulk density and by ammonia and organic
matter, respectively).

This report suggests that given the hig h ratio of iron to phosphprus in all six sampling

locations, it is unlikely that internal loading from sediment is the highest contributor to phosphprus
concentrations throughout the lake. Rather, it suggests that the likely heaviest contributors are
water shed inputs and fish activities (i.e., stirring of sediments causing re -suspension).

However, initial review of the water quality monitoring data from SMSC suggests that in -
lake conditions may promote internal loading. Although the SMSC data does not provi de
enough temperature data, by incremental depths, for the majority of years to directly detect a
thermocline, low DO levels in the data support a hypothesis that internal loading should not
necessarily be discounted as one source of loading to the lake. Currently, the Science Museum
of Minnesota is analyzing a sediment core sample from the deepest part of the lake that may
provide insight into the distribution, abundance and availability of phosphprus as related to
potential internal loading contribution. That analysis may also provide information about the
potential effectiveness of flocculent treatment BMP options.

The Blue Water Science report also suggests that conditions  for both Curlyleaf Pondweed
and Eurasion Watermilfoil are present , at all six of its sampling sites, that would support light to
moderate growth.

3.2 Hydrologic/Water Quality and Lake Models

The following section summarizes the methods used to develop an existing conditions
watershed water quality model as well as an in -lake response model for Arctic Lake. Each major
component of both the watershed and lake model are presented.

3.2.1 Modified PLSLWD TMDL Load Model for Rural Areas

The PLSLWD TMDL Load Distribute Tool (PLSLWD Tool) was used to estimate annual
loading from the entire  Arctic Lake subwatershed. This serves as a relativistic comparison of
loading between all the land uses within the subwatershed, maintains the current standard
operating procedure within the PLSLWD and provides an estimate of loading from rural areas to
Arctic Lake othe rwise not modeled within WinSLAMM.

Several modifications to the provided data relevant to the Ar ct i ¢ suavhatershed
and land use/cover loading, as defined by the PLSLWD loading tool, were made to increase the
resolution and quality of estimating wate rshed loads. The complete  Arctic Lake subwatershed
was redrawn referencing aerial photography, LIDAR (2 -ft contours), SMSC and PLSLWD
stormwater utility data and field verification. Similarly, smaller catchments were delineated within
the Arctic Lake subwa tershed by choosing points of  potential BMP interest as spill points. For
instance, one point of interest in the study was the culvert located within the main drainage
channel within the wetland west of the Lake. This broken culvert system drains the bulk of the

subwatershedds rural, undeveloped component through
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The watershed was screened for non

-contributing areas as well as to the expected

frequency of effluent events from existing stormwater ponds. A shaded DEM was used to locate

pits in the landscape and were review

ed in relation to their contributing drainage area. If a pit

was found that had a drainage area more than twice its areal coverage, a HydroCAD model

would be generated to determine the rain event which caused it to overflow. Tho se areas with
pits overflowing during events less than the 10 -yr frequency would
contributing areas to Arctic Lake.

the sake of building existing tr

be considered non -

Similarly, City archives of hydrologic and hydraulic storm pond models were reviewed for

eatment into the existing conditions model. When discrepancies or

errors were detected in the review, correspondence with Pete Young, City of Prior Lake, led to
his site review of the site and subsequent photographs and notes were used in place of the

suspe c t

dat a. Each pondds bathymetry

and outl et conf i

WinSLAMM maodel for rate, volume and water quality treatment/behavior. When a pond did not

overflow below a 10

-yr event, its catchment was to be considered as non

-contr ibuting.

Approximately 2/3rds of the watershed draining to Arctic Lake flows through the ditched
wetland complex adjacent to the west side of the Lake. Several gullies drain the various
catchments within this area of the watershed (Figure 3). Understanding
these gullies with respect to the common outlet of the wetland was necessary to evaluate the
relative loads generated from various catchments. To understand the combined flows and TP
loads as well as the relative proportion of catch ment contributions, SMSC
collected discharge and flow data at the mouth of two of the major gullies

the wetland (points 1 and 2 Figure 2).

Figure 3. Location of gullies with the Arctic Lake subwatershed

1

3

® .

Legend

Gully
Field Verified Gully Area

Sub-catchment

500 1,000 Feet

the relative flow from

Hydrologist Scott Walz
and the spill point of
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3.2.2 WinSLAMM Model for Developed Areas

The Source Loading and Management Model for Windows (WinSLAMM,;
http://winslamm.com/default.html ) was used to estimate runoff and pollutant loads from Arctic
Lakebds wurbanized areas. Thi s model was chosen partly
adopted it as their urban watershed modeling software, but also because of the applicability of
its empirical database related to source areas within each rain event. Standard Land Use files
were selected that best fit observed land use types in the study area to provide definitions of the
proportions of source area contribution as averaged over several similar Midwestern cities. This
empirically -based model and its assumptions fit within the scope of this study and are preferable
to physically -based models in this application (i.e., to semi -rapidly describe the relative
contribution of loading the Lake from urban portions of its watershed).

WIinSLAMM source files were selected  with the following assumptions:

1. the pollutant mean and pollutant coefficients described in the pollutant probability f ile
reflect conditions within the urban areas of the study

2. runoff coefficients (extensively calibrated within Midwestern sample sites) work with rain
depths and land uses in a similar way in this study area to produce accurate runoff
volumes

3. particulate s olids concentration file provides source  -area data (mg/l for individual rain
events for each pollutant) that reflects those of the study area

4. the values related to sediment build up, washoff and pit -capture within the street
delivery files reflect conditio  ns found within the study area

The City of Prior Lakeds storm pond data was used
supplied from Pete Young for accurate representation within the model. For catchments 2, 3,
and 4, this meant revising pond bathymetry sign ificantly from the hydraulic model information

including outlet diameter and bathymetry. Bathymetry was re -created digitally using aerial
photographs and replication of as -bui | t contour s. Similarly, catchment
and normal elevation wasr ecr eat ed. No data was provided for 130s

was therefor assumed to be similar to that provided f ol

Neither pond located within catchment 12 or 10 were modeled given that the drainage
area to pond ratio was very clo  se to one and was comprised of open space with very minimal
loading. Lastly, WinSLAMM was used to estimate the existing treatment efficiency of the grassed
swale in catchment 16.

3.2.3 BATHTUB Model for Arctic Lake
Bathtub Software was used to develop a compreh ensive water quality model of Arctic
Lake based on the | akebds morphometry and the contribu
precipitation data made initialing a water budget feasible, but inflow and outflow were only
monitored for the spring of 2013 (Ap ril). Estimates of annual flow from the channel, agricultural
field and urban areas were estimated as described below. Similarly, in -lake water quality
sampling provided means for verification of model results as well as calibration, inflow
concentrations from the watershed were provided at site 3 for April 2013 only. This data set
proved very useful in verifying estimates for runoff quality from 2/3rds of the watershed.
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Global variables were entered into the Bathtub model including precipitation and
evapor ation. Precipitation was gathered from the rain gauge data, and evaporation was
determined based on studies by Thompson (1975) and Walker (1985). Evaporation estimates
used temperature, wind speed, and dew point for each month. The atmospheric loads wer e
adopted from an existing HDR metro  -area model due to the relatively similar project locations
and approach to each study.

Segment data contains calibration factors, internal loading, observed water quality, and
the morphometry of each segment. For our s tudy, Arctic Lake is the only segment. Initially,
internal load and calibration factors were not used building the existing conditions model.
Observed water quality was maintained from the metro -HDR study, mentioned above, due to
the similar nature of th e systems. Most of the morphometry information was gathered from GIS.
Arctic Lakeds bathymetry was used to find the surface

mean depth was found from stage -storage relationship according to the contours. The leng this

the distance along the | akeds major flow axis, but has
like ours that has only one segment. The mixed -layer depth is a variable depth that changes
seasonally. A rough esti mat e f og 3 meter® whilep Bathtule nt at i v e ¢
suggested using 2.9 meters. Because the values were
meters was adopted. The final variable is the hypolimnetic thickness which is simply the

remaining lake depth beneath the mixed -layer.

Co ntributing watersheds are modeled as tributaries in the Bathtub program. Land uses in
the watershed were digitized in ArcGIS. Three tributaries were used in the study: urban,
cropland, and undeveloped. The cropland tributary is designed as a non -point s ource of runoff
into Arctic Lake.-poBertautkowtdbata@a®nand concentrations
tributary main screen. Instead, the land use tab was populated and the program adopts
information from the cropland land use export coefficient . The export coefficient requires
pollutant concentrations and a runoff value. The total phosphorus concentration comes from
Minnesota Stormwater Manual guidance. The runoff value was found by using the Minnesota
Hydr ol ogy Gui deds c onttashowingnramff valiies adioss the state. In Scott
County, t he average annual runof f was 4.5 i nches an
watershed is representative of a Otypical 6 watershed
crops and farmsteads, we tlands) with a small portion of medium  -density residential. The 4.5
inches of runoff were applied over the total area of agricultural land use. The runoff value
based on the Minnesota Hydrology Guide was 43 acre -feet. Other methods were considered to
find the runoff wvalue but proved ineffective. Lake | ev
considered over a series of time steps, but the top of dam elevation is dynamic and influenced
regularly by other factors including beaver activity.

The remaining tributaries were urban and undeveloped. The urban tributary was labeled
as a monitored inflow based on the results of a WinSLAMM model for urban catchments. This
incorporates the total area of the urban watershed and the treatment BMPs that the runoff
faces. WInSLAMM uses empirical data to estimate flow rates and pollutant concentrations,
whi ch were entered into Bathtub6s tributary dat a.

The remaining undeveloped area was given a flow rate once again based on the
Minnesota Hydrology Guide runoff value o f 4.5 inches in Scott County over the digitized
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undeveloped land use acreage. The total phosphorus concentration was input based on

available monitoring data in the channel upstream of Arctic Lake. When compared to the 5

flow measurements at Site 3, simil ar results were found suggesting that the MN Hydrology Guide

may be used in the future with reasonable planning -level accuracy when no flow data is

available . For this study, we used the limited flow data to estimate an annual average flow. To

do this, a p lot of flow versus rainfall was generated with a linear regression and formula. The

fitted | ineds intersection was roughly equivalent to t
in 2013. This formula was then used for each rain event in 2007 to generate estimate d discharge

for the entire year and averaged to provide an estimate of annual mean discharge.

3.3 Water Quality Impacts and Opportunities 0 Subwatershed

This section discusses the process used to identify and model possible opportunities for TSS
and TP capture and treatment withi ~ n the Arctic Lake subwatershed.

3.3.1 Undeveloped Areas

To identify and assess potential options for treating subwatershed runoff from the
undeveloped (woodlands, prairies and wetlands) portion of Arctic Lake subwatershed, an initial
screening of existing data in GIS was performed followed by site visits for verification of
assumptions . To initiate this process, the DEM, land use and aerial photography were used to
identify gullies, drainage ways and wetland restoration opportunities as well as BMP opportunities
withi n-conveyance, at points above/below culverts, at outfalls and edge of agricultural field.
Field observations provided on -site data that would lead to conceptual design treatment
modeling affecting both cost and performance.

Once these potential opportuniti es were identified, iteratively -scaled solutions were
analyzed for removal of TP using a combination of WinSLAMM and published data. This was
accomplished by recreating the expected TP for each BNM
District tool via adjustment of the acreage of an Open Space standard land use file in
WIinSLAMM. A BMP was then designed to estimate the expected TP removal. This process is
recommended within the Districtds TMDL | mpl ementati on
The TMDL IP, however, suggests the use of P8 while this analysis chose WinSLAMM as the author
feels it more accurately describes the distribution of phosphprus in runoff across the particle size
and dissolved spectrum.  Thisnot only affects the p -distribution b ut also the BMPs performance
considering the method by which it removes phosph orus from runoff.

For each scaled solution, estimates of a 30  -year term cost were calculated to facilitate
an Annualized Term-Cost Value as follows:

[$Design + $installation /Materials + 30(_$Annual Maintenance)]
[30(Annual LB -TP Reduction)]

The values for each scaled solution were then compared to provide an implementation
strategy that maximizes return on investment for the Partners.

3.3.2 Developed Areas
The process for developed areas mirrored that performed for the undeveloped areas
with the exception of the potential BMPs proposed and their resulted treatment modeling. The
devel oped areads proposed BMPs wused the contributing c
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the existing condi tions analysis. Again, several scaled solutions were modeled for the chosen
BMP treatment strategy. The 30 -yr annualized term -cost value was calculated in the same
fashion.

3.4 Water Quality Impacts and Opportunities 0 In-Lake

SMSC lake water quality data wa s reviewed to assist in selection of potential
management strategies for ~ Arctic Lake. The following strategies were considered in light of this
data and weighed against the practicality and estimated costs of implementation to provide
recommended strat  egies:

1 Nutrient Management
0 Flushing
Flushing is the act of providing sufficient inflow of relatively clean water to the

lake to cause existing waters, and it s TPmass, to be displaced through the outlet
therebgetbtriengd a cl e.dAmsignifi@antesourcesadf wateeis needed
upstream of t Hoethistabeei@bke .i nl et

o Dredging
Dredging is the act of removing sediment from the actively aggrading portions
of the lake to remove associated phosphorus , thereby reducing the chance for

internal | oading via source removal. This is accomplished either by draw down
and scooping/excavating or via suction.

o Phosphorus precipitation
Precipitation of phosphorus from the water column and/or top sediment layer,

thereby making it unavailable to algae for gr owth, can be accomplished via the
addition of iron (FeCl 3), aluminum or calcium.

1 Biomanipulation
Biomanipulation has been used to lower the trophic state of lake systems. The
requirements for success are as follows (Scheffer, 2001):

1. The existing fish stoc k must be dramatically reduced ;

2. The fish reduction must then establish a clear water state ;

3. Submerged plants must successfully re -establish dense stands ; and

4. This vegetation must stabilize the clear water state
The following options are typically employed as strategies unified in the biomanipulation
plan.

o Carp removal
Removal of benthic, foraging fishes assists in reduction of sediment re -suspension

and improves the likelihood of submerged aquatic vegetation establishment.
Aquatic plant re -establishment, i n turn, can initiate an upward trophic cascade
with the establishment of zooplankton refugia and subsequent increase s in
population and nutrient filtering from the water column.

o Piscivore reintroduction
Introduction of piscivorous fishes has been used to e ffect a downward trophic

cascade via predatory pressure on planktivores. Population control of
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planktivores releases zooplankton from predatory pressure thereby increasing
there populations and resulting filtering capacity of the lake.

0 Vegetation Restorat ion

As mentioned above, the reintroduction of native, submerged aquatic
vegetation provides controls on TP mass in several ways, indirectly and directly.
Plant root structure stabilizes the benthic sediments buffering the effect of wave
action that would normally lead to sediment re -suspension and subsequent
phosphorus release and limitations of light penetration (impaired water clarity
leading to reductions in plant density). Lastly, standing vegetative structure
provide a refuge site for water filtering zooplankton, reducing the population
stressors of plantivorous fishes. Benthic foraging fish removal and temporary,
physical enclosures are required for successful establishment to occur.
Temporary draw downs also promote vegetation restoration via protect ion from
fish and increased access to light.

1 Hydrological Adjustments
o Draw down of water levels

Similar to flushing, a drawdown involves the removal of the existing water
column, but achieved via outlet modification of actively pumping to a
downstream con veyance. Consideration of the time expected for the lake to

refill itself must be made. Partial draw downs allow for shallow water aquatic
vegetation restoration opportunities while complete draw downs allow for
sedi ment removal form the | akeds bottom.

9 Dredging

(0]

As mentioned above, removal of lake sediment has the potential to restore its
historic benthic environment to a point before sedimentation impacts occurred
thereby removing accumulated phosphorus and providing the potential for
vegetation restoration . The process focuses on areas of sediment accumulation
via suction and/or mechanically scooping out material. It demands a flat,
extensive open space for dewatering and removal to an offsite location.

1 Barley Straw

Barley straw has been used in shallow po nds to reduce phytoplankton biomass.
Although the exact mechanism(s) driving algal reductions related to barley straw

are relatively poorly understood, it is believed that the provision of refugia for
zooplankton and beneficial bacteria are the primary dri vers. As mentioned
above, zooplankton  (in particular Daphnia and other rotifers) filter the water
column. It is believed that the bacteria residing on the straw uptake nutrients as

well (Wingfield et al, 1985 as cited by Scheffer 2001). Another suggestion is that
phytotoxic compound(s) found in barley straw have allelopathic effects on
phytoplankton  (Gibson et al., 1990; Pillinger et al, 1994 as cited by Scheffer,
2001). Barley Straw has been used, locally, outside of stormwater ponds ( e.g.,
Powderhorn Park , Minneapolis) with anecdotal evidence of its efficacy, but not
to the scale of Artic Lakebds basin.
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4 Results

4.1 Existing Data Review

4.1.1 Precipitation and Lake Levels

Figure 4. April - November annual rainfall (in inches) in Arctic Lake subwatershed

(SMSC data)
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4.1.2 Lake water quality
This section discusses the SMSC water quality data and how it was used for this analysis.

There were four database files used in this study

(see Appendix 6.1.2 for additional  data ):

Arctic Lake Chemical Data.xlIsx

with an example summary of the resulting data
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Thk file contains Arctic Lake data collected from May 5, 1999 through August 8, 2012. The
0West Arcticdé monitoring l ocation was sampled only
monitoring location was sampled approximately 50 times from 1999 through 2006; a oOotopbo
sample and a Obottom6é sample were taken during each
monitoring location was sampled 112 times from 1999 through 2012, typically from late
May/early June to late August/early September. These surface samples (1 meter below water
surface) were typically taken 7  -10 times per year from 1999 through 2007, and 12  -14 times per
year from 2008 through 2012.

Arctic Lake 1999 -2012.xlIsx

This file contains a number of parameters measured with a submersible, cabled probe
(aka Sonde). The parameters were measured at the same depth as the water sample
collection. Measured parameters include water temperature (degrees C), dissolved oxygen
(mg/L), dissolved oxygen saturation (%), specific conductivity (micro Siemens/cm), total
dissolved solids (g/L), pH, oxidation -reduction potential (millivolts), and barometric pressure (mm
HQg). There are 182 data points available for most of these parameters from 2004 through 2012.
Exceptions are for oxidation -reduction potential (181 points) and bar ometric pressure (40 points,
primarily 2004 -2005).

Thermocline identification is a necessity for development of in -lake response modeling
(e.g., Bathtub). On review of the current data set, only the year 2012 provides data sufficient for
this purpose asprecedi ng yearso0®6 data was <collected in | ocatio
deepest point, where a more definitive profile can be ascertained. For other years, a
comparison of hypolimnion vs. ep ilimnion chemical and temperature parameters were used to
estimate mixing ev ent timing ( Figure 6).

Page 24



Figure 6. 2009 Shallow (S) versus Deep (D) dissolved oxygen in Arctic Lake
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Arctic_2012 .xIsx

This file contains quality assurance information for the Sonde data. It also contains water
column profile data for the Sonde for three dates in 2012 (September 12 t, 19t and October
15%). This data can help identify important physical changes in the lake if collected over the
course of the year.

Hydrolab_ChemicalProfile_ArcticLake.xlIsx.

This file contains Sonde profile data for the year 2005 (22 monitoring events from April 4 th
through November 9 ). The data was typically measured each foot from 1 foot off of the lake
bottom to 7 feet off of the bottom.

Summary of Findings

SMSC06s 4 thwh 2012 water quality monitoring results suggest elevated
concentrations of TP in the surface waters of Arctic Lake for the duration of the record with an
aver age of 0.128 mg/L (0.045 8 0.320 mg/L; Figure 7). In 2007, SMSC collected water quality data
at the deep part of the lake (East Arctic site). In that year, the concentration of TP averaged
0.368 mg/L (0.110 8 0.610 mg/L, n=6 from 6/4 though 7/17 ; Figure 8). In that year, the early to mid
June concentrations in the epilimnion and hypolimnion effectivel y equivalent during two
samples.
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Sonde data collected during the years 2007  -2012 showed consistently anoxic conditions
(<0.4 mg/L DO) in the hypolimnion and di  ssimilar temperatures between it and the epilimnion.
This trend repeated itself for each year until early to mid October (Appendix 6.1.2).

Figure 7. 2004 6 2012 Shallow TP (mg/L)
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The 2007 TP data, when compared to the Sonde data from 2007 -2012, provides the best
insight into the | akef6s behavior relative to establish
is not enough data available to identify a thermocline in terms of temperature at this time. The
shallow and deep water concentrations of Dissolved Oxygen ( DO) highly differ from the earliest
sampling (in most every year) until October. DO was nearly undetec table in the hypolimnion in
most samples a nd consistently well above 4 mg/L in the epilimnion. The temperature between
the shallow and deep measurements, on average, differed by 20°C suggesting a thermocline
from June until October . Nearly each year (2007 -2012), both the DO and Temperature
measure ments of the epilimnion and hypolimnion converged in early to mid October.

The data suggests that

1. There is a very high likelihood a thermocline keeps shallow and deep water from
mixing, in most years, until October  when the similar temperatures and DO
suggest a mixing event occur

2. The extent of this mixing, in terms of TP and total load delivery to the epilimnion
from the deep part of the lake, cannot be verified from the existing dataset ;

3. The similarity between shallow and deep concentrations of TP, in June 2007, may
suggest that TP levels start out uniformly in the beginning of the season and that
anoxic conditions lead to an internal release of P throughout the remainder of
the summer . Without a clear understanding of thermocline depth trough time, it is
difficult to estimate the relative proportion of hypolimnion load related to a
sinking thermocline (reduced volume of water in the hypolimnion) versus that
related to the release of P from the sediment ;

4. The shallow TP sampling at East Arctic ended befo  re October for every year on
the record (before the observed possible mixing event as detected via the Sonde
data) so no interpretations can be made as to whether the hypolimnion & s
elevated TP -load is transferred into the shallow waters  ; and

5. Given the Sonde data, however, it appears likely that internal loading plays a
significant role in the nutrient balance of the epilimnion . Unfortunately, however,
the data does not allow us to tell to what extent.

Future sampling can serve to verify these findings by sampling temperature at each
meter, along with the  Sonde parameters currently being sampled, from ice out though ice in, or
until a homogeneous temperature profile is established. Samples for TP should be taken each
month as well. The total load of TP can  then be calculated for the epilimnion and hypolimnion as
the thermocline moves downwards and eventually whole lake mixing occurs.

4.1.3 Inflow to Arctic Lake

Event sampling of flow and water quality at three locations west of Arctic Lake allowed
for insights int o the spring runoff quality and quantity for 2013 ( Figure 9). In addition, this data was
used to assist in the Bathtub lake model

Flow data , as shown in Table 2, from two sampling dates in the spring of 2013 wer e
compared (sites 1 and 2) with respect to the flow from the entire western 2/3rds of the
subwatershed (site 3). Sites 1 and 2 were located at the bottom of two major drainage gullies.

They differ dramatically in their response to rainfall i  n terms of runoff generation, according the
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SMSC flow data for their outlets. The much larger catchment 9, that drains to sample site 2, has
disproportionately smaller runoff. It is somewhat surprising that even after the 3.42 inches of
precipitation from  4/1/2013 through 4/15/2013 (see Table 3) site 2 registered zero runoff while site
1 (catchment 8) produced 21% of the entire drainage area running to sample site 3.
Interestingly, catchment 9 did register runoff th rough its gulley outlet on 4/30/2013, but only
represented 3% of the western drainageds total flow
possible that the shallow lake within catchment 9 was relatively low in the winter of 2013
compared to its outlet eleva  tion and did not overflow for either or both of the sampling dates.
Other possible explanations are that catchment 9 has more wetland coverage (storage
potential) outside of its shallow lake drainage area as well as primarily woodland cover in the
remainin g portion, relative to catchment 8. Catchment 8 is 3/5ths woodland and 2/5ths newly
developed parkland. In either case, the TMDL Load tool predicts negligible TPloads from both
catchments.

Figure 9. Flow (cubic meters/second) at 3 sampling points west of Artic Lake
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Table 2. Proportion of flow at three sampling locations within the western 2/3rds of the subwatershed for two
spring, 2013, rain events

Date Site Acres Percent of Western Discharge Ratio of Drainage
Drained 2/3rds of (m?3/s) Contributing to Site 3
Subwatershed Area
Draining to Site 3

4/25/2013 1 0.00290 21%
31.22 9%

4/30/2013 1 0.00180 28%

4/25/2013 2 0.00000 0%
95.84 28%

4/30/2013 2 0.00020 3%

4/25/2013 3 0.01380 100%

0
4/30/2 013 3 339.10 100% 0.00640 100%
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Table 3. Daily precipitation events related to the inflow sampling data collection in 2013

Date Precip. Date Precip.

(in) (in)
4/1/13 0.05 4/18/13 0.44
4/8/13 0.85 4/19/13 0.78
4/9/13 0.05 4/22/13 0.18
4/10/13 0.89 4/23/13 0.86
4/11/13 0.79 4/25/13 0.02
4/12/13 0.28 4/29/13 0.05
4/15/13 0.51

Given the monitoring data, above, the remaining flow observed at site 3 is contributed
by catchments 3, 4, 5, 6, 7, 10, 11 and 12. Catchments 3 and 4 were modele d in WinSLAMM
while the remaining catchments were neither modeled nor monitored. Catchment 3 does not
have any volume reduction capacity as its pond is filled with sediment to within a foot of the
overflow and low enough to have nearly permanent ground wat er filling that stage storage.
Catchment 4 has the capacity for minor infiltration and is expected to remove 15.7% of the
volume draining to it annually. WinSLAMM, however, does not directly predict discharge. To
estimate the rate of discharge provided by catchment 4, WinSLAMM precipitation records for
Minneapolis, 1959 (representative normal year) provided a 7 day period generating 2.64 inches
of rain. After the volume removal of the existing pond, this equated to an estimated 0.0163 m 3/s
of flow for an ev ent similar to that preceding the 4/30/2013 sampling date. Similarly, catchment
3 was determined to produce 0.0074 m  3/s of discharge. The sum of flows for catchments 3, 4, 8, 9
would then be estimated at 0.0275 m  3/s. If these relative humbers are accurate, the wetland
complex in catchment 5 would need to be storing more volume than the ditch channel
provides or the rate of flow from the outfalls of each catchment draining to it exceed s7 days.

Of the remaining catchments, 10 is considered non -contributing g iven its very small
drainage area to pond ratio and that it overflows to the seldom overflowing shallow lake found
within catchment 9.  Similarly, catchment 2 is primarily comprised of a small drainage area of
natural cover feeding a wetland of nearly the same size that rarely overflows through 11
Catchments 6 and 7 may contribute proportionally to runoff of catchment 8 (71% and 93%), as
would catchment 11 (98% the size of 8). These contributing areas combined would then
account for 0.00472 m 3/s.The t ot al sum of the contributing catchme
0.0322 m3/s.

The relative contribution of the  western 2/3rds of Arctic Lakes watershed (  west of site 3)
possibly contributes less than 1/3 ™ of the total flow to the lake , as evidenced by inf low versus
outflow of the lake  (Figure 10).
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