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TMDL Summary Table

EPA/MPCA Summary TMDL
Required Elements Page #
Location Located within western Hennepin County inthe Pioneer-Sarah Creek 2
Watershedinthe UpperMississippi River Basin.
303(d) Listing Table 1.1 in Section 1.2 3
Information
Applicable Water | Criteriaare setforth in Minn. R. 7050.0150 (Total Phosphorusand 5-6
Quality Standards/ | E. coli)
Numeric Targets
Waterbody Numeric Target
Bacterialmpairments | No more than 126 organisms per 100 ml as a
geometricmean of notless than five samples
representative of conditions withinany
calendar month, norshall more than 10% of
all samples taken during any calendar month
individually exceed 1,260 organisms per 100
ml. The standard applies only between April 1
and October31.
Nutrient Impairments | Growingseason (June-September) means of
total phosphorus of 40 pg/l or less for deep
lakes, 60 ug/l or less forshallow lakes
Loading Capacity | Nutrients:See Section4.2.1 28
(expressedasdaily | Bacteria:See Section4.3.1 38
load)
Wasteload Nutrients: See Section 4.2.3 30
Allocation Bacteria: See Section 4.3.3 40
Load Allocation Nutrients: See Section 4.2.2 29
Bacteria: See Section 4.3.2 40
Margin of Safety | Lake Nutrients: Explicit MOS of 5% of the loading capacity of each lake. 32
SeeSection4.2.4
Bacteria: An explicit figure of 5% of the loading capacity for each flow a1
regime was used to representthe MOS. See Section4.3.4
Seasonal Variation | Nutrients:See Section4.2.5 32
Bacteria: Load duration curve methodology accounts for seasonal 41

variations. See Section 4.3.5
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Reasonable
Assurance

TMDL implementation willbe carried out on an iterative basis so that
implementation course corrections based on periodic monitoring can
be made to adjust the strategy to meetthe applicable standard. See
Section 6.

48

Monitoring

Progressinimplementingthe TMDL will be measured through regular
monitoring efforts of water quality and total BMPs completed and
estimates of the load reduction associated with those BMPs where
appropriate. This will be accomplished through the efforts of several
cooperatingorganizations. See Section 7.

51

Implementation

Thisreportsets forth an implementation framework to achieve the
TMDL. See Section 8.1. The cost of compliance withthe TMDL is
included forthe one permitted point source affected, and an
estimated costrange forthe overall effortto meetthe TMDL based on
various assumptionsisalsoincluded. SeeSection 8.5.

53

PublicParticipation

See Section9
Publiccomment period: May 1, 2017 through May 31, 2017

60

vii




Acronyms

ac-ft/yr
AU
AUID
BMP
BOD
Chl-a
CLPW
CWP
DNR
DO
EPA
EQuIS
GW
HUC
IMW
ITPHS
in/yr
km?
LA

Lb.
Ib/day
Ib/yr
LGU

m
mg/L
mg/m?-day
mL
MnDOT
MOS
MPCA
MS4
MUSA
NCHF
NPDES
PSCWMC
RC
SDS
SOD
SSTS
TDLC
TMDL
TP

acre feetperyear

animal unit

Assessment UnitID

Best Management Practice
biochemical oxygen demand
Chlorophyll-a

curly-leaf pondweed

Clean Water Partnership

Minnesota Department of Natural Resources
dissolved oxygen

U.S. Environmental Protection Agency
Environmental Quality Information System
Groundwater

Hydrologic Unit Code

Intensive Watershed Monitoring
imminentthreatto publichealth and safety
inches peryear

square kilometer

Load Allocation

pound

pounds perday

pounds peryear

Local Government Unit

meter

milligrams per liter
milligram per square meter perday
milliliter

Minnesota Department of Transportation
Margin of Safety

Minnesota Pollution Control Agency
Municipal Separate Storm Sewer Systems
Metropolitan Urban Service Area

North Central Hardwood Forests

National Pollutant Discharge Elimination System
Pioneer-Sarah Creek Watershed Management Commission
Reserve Capacity

State Disposal System

sediment oxygen demand

Subsurface Sewage Treatment Systems
Total Daily Loading Capacity

Total Maximum Daily Load

Total phosphorus

viii



UAL
ug/L
WLA
WRAPS
WWTP

Unit-areaLoad

microgram per liter

Wasteload Allocation

Watershed Restoration and Protection Strategies
Wastewater Treatment Plant




Executive Summary

This Total Maximum Daily Load (TMDL) study addresses 10 impairmentsinthe Pioneer-Sarah Creek
Subwatershed of the North Fork Crow River (Hydrologic Unit Code (HUC) 07010204) and South Fork
Crow River Watersheds (HUC 07010205), locatedinthe Upper Mississippi River Basin. These include
nutrientimpairments in Lake Ardmore, Peter Lake, Spurzem Lake, Half Moon Lake, North Whaletail
Lake, and South Whaletail Lake, and Escherichia coli (E. coli) bacteriaimpairmentsin Sarah Creek,
PioneerCreek, Unnamed Creek, and Deer Creek.

Allimpaired waterbodies addressed in this study, with the exception of Unnamed Creek, lie within the
jurisdictional boundaries of the Pioneer-Sarah Creek Watershed Management Commission (PSCWMC).
The area within the jurisdictional boundaries of the PSCWMC s about 45,000 acresand is locatedin
western Hennepin County, Minnesota. The PSCWMC was formedin 1984 through a joint powers
agreementamong six municipalities (Greenfield, Independence, Loretto, Maple Plain, Medina, and
Minnetrista), whose primary purpose is to protectand improve surface water quality and aquatic
habitat.

The goal of this TMDL studyisto quantify the pollutantreductions needed to meet state water quality
standards for nutrientsin lakes and E. coli for the fourimpaired stream reaches. This TMDL was
establishedin accordance with Section 303(d) of the Clean Water Act and provides wasteload
allocations (WLAs) for point sources (permitted sources), load allocations (LAs) for nonpoint sources
(non-permitted sources), natural background assessment, and a margin of safety (MOS) aimed to
restore aquaticrecreation designated uses forthe waterbodiesincluded.

Lakes

The TMDL study includessix lakes that are not meeting lake eutrophication standards forthe North
Central Hardwood Forests (NCHF) ecoregion. Nutrient budgets were developed for all six lakes, along
with lake response models to determine the TMDLs. The primary sources of phosphorus to the lakes
include manure, agricultural runoff from cropland areas, internalloading (from sediment release of
phosphorusand/orcurly-leaf pondweed (CLPW)), and urban and rural watershed runoff. Total nutrient
reductions required to meetthe lake water quality standards range from less than 30% for Peter Lake
and South Whaletail Lake to over 90% for Lake Ardmore. Nutrient reduction implementation strategies
for the lakesinclude application of stringent stormwater management standards to new and re-
development activities, improving manure and pasture management, reducing nutrientand sediment
loss from cropland, inspection and replacement of non-compliant septic systems, and reducinginternal
loading from enriched sediments, CLPW, and/or roughfish.

Bacteria

Flow and bacteriamonitoring datain Sarah Creek, Pioneer Creek, Unnamed Creek, and Deer Creek were
usedto establish load duration curves to define the reductions necessary to meet the E. coli standard. A
bacteriasource inventory was conducted to estimate the potential sources of bacteriain the watershed
of eachimpaired reach. This analysisindicated that wildlife is the primary source in Sarah Creek, while
horses and livestock are the primary sourcesin Pioneer, Unnamed, and Deer Creeks. Bacteriareductions
up to 66% are requiredto meetE. coli water quality standards, depending on flow conditions.
Recommended implementation activities include manure and pasture managementinitiatives, limiting




livestock access to streams, inspection and replacement of non-compliant septicsystems, and pet waste

management.

Findings of this TMDL were used for development of the implementation activitiesincluded in the
Pioneer-Sarah Creek Watershed Restoration and Protection Strategy (WRAPS) Report. The intent of the
WRAPS report was to develop scientifically based restoration and protection strategies forthe Pioneer-

Sarah Creek Subwatershed.

Xi



1. Project Overview

1.1 Purpose

The goal of thisTMDL reportisto quantify the pollutantload reductions needed to meet the Minnesota
Pollution Control Agency’s (MPCA’s) water quality standards for nutrients in six lakes and bacteriain
fourstreamreachesin the Pioneer-Sarah Creek Subwatershed. This TMDL was established in
accordance with Section 303(d) of the Clean Water Act and provides the WLAs and LAs for the impaired
waterresources. This TMDL study is one component of the Pioneer-Sarah Creek WRAPS report designed
to protectand restore key waterresources withinthe Pioneer-Sarah Creek Subwatershed.

Figure 1-A shows the hydrologicboundary of the Pioneer-Sarah Creek Subwatershed, the jurisdictional
limits of the PSCWMC, key waterfeatures that will be addressedin this document, and the
municipalities that are included within the project area. The Pioneer-Sarah Creek Subwatershed covers
an area of approximately 55.2 square miles (35,305 acres) and is located in the western part of the
Minneapolis-St. Paul Metropolitan Areain Hennepin County. The subwatershed is drained by Pioneer
Creek, Sarah Creek, and several minortributariesto the Crow River. Water movementin the watershed
isgenerally from east to west, with Sarah Creek discharging to the Crow Rivernearthe city of Rockford
in Wright County, and Pioneer Creek discharging to the South Fork Crow Riversouth of the city of
Delanoin Hennepin County. The subwatershed includes all or part of the cities of Minnetrista,
Independence, Maple Plain, Medina, Greenfield, Loretto and avery small portion of Corcoran. The
Pioneer-Sarah Creek Subwatershed islocated entirely within the NCHF ecoregion.
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1.2

Identification of Waterbodies

Numerousimpairments have been identified based on monitoring data collected by MPCA, PSCWMC,
Three Rivers Park District, and others during the 10-year period between 2006 and 2015. Table 1.1
summarizesthe currentand proposedimpairmentlistingsincludedinthis report.

Table 1.1 - Impairments addressed in this TMDL report

Stream (Reach | Assessment | Affected | Pollutant | Designated Year TMDL Target
Description) or UnitID Use Use Class Listed | Start/Completion
Lake Name
Sarah Creek 07010204-
2B, 3C 2012 2014/2019
628
PioneerCreek 07010205- .
Aquatic . 2C
653 ) E. coli
recreation Proposed
Unnamed Creek | 07010205- >016* 2012/2017
593 2B, 3C
DeerCreek 07010205-
594
PeterLake — Proposed 2012/2017
27-0147-02
North Bay 2016*
Spurzem Lake 27-0149 2008 2013/2018
Half Moon Lake Proposed 2012/2017
27-0152 _
Aquatic . 2016*
. Nutrients 2B, 3C
Lake Ardmore Recreation Proposed 2012/2017
27-0153
2016*
South Whaletail 2006 2013/2018
outh whatetall | 57 0184-02 /
Lake
North Whaletail 2008 2013/2018
Lak 27-0184-01
ake

* Listedon the 2016 Draft 303(d) Impaired Waters List.

1.3 Previously Completed TMDLs and Other Impairments

TMDLs have already been completed forthree lakesin the project area: Lake Independence (851 acres),
Lake Sarah (552 acres), and Hafften Lake (43 acres). The Lake Independence Phosphorus TMDL was
approvedin 2007 and calls foran overall estimated phosphorus load reduction of 1,081 lbs/yr, which
equatestoa 45% reductioninthe phosphorusloading affecting the lake at the time the TMDL was
prepared. Lake Ardmore and the chain of lakes on Spurzem Creek (Peter, Spurzem, and Half Moon) all
discharge waterthat reaches Lake Independenceand assuring that these lakes meet water quality
standards will help achievethe load reduction goal for Lake Independence. The Lake Sarah Nutrient
TMDL was approvedin 2011 and requiresaphosphorus load reduction of 4,330 Ibs/yr, or about 79% of
the load affectingthe lake atthe time the TMDL was prepared. About 26% of the load reduction was
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targeted to come from watershed sources, and 74% from control of internal sources (CLPW and releases
of phosphorus from enriched lake bottom sediments). Finally,the TMDL for Hafften Lake was included
inthe North Fork Crow River TMIDL: Bacteria, Nutrients, and Turbidity report, which was approvedin
2015. The TMDL calls for a 34% reduction of the phosphorus load affecting the lake.

In additionto the E. coli impairments, Pioneer Creek, Unnamed Creek, and DeerCreek are alsoon the
2016 Draft 303(d) Impaired Waters List as impaired by low dissolved oxygen (DO). Theseimpairments
are based on historic DO data collected by Three Rivers Park District, which includes periodicsite visits
as well as data sonde deployments to continuously monitor DO throughout the summer period.
Synopticsurveys foreach DO impaired reach conducted inJuly and August 2013 included longitudinal
measurements of DO and biochemical oxygen demand (BOD) at several locations throughout each
impaired reach. The synopticsurvey datawere used to construct and calibrate Riverand Stream Water
Quality Models (QUAL2K) foreach reach to determine and quantify the sources of low DO.

Results of the surveys and modeling suggest thatlow DO levels are primarily driven by BOD (algae)
loading from upstream impaired lakes (Lake Independence, Whaletail Lake, and Mud Lake) and in-
channel sediment oxygen demand (SOD) inreaches that flow through large wetland complexes. Since
the drivers of low DO appearto be a combination of natural background conditions (wetlands) and
upstream lake loading, DO TMDLs were not developed at thistime. Instead, the WRAPS Reportincludes
some general strategies to address the DO impaired reaches, aswell as strategies aimed at decreasing
phosphorusloading from the upstream impaired lakes and investigating potential channel
alterations/restorations afterthe lakes have beenrestored. The synopticsurvey and modeling efforts
are summarizedin aseries of technical memorandums available on the Pioneer-Sarah Creek WRAPS:
TMDL Project webpage.

1.4 Priority Ranking

The MPCA’s schedule for TMDL completions, asindicated on the 303(d) impaired waters list, reflects
Minnesota’s priority ranking of this TMDL. The MPCA has alighed our TMDL priorities with the
watershed approach and our WRAPS cycle. The schedule for TMDL completion corresponds to the
WRAPS report completion onthe 10-yearcycle. The MPCA developed astate plan Minnesota’s TMDL
Priority Framework Report to meetthe needs of EPA’s national measure (WQ-27) under EPA’s Long-

Term Vision for Assessment, Restoration and Protection underthe Clean Water Act Section 303(d)
Program. As part of these efforts, the MPCA identified water quality impaired segments, which will be
addressed by TMDLs by 2022. The Pioneer-Sarah Creek Watershed waters addressed by this TMDL are
part of that MPCA prioritization plan to meetthe EPA’s national measure.



https://www.pca.state.mn.us/water/watersheds/north-fork-crow-river#overview
https://www.pca.state.mn.us/water/tmdl/pioneer-sarah-creek-watershed-restoration-and-protection-strategy-tmdl-project
https://www.pca.state.mn.us/water/tmdl/pioneer-sarah-creek-watershed-restoration-and-protection-strategy-tmdl-project
https://www.pca.state.mn.us/sites/default/files/wq-iw1-54.pdf
https://www.pca.state.mn.us/sites/default/files/wq-iw1-54.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/vision_303d_program_dec_2013.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/vision_303d_program_dec_2013.pdf

2 Applicable Water Quality Standards and
Numeric Water Quality Targets

2.1 State of Minnesota Designated Uses

Most of the impaired watersincluded in Table 1.1are classified as Class 2B (warm water/cool water)
and Class 3C waters, which indicatesindustrial use. Pioneer Creekis classified as a Class 2C water
(indigenous fish and associated aquaticlife and habitat). These waters are protected foraquaticlife and
recreation uses by Minn. R. 7050.0140, subp. 3.

2.2 State of Minnesota Standards and Criteria for Listing

Followingis abrief summary of the numerical water quality standards adopted by the state of
Minnesotaforthe impairments thatare addressedin this document.

2.2.1 Excess Nutrients

Minnesota’s standards for nutrients limit the concentration of nutrients, which may be foundin surface
waters. Minnesota’s standards at the time of listing (Minn. R. 7050.0150(3)) also stated thatinall Class 2
waters of the state “. . . there shall be no material increase in undesirable slime growths or aquatic
plantsincluding algae.” In accordance with Minn. R. 7050.0150(5), to evaluate whetherawaterbodyis
inan impaired condition, the MPCA has developed “numerictranslators” for the narrative standard for
purposes of determining which lakes should be included in the Section 303(d) list as beingimpaired by
nutrients. The translators established numericthresholds for phosphorus, chlorophyll-a, and water
clarity as measured by Secchi depth.

Minnesota adopted lake water quality standards in 2008 that differentiate between “deep” lakes and
“shallow” lakes. Shallow lakes are defined as lakes with amaximum depth of 15 feet orless or with 80%
or more of the lake area shallow enough to support emergent or submergentrooted aquatic plants
(littoral zone). Conversely, deep lakes are defined as those with maximum depths over 15 feetand as
havingless than 80% of the lake area as littoral zone. This TMDL addresses impairments for both deep
and shallow lakes. The numeric eutrophication standards that apply to each type of lake forthe NCHF
ecoregion are presentedin Table 2.1. In addition to meeting phosphorus limits, chlorophyll-a (Chl-a) and
Secchitransparency standards must be met. In developingthe lake nutrient standards for Minnesota
lakes (Minn. R. 7050), the MPCA evaluated datafrom a large cross-section of lakes within each of the
state’s ecoregions (MPCA 2005). Clear relationships were established between the causal factortotal
phosphorus (TP) and the response variables Chl-aand Secchi transparency. Based on these
relationships, itis expected that by meeting the phosphorus targetin each lake, the Chl-aand Secchi
standards will likewise be met.



https://www.revisor.leg.state.mn.us/rules/?id=7050.0140

Table 2.1 - Numeric eutrophication standards for shallow and deep Lakes within the NCHF Ecoregion.

Parameters Shallow! Deep!
Total Phosphorus (ug/L) <60 <40
Chlorophyll-a(pg/L) <20 <14
Secchi disk (meters) >1.0 >1.4

1 Numericstandards areJune 1-September 30 meanvalues

2.2.2  Bacteria(E. coli)

The narrative standard for Class 2B (also applicableto Class 2C waters) is defined in Minn. R. 7050.0222:

The quality of Class 2B surface waters shallbe such as to permit the propagationand
maintenance of a healthy community of coolor warm water sport or commercial fish and
associated aquaticlife, and their habitats. These waters shall be suitable for aguatic recreation
of all kinds, including bathing, for which the waters may be usable.(underline emphasis added)

The numericstandard for Class 2B (also applicableto Class 2C) for E. coli:

Notto exceed 126 organisms per 100 milliliters (cfu/100ml) asa geometric mean of not less than
five samples representative of conditions within any given calendar month, nor shallmore than
10% of all samples taken during any calendar month individually exceed 1,260 cfu/100 ml. The
standard applies only between April 1 and October 31.

2.3 Analysis of Impairment

The criteriaused for determiningimpairments are outlined inthe MPCA’s Guidance Manual for
Assessing the Quality of Minnesota Surface Waters for Determination of Impairment: 305(b) Report and
303(d) list (2016). The MPCA guidance manual includes information on how the MPCA monitors and
assesses surface waters to determineif they are considered impaired based on their designated uses.
Section VII- Protection of Aquatic Resources, includes an overview of aquaticrecreation-based

standards, includingE. coli bacteriafor streams and rivers and excessive nutrient loads for lakes. Section
VIl outlines the datarequirements needed for determination of an impaired condition, and also includes
information on the determination of lake classification (shallow/deep) and ecoregion.



https://www.revisor.mn.gov/rules/?id=7050.0222
https://www.pca.state.mn.us/sites/default/files/wq-iw1-04i.pdf
https://www.pca.state.mn.us/sites/default/files/wq-iw1-04i.pdf
https://www.pca.state.mn.us/sites/default/files/wq-iw1-04i.pdf

3 Watershed and Waterbody Characterization

3.1 Overview of Pioneer-Sarah Creek Subwatershed

The Pioneer-Sarah Creek Subwatershed is located in the northwest portion of the Minneapolis-St. Paul
metropolitan area, in portions of the North and South Fork Crow River Watersheds of the Upper
Mississippi River Basin. The subwatershed covers just over 70 square miles (44,980 acres) and includes
all or portions of the cities of Minnetrista, Independence, Maple Plain, Medina, Greenfield, Lorettoand a
very small portion of Corcoran. Based on 2010 data from the Metropolitan Council, about 36% of the
land withinthe subwatershed is classified as undeveloped, a category that includes undevelopable
wetlands and grasslands, in addition to lands thatare currently vacantand developable. Nearly 38% of
the subwatershed is classified as agricultural, and less than 10% was classified as developed land uses.

3.2 Lakes

Table 3.1 shows basin morphometricdataand watershed information for each of the six lakes thatare
addressedinthis document. For purposes of assigning appropriate water quality standards, North
Whaletail Lake is considered ashallow lake, while the other five lakes are considered deep lakes.

Table 3.1 - Summary data for Pioneer-Sarah Creek Watershed Impaired Lakes.

Peter South North
. Spurzem | Half Moon _ i
Characteristic Lake (N. Lake Ardmore | Whaletail Whaletail
Lake Lake
Bay) Lake Lake
Surface Area (ac) 55.8 78.6 311 13.5 156.1 369.9
Max Depth (ft) 69.1 37.4 30.3 24.4 23.3 10.3
Mean depth (ft) 15.1 11.1 13.4 9.5 12.1 5.2
Volume (ac-ft) 840.3 873.1 416.2 127.9 1,895 1,904
Residence Time
3.8 0.50 0.20 0.48 2.37 1.05
(yrs)
Littoral area (ac) 325 55.3 18.3 10.1 102.8 369.9
Littoral area (%) 58 70 59 75 66 100
Watershedarea
301 2,915 3,430 507 673 1,256
(ac)!
Watershed Area
. 53:1 37:1 110:1 38:1 43:1 34:1
: Lake AreaRatio
T Medina, Medina, .
Municipalitiesin | Medina, edina edn Medina, ) . . )
Loretto, Loretto, Minnetrista | Minnetrista
Watershed Corcoran Independence
Corcoran Corcoran

I Doesnotinclude area of subject lake but does indude areaof upstream lakes




3.3 Streams

The Sarah CreekE. coli impaired reach (628) is approximately 2.4 mileslong andis completely contained
inHennepin Countyinthe Pioneer-Sarah Creek Subwatershed within the larger South Fork Crow River
Watershed (Figure 1-A, Table 3.2). The watershed of the impaired reach, including land upstream of the
reach headwaters, covers approximately 5,831 acres. The predominantland use types throughout the
subwatershed are agriculture (40%), park/reserve/recreation (35%), and undeveloped land (25%), which
includes wetlands and othervacant undevelopable land (Table 3.4in Section 3.5).

The PioneerCreekE. coliimpaired reach (593) is approximately 7.1 mileslongand is completely
contained in Hennepin County in the Pioneer-Sarah Creek Subwatershed (Figure 1-A, Table 3.2). The
watershed of the impaired reach, includingland upstream of the reach headwaters, covers
approximately 17,573 acres. The predominantland use types throughout the watershed are
undeveloped land (41%) and agriculture (40%; Table 3.4).

The Unnamed CreekE. coli impaired reach (593) isapproximately 3.1 mileslonginthe Pioneer-Sarah
Creek Subwatershed (Figure 1-A, Table 3.2). The watershed of the impaired reach, including land
upstream of the reach headwaters, covers approximately 6,715 acres in Carverand Hennepin Counties.
Only a small fraction of the watershed land coveris urbanized or roads. Over half the watershedisin
agricultural use (58%), while undeveloped landis the other primary land use (31%; Table 3.4).

The Deer CreekE. coli impaired reach (594) is approximately 2.1 mileslong, located in the city of
Minnetristainthe Pioneer-Sarah Creek Subwatershed (Figure 1-A, Table 3.2). The watershed of the
impaired reach, includingland upstream of the reach headwaters, covers approximately 4,936 acres.
The predominantland use typesin the watershed are undeveloped (46%), agriculture (39%), and single
family residential (11%; Table 3.4).

Table 3.2 - Key information for Pioneer Sarah Creek Watershed Stream Reaches Listed as Impaired.

Characteristic Sarah Creek PioneerCreek Unnamed Creek Deer Creek
Reach Length (mi) 2.4 7.1 3.1 2.1
Upstream Boundary Oak Lake and North
" Lake Sarah Lake Independence )
Condition(s) Mud Lake Whaletail Lake
Direct Watershed Area’
760 9,178 2,952 2,603
(acres)
Total Watershed Area?
5,831 17,573 6,714 4,936
(acres)
Municipalitiesin Direct _ Independence,
Greenfield ) None None
Watershed Maple Plain

10nlyincludesare draining directlyto impaired reach. Doesnotinclude watershed area draining to upstream lakesthat were
identified as boundary conditions
2Total area of theimpaired reach watershed —includes upstream boundary conditions.




3.4 Lake Land Use and Subwatersheds

Figure 3-Ashowsthe 2010 Met Council land cover for the Pioneer-Sarah Creek Watershed projectarea
based on Metropolitan Council data. Table 3.3 summarizes the land coverfor each of the six lake
watersheds (inclusive of the watersheds of upstream lakes and of the lakes themselves) by majorland

cover category.
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Figure 3-A- 2010 Met Council Land Cover and Planned 2030 MUSA Coverage for Project Area Lake Watersheds.




Table 3.3 - Summary of Met Council 2010 Land Cover for the Project Area Lakes.

PeterLake Spurzem Lake Half Moon Lake Lake Ardmore South Whaletail | North Whaletail
watershed watershed! watershed? watershed Lake watershed | Lake watershed?
Met Council 2010 Land Area Area Area Area Area Area
Use Classification (ac.) % (ac.) % (ac.) % (ac.) % (ac.) % (ac.) %
Agricultural 71 19.9 823 27.5 823 23.8 156 29.9 30 3.6 316 15.1
Undeveloped 191 53.5 1,241 41.5 1,241 35.9 124 23.8 212 25.5 667 32.0
Park/Preserve/Recreation 0 0.0 372 12.4 802 23.2 185 35.6 284 34.3 310 14.9
Single Family Residence 35 9.9 237 7.9 237 6.8 23 4.5 50 6.1 153 7.3
Openwater 55 15.4 178 5.9 215 6.2 23 4.4 253 30.6 631 30.3
Retail/Commercial 0.5 0.1 13 0.4 13 04 9 1.8 0 0.0 4 0.2
Multifamily Residence 0 0.0 2 0.1 2 0.0 0 0.0 0 0.0 0 0.0
Industrial /Utility 4 1.2 119 4.0 119 34 0 0.0 0 0.0 5 0.2
Transportation 0 0.0 11 04 11 0.3 0 0.0 0 0.0 0 0.0
Totals 357 2,996 3,463 520 829 2,086

1IncludesPeter Lake watershed
2 IncludesPeter Lake and Spurzem Lake watersheds
3 Includes Whaletail-S Lake watershed
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Only about 658 acres (17%) of the Peter Lake, Spurzem Lake, Half Moon Lake and Lake Ardmore
Watersheds are within the 2030 Metropolitan Urban Service Area (MUSA). There are no areasin the
North Whaletail Lake or South Whaletail Lake Watersheds in the 2030 MUSA. Future MUSA coverage
reflects the anticipation by regional and local governments to convert currentland uses to urban and
suburbanland usesinthe future.

Based on a review of the comprehensiveland use plans prepared by each community within the project
area, approximately 2,350acres (about 60%) of the Peter Lake, Spurzem Lake, Half Moon Lake and Lake

Ardmore hydrologicwatersheds are expected to change land use between 2010 and 2030. Forthe North
Whaletail and South Whaletail Lake Watersheds, the expected change is about 890 acres, whichis about
43% of the total land area of the combined watersheds of these two lakes. Most of the future land use is

expectedtoinvolveconversion of undeveloped oragricultural land to low density/rural residential land
uses.

3.5 Stream Land Use and Subwatersheds

Figure 3-B shows the Metropolitan Council 2010 land cover for the subwatersheds of the impaired
streamreaches. Table 3.4 summarizesthe land coverforeach of the stream AUID watersheds by major
land cover category.

11
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Table 3.4 - Summary of 2010 Met Council

land use for the stream AUID direct watersheds (not including the u

pstream watershed above the AUID reach boundaries).

Sarah CreekWatershed | Unnamed Creek Watershed | Deer CreekWatershed | PioneerCreek Watershed
(AUID 628) (AUID 593) (AUID 594) (AUID 653)
Met Council 2010 Land Use Area
Classification Area (ac.) % Area (ac.) % Area(ac.) % (ac.) %
Agricultural 230 30.3 1,719 58.2 1,009 38.8 3,633 39.6
Undeveloped 187 24.7 925 31.3 1,198 46.0 3,728 40.6
Park/Preserve/Recreation 267 35.2 142 4.8 80 3.1 419 4.6
Single Family Residence 40 5.3 99 3.4 290 11.2 774 8.4
Openwater 0 0.0 48 1.6 20 0.8 345 3.8
Retail/Commercial 27 3.6 19 0.6 5 0.2 81 0.9
Multifamily Residence 0 0.0 0 0.0 0 0.0 11 0.1
Industrial /Utility 1.0 0 0.0 0 0.0 120 1.3
Transportation 0 0.0 0 0.0 0 0.0 67 0.7
Totals 758 2,952 2,602 9,178
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The dominantland use for land directly adjacent tothe impaired streamreachesis agricultural
(averaging 46% of all land use across the Pioneer Creek Stream Subwatersheds and 30% of the Sarah
Creek Stream Subwatershed). About 166 acres (22%) of the Sarah Creek Stream Subwatershed and 701
acres (8%) of the Pioneer Creek Stream Subwatershed are within the 2030 MUSA. There are no areas of
Unnamed Creek and Deer Creek direct subwatershedsin the 2030 MUSA. As noted above, future MUSA
coverage reflects the anticipation by regionaland local governments to convert current land uses to
urban and suburbanland usesinthe future.

Based on a review of the comprehensiveland use plans prepared by each community within the project
area, approximately 3,670acres (about 40%) of the Pioneer Creek Subwatershed, 1,200 acres (about
46%) of the Deer Creek Subwatershed, and 321 acres (about 42%) of the Sarah Creek Subwatershed are
expectedto change land use between 2010 and 2030. Most of the future land use is expected toinvolve
conversion of undeveloped oragricultural land to low density/rural residential land uses. Thereare no
major expected land use changes forthe Unnamed Creek subwatershed between 2010 and 2030.

3.6 Water Quality

3.6.1 Nutrients

Historical surface water quality datafor TP, chlorophyll-a, and secchi disk transparency forall six lakes
addressedinthisreportare summarizedin Figure 3-Cthrough Figure 3-H. Where data are available, the
data presentedinthe figures extend back to the mid-1990s, though the focus for this TMDL isthe 10-
year period between 2006 and 2015. The data presented are mean values overthe growing season
(June through September) each year.

Historic Average (Jun-Sept) Water Quality Values
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Figure 3-H - North Whaletail Lake Growing Season (June — September) Mean Water Quality Data.

3.6.2 Bacteria (E. coli)

Water quality dataforthe E. coli impaired reaches were collected by Three Rivers Park District between
2009 and 2013. Figure 1-A shows the monitoringlocations foreach impaired reach. Table 3.5 shows
April through October monthlyE. coli geometricmeansforthe E. coli impaired reaches addressed in this
TMDL study. Resultsindicate each reach exceeded the 126 cfu/100 ml chronicE. coli standard for at
leastone month during the April through October period. Table 3.5also shows acute exceedances for
the sampling stations located within each impaired reach. Individual samples exceed the 1,260 cfu/100
ml acute standard at least 5% of the time in each reach duringthe April through October.

Continuousflow dataforeach impaired reach were collected by Three Rivers Park District between 2008
and 2014. Flow datagaps for these stations were filled using regression relationships with the
Minnesota Department of Natural Resources (DNR) continuous flow monitoring station (S001-255) on
the South Fork Crow Riverin Delano. This station operates yeararound and therefore makesit possible
to simulate complete flowrecords foreach station from 2008 through 2014. The 2008 through 2014
continuous flow records for each reach were used to construct the flow duration curves describedin
Section4.3.
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Table 3.5 - Monthly E. coli Summary.

April

May

June

July August September October
Data %n > %n > %n > %n > %n > %n > %n >
Reach ID EQuISID Years n Geo | 1,260 n Geo | 1,260 n Geo | 1,260 || n Geo | 1,260 || n Geo | 1,260 || n Geo | 1,260 Geo | 1,260
Sarah Creek 2009-
S005-023 -- -- -- 7 21.0 0% 10 66.2 10% 9 26.4 0 10 | 90.6 0 8 298 25% 303 0%
(628) 2012
S005-811;
PioneerCreek S006-368; 2009-
! -- -- -- 13 135 0% 45 75 0% 41 127 7% 49 247 6% 13 258 23% 161 0
(653) S006-369; 2011
S006-370
Unnamed Creek 2010-
S006-368 4 12.2 0% 6 33.4 0% 15 86.5 0% 14 104 7% 14 195 14% 3 258 33% 307 0%
(593) 2013
DeerCreek 2010-
(594) S006-369 013 4 596 | 25% 6 110 17% 15 194 27% 14 120 0% 15 | 70.5 0% 3 51.9 0% 84.8 0%
Notes:

Red values=monthlygeomeanvaluesgreaterthan 126 cfu/100ml
n = numberof samples

Geo =Geometricmeanincfu/100 ml

%n >1,260 = Percent of samples greaterthan 1,260 cfu/100 ml
--no available data
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3.7 Pollutant Source Summary

3.71 Nutrients

There are six lakesimpaired by nutrients that are addressedin this TMDL report. Nutrients, mainly
nitrogen and phosphorus, from human-driven activities contribute to excess productivity in lakes. Excess
productivity manifestsitself asanincrease in algal blooms and a consequent decrease in water clarity,
both of which may significantly impair or prohibitthe use of lakes foraquaticrecreation. In Minnesota,
the primary focus in managing nutrient enrichment of lakes has been to emphasize the control of
phosphorus because of its role as a limiting nutrientin lake productivity.

There are three primary sources of phosphorusloadingto lakes: watershed (external) loading, internal
loading, and atmosphericdeposition. Eachis described in more detail below to address both permitted
and non-permitted sources.

3.7.1.1 Permitted Sources
Municipal Separate Storm Sewer Systems (MS4s)

Permitted sourcesinclude discharges from MS4 conveyance systems that serve the stormwater
drainage needs of acommunity. With the exception of Greenfield, all of the communities within the
TMDL projectarea are permitted MS4s, though the area of each community thatis served by their
regulated MS4 conveyance systemis generally very limited. The MS4 conveyance system provides the
mechanism to transport vegetative material (such as grass clippings, leaves, and seeds), dustand dirt,
car washing wastewater, improperly disposed of pet waste, and other phosphorus-containing material
to areceiving water.

Feedlots

There are currently no National Pollutant Discharge Elimination System (NPDES) or State Disposal
System (SDS) permitted feedlot operationsin the bacteriaimpaired reach watersheds. There are several
smaller, registered feedlot operations throughout the impaired lake watersheds. While these feedlots
are notrequired to meetthe zero discharge standard for NPDES or SDS permitted facilities, the
requirements under Minnesota Rule Chapters 7020, 7050 and 7060 still apply.

Municipal/Industrial Wastewater

Permitted sources alsoinclude discharges from municipal and industrial wastewater treatment plants
(WWTPs) that receive permits underthe NPDES/SDS program administered by the MPCA. The only
known pollutant source of thistype inthe project areais the Loretto WWTP (Permit MN0023990), which
discharges treated municipal effluentto awetland just upstream of Spurzem Lake.

Construction/Industrial Stormwater

Otherpermitted sources include certain construction as well asindustrial stormwater discharges.
Construction Stormwater Permits are required for any construction activities that disturb:

One acre or more of soil

19



Lessthan one acre of soil if that activity is part of a “larger common plan of development or
sale”, or

Lessthan one acre of soil, butthe MPCA determinesthatthe activity poses arisk to water
resources

Phosphorusloading from construction sites is mostly associated with movement of soil off the site due
to erosion.

Industrial Stormwater Discharge Permits are required for facilities with Standard Industrial Classification
(SIC) codesin 10 categories of industrial activity with significant materials and activities exposed to
stormwater. These include any material handled, used, processed, or generated that when exposed to
stormwater may leak, leach, ordecompose and be carried off-site. Currently, there are several Industrial
Stormwater Discharge permitted facilities in the Pioneer-Sarah Creek Subwatershed.

3.7.1.2 Non-Permitted Sources

Non-permitted generally include runoff-driven pollutantloads from land (in most cases rural) that does
not pass through a regulated MS4 conveyance system. Examples include nutrients from manure, eroded
soil, subsurface treatment systems (SSTS), and other material that may be depositedin, or conveyed to,
areceiving water without enteringaregulated MS4 conveyance system.

Livestock: Animal Feeding Operations

Animal waste containing phosphorus and other nutrients can be transported in watershed runoff to
surface waters. The MPCA regulates animal feedlots in Minnesota though counties may be delegated by
the MPCA to administerthe program forfeedlots thatare not underfederal regulation. The primary goal
of the state program foranimal feeding operations is to ensure that surface waters are not
contaminated by the runoff from feeding facilities, manure storage or stockpiles, and cropland with
improperly applied manure.

Livestock also occur at hobby farms, small-scalefarms that are not large enough to require registration
but may have small-scale feeding operations and associated manure application or stockpiles. Although
the numberof horsesinthe Pioneer-Sarah Creek Subwatershed (a possiblereflection of hobby farm
activity) stayed roughly the same from 2006 to 2011 at justover 1,000 animals, itis anticipated that
these numbers could wellincrease as rural residential development replaces traditional agriculture land

uses.

Appendix Ashows the general location and number of cattle and horsesin each of the stream and lake
subwatersheds addressed in this TMDL. The information was developed using high resolution imagery
taken at low altitude that captures multipleimages of the same areato allow viewing of the areafrom
differentangles. The imagery was obtained from Hennepin County, who obtained it froma private
vendor. Two sets of images were available for 2011 for the projectarea, one in Apriland the secondin
May. Typically, there were 5and 15 images of each parcel and the images were ata scale of 1:1,500. If
animalswere found when reviewing the images, that area was viewed at a higher magnification and
from differentangles, and the numberand type of animals recorded. The highest number of animals
observed betweenthe two sets ofimages was used in the inventory. It should be noted that there was
no way to account for animals that may have been housedin barns atthe time the images were taken.
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Livestock: Land Application of Manure

Livestock manure is often eithersurface applied orincorporated into farmfields as a fertilizer and soil
amendment. Thisland application of manure has the potential to be a substantial source of phosphorus
loading, entering waterways from overland runoffand drain tile intakes.

Minn. R. ch. 7020 contains manure application setback requirements (Table 3.6). These setback
requirements are largely based on research related to phosphorus transport, and not bacterial
transport, and the effectiveness of these current setbacks on bacterial transport to surface watersis not
known. For minimum setbacks near waters, counties can be more restrictive than Minn. R. ch. 7020.

Table 3.6. Manure application setback distances for Minnesotat

Waterbody Type Surface Application Incorporation within 24 hrs.

Lake, stream 300" * 25'**

Wetlands (10+ac.) 300'* 24’ **

Ditches (without berms) 300'* 25" **
Opentileintakes 300 0

Well, quarry 50’ 50’

Sinkhole (w/o berms)

Downslope 50’ 50’

Upslope 300 50’

1Table adapted from “Fecal Coliform TMDL Assessment for 21 Impaired Streams inthe Blue Earth River Basin” (Minnesota State
University, Mankato, Water Resources Center, June 2007)

*100' vegetated buffercanbe usedinstead of 300' setbackfor non-winterapplications (50' buffer for wetlands/ditches).

**No long-term phosphorus build-up within 300’

Livestock: Grazing

Pastured areas are those where grass or othergrowing plants are used for grazing, and where the
concentration of animals allows avegetative coverto be maintained during the growing season.
Pastures are neither permitted norregistered with the state.

Internal Sources

Internal nutrientloadingin alake isalso considered anon-permitted source. Itis usually the result of
enriched bottom sediments releasing phosphorus into the watercolumn. In most cases, lakes retaina
large percentage of the pollutantload thatis discharged to them. Much of the incoming phosphorustoa
lake can end up inits bottom sediments, and a percentage of thisaccumulated phosphorus can be
available forrelease. The actual amount released depends on a number of factors, including the
magnitude of past phosphorusloadingtothe lake, the type and degree of enrichment of the sediments,
the lake’s bathymetric (depth) profile, and the area of and length of time a lake’s bottom sediments are
exposedtolow orno oxygen conditions. Internalrelease of phosphorus can be a major component of
the overall phosphorusload affecting the quality of alake in areas where human disturbance of the
contributing watershed has been ongoing fordecades orlonger, and/orthere have been historic
wastewaterdischarges. It should be noted that the overabundance of carp or otherroughfish, as well as
some invasive aquatic plants (notably CLPW), can also contribute to the internal phosphorus.
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Atmospheric Deposition

Anothernon-permitted source is atmosphericdeposition. Atmosphericdepositionis caused by
precipitation and dryfall (i.e. dust particles suspended by wind) that fall directly on the lake surface.

Non-compliant subsurface sewage treatment systems (SSTS)

In rural areas not served by sanitary sewer systems, non-compliant SSTS on lakeshore propertiesandin
otherlocationsinthe watershed can contribute to nutrientimpairments. See Section 3.7.2.2 formore
information.

3.7.2  Bacteria(E. coli)
3.7.2.1 Permitted
MS4s

There are only two MS4s that have at leasta portion of their boundary within the Pioneer Creek
impaired reach watershed, the cities of Independence and Maple Plain. The primary sources of bacteria
withinthe MS4 areas include improperlymanaged pet waste and wildlife inputs (i.e. waterfowland
otherbirds) directly toimpervious surfaces and water features (wetlands, stormwater ponds, etc.).
However, bacterialoading fromthesecitiesis believed to be minimal since theirboundaries covera
small portion of the watershed (2.7%), and given their location relative to the main-stem of the impaired
reach. There are no permitted MS4s located inthe Sarah Creek, Unnamed Creek, and Deer Creek
impaired reach watersheds.

Municipal/Industrial Wastewater

Permitted sources of bacteria can include industrial wastewater effluent and municipal WWTP effluent.
Review of the impaired reaches indicates that there are no active permitted wastewater dischargersin
the impaired reach watersheds.

Feedlots

There are currently no NPDES or SDS permitted feedlot operationsin the bacteriaimpaired reach
watersheds. There are several smaller, registered feedlot operations throughout the bacteriaimpaired
reach watersheds. While thesefeedlots are notrequired to meetthe zero discharge standard for NPDES
or SDS permitted facilities, the requirements under Minn. R. chs. 7020, 7050, and 7060 still apply.
Livestock grazingand land application of manure are the primary sources of bacterialoading from
livestock operationsinthe Pioneer-Sarah Creek Watershed. These are discussed in more detail in
Section3.7.1.2.

3.7.2.2 Non-Permitted

Non-permitted sources of bacteriainclude runofffrom rural homesteads, agriculturalland, pastureland,
and otherareasthat have the potential to transport bacteriafrom livestock animals and/or wildlife.

Non-compliant SSTS

Failing ornonconforming septicsystems, or SSTS near waterways can also be a source of bacteriato
streams, especially during low flow periods when these sources continue to discharge and runoff driven
sources are notactive.
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Currently, the exact number and status of SSTSs in the bacteriaimpaired reach watersheds is unknown.
The MPCA’s 10 Recommendations and Planning for Statewide Inventories, Inspections of SSTS (MPCA
2011) includes some general information, by county, regarding the performance of SSTSsin the Pioneer-
Sarah Creek Watershed (Table 3.7). The report differentiates between systems that are generally failing
and those thatare an imminentthreatto publichealth and safety (ITPHS). Generally, failing systems are
those that do not provide adequate treatment and may contaminate groundwater. Forexample, a
generally failing system may have afunctioning, intact tank and soil absorption system, but fails to
protect ground water by providingalessthan sufficientamount of unsaturated soilbetween where the
sewage is discharged and the ground water or bedrock. Systems considered ITPHS are severely failing or
were neverdesigned to provide adequate raw sewage treatment. ExamplesincludeSTSs that discharge
directly to surface water bodies such as ditches, streams orlakes.

Table 3.7. SSTS failure rates by county.

County Generally Failing SSTSs ITPHS SSTSs

Carver 26% 14%
Hennepin 29% 1%

Wright 30% 2%

Source: MPCA 2011.

3.7.2.3 Bacteria Source Inventory

The total amount of bacteria produced within the direct drainage area of each impaired reach was
estimatedtoaidinfocusingimplementation activities (Table 3.8through Table 3.11). The bacteria
accounting used available livestock information, geographicinformation systems (GIS) data, human and
pet populations, wildlife population, septicsystem data and literature rates fromvarious
studies/sources.
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Table 3.8 - Estimate of bacteria production in the Sarah Creek Watershed.

Total E. coli
E. coli Total E. Organisms
Organisms coli Produced
Produced | Organisms | Per Day by
Animal Units* | Per Unit Produced Major
or Individuals Per Day Per Day Category Percent
Major in [Billionsof | [Billionsof | [Billionsof by
Category Source Subwatershed | Org.] (8) Org.] Org.] Category
Horses
Livestock . ) 0 58 0
(Animal Units)
(Surface -
. Cattle (Animal
Applied ] 0 89 0 0 0%
Units)
Manure) -
Chicken/Turkeys
(1) . ) 0 21 0
(Animal Units)
Deer (3) 13 0.5 6.4
Wildlife 11 58%
Waterfowl (4) 12 0.4 4.7
il -
ailing Septic 1 <7 57
Systems (5)
Human 5.7 30%
WWTP effluent
(6)
Domestic Improperly
Animals Managed Pet 0.5 4.5 2.3 2.3 12%
(2) Waste (7)

General note: Bacteria production estimates onlyinclude water area downstream of the Lake Sarah boundary condition.

* One Animal Unit (AU) represents one 1,000-pound animal, the typical weight of a beef steer, stock cow, orhorse
(1) Livestock animal counts based on Three River Park District Aerial photo survey
(2) Calculated based on# of households in watershed multiplied by 0.58 dogs/ household and 0.73 cats/household accordingto
the Southeast Minnesota Regional TMDL (MPCA, 2002)

(3) Assumes average deer density of 6 deer/mi2 (DNR Willmar Office, personal communication)

(4) Estimated from the DNR and US Fish & Wildlife Service 2011 Waterfowl Breeding Population Survey (DNR, 2011)
(5) Basedon county SSTS inventory failure rates (MPCA, 2011) and rural population estimates
(6) Based on WWTP effluent data from facility discharge monitoring reports (DMRs)

(7) Estimatedthat 35% of the bacteria produced per month attributed to pet waste is improperly managed and available for
runoff (CWP, 1999)
(8) Derived from literature rates in Metcalf and Eddy (1991), Horsley and Witten (1996), Alderisioand De Luca (1999), ASAE
Standards (1998) and the Southeast Minnesota Regional TMDL (MPCA, 2002). Values have been reported to two significant

digits
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Table 3.9 - Bacteria production in the Pioneer Creek Watershed.

Total
Bacteria Bacteria
Organisms Total Produced
Produced Bacteria | Per Day by
Animal Units* Per Unit Produced Major
or Individuals Per Day Per Day Category | Percent
Major in [Billionsof | [Billions | [Billionsof by
Category Source Subwatershed 0rg.] (8) of Org.] Org.] Category
Horses
Livestock . . 75 58 13,211
(Animal Units)
(Surface -
. Cattle (Animal
Applied Units) 15 89 4,010 17,221 96%
Manure) -
Chicken/Turkeys
(1) . . 0 21 0
(Animal Units)
Deer(3) 158 0.5 79
Wildlife 136 <1%
Waterfowl (4) 144 0.4 57
Failing Septi
:' 'tng efs;c 5 5.7 28
Human ystems 28 <1%
WWTP effluent
(6)
Domestic Improperly
Animals Managed Pet 111 4.5 500 500 3%
(2) Waste (7)

General note: Bacteria production estimates onlyinclude water area downstreamof the Lake Independence boundary
condition.

* One AU represents one 1,000-pound animal, the typical weight of a beefsteer, stockcow, orhorse

(1) Livestock animal counts based on Three River Park District Aerial photo survey

(2) Calculatedbased on# of households in watershed multiplied by 0.58 dogs/ household and 0.73 cats/household accordingto
the Southeast Minnesota Regional TMDL (MPCA, 2002)

(3) Assumes average deer density of 6 deer/mi2 (DNR Willmar Office, personal communication)

(4) Estimated from the DNR and US Fish & Wildlife Service 2011 Waterfowl Breeding Population Survey (Minnesota DNR, 2011)
(5) Basedon county SSTS inventory failure rates (MPCA, 2011) and rural population estimates

(6) Based on WWTP effluent data fromfacility discharge monitoring reports (DMRs)

(7) Estimatedthat 35% of the bacteria produced per month attributed to pet waste is improperly managed and available for
runoff (Center for Watershed Protection, 1999)

(8) Derivedfrom literature rates in Metcalf and Eddy (1991), Horsley and Witten (1996), Alderisio and De Luca (1999), ASAE
Standards (1998) and the Southeast Minnesota Regional TMDL (MPCA, 2002). Values have been reported to two significant
digits.
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Table 3.10 - Bacteria production in the Unnamed Creek bacteria impaired reach (593) watershed.

Total
Bacteria Bacteria
Organisms Total Produced
Produced Bacteria | Per Day by
Animal Units* PerUnit | Produced Major
or Individuals Per Day Per Day Category | Percent
Major in [Billionsof | [Billions | [Billionsof by
Category Source Subwatershed 0rg.] (8) of Org.] Org.] Category
Horses
Livestock . . 23 58 1,343
(Animal Units)
(Surface -
. Cattle (Animal
Applied . 50 89 3,044 4,387 96%
Units)
Manure) -
Chicken/Turkeys
(1) . . 0 21 0
(Animal Units)
Deer(3) 101 0.5 50
Wildlife 87 2%
Waterfowl (4) 92 0.4 37
Failing Septi
:' 'tng efs;c 8 5.7 45
Human ystems 45 1%
WWTP effluent
(6)
Domestic Improperly
Animals Managed Pet 8 45 34 34 <1%
(2) Waste (7)

General note: Bacteria production estimates onlyinclude water area downstream of the Oakand Mud Lake boundary

conditions.

* One AU represents one 1,000-pound animal, the typical weight of a beefsteer, stockcow, orhorse

(1) Livestock animal counts based on Three River Park District Aerial photo survey

(2) Calculatedbased on# of households in watershed multiplied by 0.58 dogs/ household and 0.73 cats/household accordingto
the Southeast Minnesota Regional TMDL (MPCA, 2002)

(3) Assumes average deer density of 6 deer/mi2 (DNR Willmar Office, personal communication)

(4) Estimated from the DNR and US Fish & Wildlife Service 2011 Waterfowl Breeding Population Survey (Minnesota DNR, 2011)
(5) Basedon county SSTS inventory failure rates (MPCA, 2011) and rural population estimates

(6) Based on WWTP effluent data fromfacility discharge monitoring reports (DMRs)

(7) Estimatedthat 35% of the bacteria produced per month attributed to pet waste is improperly managed and available for
runoff (CWP, 1999)

(8) Derivedfrom literature rates in Metcalf and Eddy (1991), Horsley and Witten (1996), Alderisio and De Luca (1999), ASAE
Standards (1998) and the Southeast Minnesota Regional TMDL (MPCA, 2002). Values have been reported to two significant
digits.
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Table 3.11 - Bacteria production in the Deer Creek bacteria impaired reach (594) watershed.

Total
Bacteria Bacteria
Organisms Total Produced
Produced Bacteria | Per Day by
Animal Units* PerUnit | Produced Major
or Individuals Per Day Per Day Category | Percent
Major in [Billionsof | [Billions | [Billionsof by
Category Source Subwatershed 0rg.] (8) of Org.] Org.] Category
Horses
Livestock . . 92 58 5,354
(Animal Units)
(Surface -
. Cattle (Animal
Applied . 10 89 891 6,245 99%
Units)
Manure) -
Chicken/Turkeys
(1) . . 0 21 0
(Animal Units)
Deer(3) 41 0.5 20
Wildlife 35 <1%
Waterfowl (4) 37 0.4 15
Failing Septi
:' 'tng efs;c 2 5.7 11
Human ystems 11 <1%
WWTP effluent
(6)
Domestic Improperly
Animals Managed Pet 2 45 8.7 9 <1%
(2) Waste (7)

General note: Bacteria production estimates onlyinclude water area downstream of the Whaletail Lake boundary condition.

* One AU represents one 1,000-poundanimal, the typicalweight of a beefsteer, stockcow, or horse

(1) Livestock animalcounts based on Three River Park District Aerial photo survey

(2) Calculatedbased on# of households in watershed multiplied by 0.58 dogs/ household and 0.73 cats/household accordingto
the Southeast Minnesota Regional TMDL (MPCA, 2002)

(3) Assumes average deer density of 6 deer/mi2 (DNR Willmar Office, personal communication)

(4) Estimated from the DNR and US Fish & Wildlife Service 2011 Waterfowl Breeding Population Survey (Minnesota DNR, 2011)
(5) Basedon county SSTS inventory failure rates (MPCA, 2011) and rural population estimates

(6) Basedon WWTP effluent data from facility discharge monitoring reports (DMRs)

(7) Estimated that 35% of the bacteria produced per month attributed to pet waste is improperly managed and available for
runoff (CWP, 1999)

(8) Derivedfrom literature rates in Metcalf and Eddy (1991), Horsley and Witten (1996), Alderisio and De Luca (1999), ASAE
Standards (1998) and the Southeast Minnesota Regional TMDL (MPCA, 2002). Values have been reported to two significant
digits.
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4. TMDL Development

4.1 General description of TMDL

A TMDL represents the total mass of a pollutant that can be assimilated by the receiving water without
causingthat receiving waterto violate water quality standards. The TMDL is defined by the loading
capacity for a given pollutant thatis distributed amongits components as follows:

TMDL = 2 WLA + 2 LA + MOS + Reserve Capacity

The WLA representsthe allowable pollutantloading from permitted sources, such as stormwater
discharges fromregulated MS4s, municipal orindustrial wastewater facility discharges, and construction
and industrial stormwater site discharges. The LA represents the loading from non-permitted sources,
such as storm drainage systems that are notregulated underthe MS4 permit system, atmospheric
deposition, SSTS, andinternal loading (in the case of lakes). A portion of the TMDL is allocated to the
MOS to account for uncertainty associated with modeling and otheranalytical techniques,
environmental variation, and othervariables. The reserve capacity (RC) is the load set aside for future
allocations from growth or changes. However, Minnesota does notinclude aRC for lake nutrient TMDLs.

4.2 Nutrients
4.2.1  Loading Capacity Methodology

The initial stepin developing an excess nutrient TMDL for lakes is to determine the nutrientloading
capacity for the lake, defined as the maximum nutrientload it can receive and still meet water quality
standards. To determine the loading capacity for each lake addressed in this report, the average annual
nutrientand waterbudgets were coupled with alake response model, and calibrated to a monitored in-
lake condition foraspecifiedtime period (generally a 1 to 3-year time period and always within the 10-
year period between 2006 and 2015). The lake response model used for this project was the BATHTUB
suite of models (Walker 1999). This modeling package uses lake-specific characteristics such as annual
phosphorusloading, mean lake depth, and hydraulicflushing time to predictin-lake phosphorus
concentrations. Once alake-specificcalibrated BATHTUB model was developed, it was used to define a
load response curve that reflected the relationship between total nutrient loading and in-lake water
quality. The curve was used to determine the total load required to meet the June through September
in-lake phosphorus standard for that lake (60 pg/I fora shallow lake, 40 ug/| for a deep lake). The total
load at which the in-lake water quality goal is metis the loading capacity forthe lake.

Three types of loading needed to be accounted forin modeling each lake system. The first was
atmosphericloading. Atmosphericphosphorus loads were set to the default value of 0.27 Ibs/yr/acre of
lake surface, similartovaluesreported in atechnical memorandum to the MPCA (Barr Engineering
2007). The second was loads from watershed runoff. The Generalized Watershed Loading Function
(GWLF) model (Evans 2011) was used to estimate watershed-driven loads of phosphorus and waterto
each of the lakes for which TMDLs were prepared. The GWLF model is a continuous simulation model
for runoff, sedimentand nutrients. The basic model framework foragivenreceiving wateris created
using GIS layers and various non-spatial model parameters. The required GIS layersincludedigital
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elevation model (DEM) information, land use, weather, hydrologic basins, streams and soils layers.
Annualized watershed phosphorus and water loads were derived by a GWLF model that was calibrated
to monitored loads using datagenerated at fourstream sites within the project area. For each lake, the
annual phosphorus and waterloads generated by the GWLF watershed modelwere then used asinput
to the BATHTUB model forthat lake, to represent watershed contributions and support the BATHTUB
model calibration process.

The third majortype of loadingisinternal loading. Aninternal load estimate for each lake was
developed by determining the “residual” load that would need to be added to the BATHTUB model to
getthe modeledin-lake phosphorus concentration to exactly match the observed in-lake phosphorus
concentration, afteratmosphericand watershed inputs were accounted for. The internal load estimate
derived usingthe “residual” method was then compared with another estimate developed using afield-
based approach outlinedin Nurnberg (1988 and 2005). The Nurnbergapproach relies onthe collection
and incubation of intact sediment cores from a lake to estimate in-situ rates of phosphorus release from
the lake’s bottom sediments under oxicand anoxic conditions. Where aquaticvegetation surveys
supportedit,a componentthataccounted forthe load driven by CLPW growth and senescence was
addedto the Nurnbergsediment-driveninternal load estimate. This generated arange of annual
internal load estimates forthe lake in question,depending mostly on the extent and duration of low DO
periods affecting the lake sediments. In each case, the model “residua
were within 20% of the mid-point of the range of values produced by the Nurnberg-based method,
confirmingthe validity of the “residual” estimate forinternal load estimation to support the final TMDL
model.

III

III

-derived internalload estimates

Some of the lakesinthis TMDL have upstream lakes, which are also addressed in this TMDL. In certain
cases, meeting water quality standards in the downstream lake is contingent on water quality
improvementsinone ormore impaired upstream lakes. Forthese situations, lake outflow loads from
the upstream lake were routed directly into the downstream lake as part of the modeling process, using
monitoring dataforthe existing condition and calculated values based on the appropriate in-lake
standard for the TMDL.

See the following appendices for more detailed information on the technical methods used to develop
TMDLs for the lakes addressedin this reportinformation:

Appendix A: Livestock Inventory for Pioneer-Sarah Creek Watershed Project Subwatersheds
Appendix B: Watershed Modeling—GWLF-E Model Description, Inputs,and Outputs for Lakes
Appendix C: BATHTUB Model Methods, Inputs, and Outputs for Lakes

Appendix D: Point-Intercept Aquatic Vegetation Survey Data

Appendix E: Sediment Phosphorus Fractionation Reports for Internal Loading Estimation

422 Load Allocations
LAs forthe lake TMDLs include:
Atmosphericloading

Internal loading from release of phosphorus by lake bottom sediments, CLPW senescence, etc.
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Watershedloads fromthe following areas:

0 Areasineach communitythatare notexpectedto be withinthe MUSA, evenifidentifiedin
the comprehensive land use plan forexpected development after 2030

0 Existingand future residentialdevelopmentwherelots are two acres or greater (generally
consideredrural residential), asthey are not expectedto be served by aregulated
conveyance system

0 Anyareas owned by Hennepin County or Minnesota Department of Transportation
(MnDOT) that are outside the 2010 Urban Census Area

0 Allareasclassified as wetlands by the National Wetland Inventory (2014)
0 Phosphorusloadingfrom non-compliant SSTSs

Peter Lake, North Whaletail Lake, and South Whaletail Lake were assessed for SSTSs. The otherlakes
eitherare expectedtobe sewered orare surrounded by park area. To determinethe number of septic
systems around the lakes, light detection and ranging (LiDAR) imagery with buildings was visually
inspected within a 200-m bufferaround the lakes of interest. If there were multiple buildings per parcel,
only one building was counted. Minimalinformation was available with regard to system failure rates, so
a failure rate of 29% was applied to the estimated number of septicsystems (MPCA 2011). The annual
load per septicsystem was calculated by assuming 2.8 people persystem with aloadingrate of 2.7
grams TP/person/day (EPA Manual 2002). Discharges of phosphorus to surface waters from SSTS are
illegal; therefore, the LA for SSTSis zero.

4.23  Wasteload Allocation Methodology

The WLAs were divided into NPDES permitted wastewater dischargers, MS4 permittees, and NPDES-
permitted construction and industrial stormwater. Followingis a description of how each of these
allocations was assigned.

4.2.3.1 Permitted wastewater dischargers

The WWTP operated by the city of Loretto (MN0023990) is the only permitted wastewater point source
dischargeraffected by this TMDL. The WWTP seasonallydischarges treated sewage effluentintoa
wetland complex that flows to Spurzem Lake. Inrecent years, the Loretto WWTP has been applying
alumto theirtreatment ponds priorto discharge. This management measure has reduced the
concentration of phosphorusin theirdischarge tounder0.2 mg/l, or 200 ppb. This represents a
phosphorus concentration reduction of over 95% compared to influent concentrations, and any further
significantreductions are neither reasonable nor cost-effective. For 2013 and 2014, the facility’s
discharge averaged 24.6 Ib/yr Thus, a WLA of 24.6 Ib/yrhas been assigned to this facility for the
Spurzem Lake TMDL. This facility was assigned a WLA of zeroin the Lake Independence TMDL (PSCWMC
and Three Rivers Park District 2007). However, action to eliminate this discharger has been delayed due
to the lack of successin securing agreements with the Metropolitan Counciland neighboring
communities to access the regional wastewater collection system. A target date for this connection was
previously setat December31, 2020. The Spurzem Lake TMDL includes anon-zero WLA for this facility
because the city of Loretto cannot guarantee that the discharge will be terminated. By setting the WLA
at the existingload level, the Spurzem Lake WLA will require the City to maintain very high levels of
treatmentwhile the dischargeremains active. If the discharge from the facility is terminated at some
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pointinthe future, itis anticipated thatthe WLA assigned the WWTP would be split proportionately
amongthe permitted MS4sin that watershed.

4.2.3.2 Permitted MS4s

There are five MS4s that are completely within or have a portion of their municipal boundary in atleast
one of the impaired lake watersheds: city of Corcoran (Peter Lake and Spurzem Lake), city of
Independence (Lake Ardmore), city of Loretto (Lake Ardmore and Spurzem Lake), city of Medina (Lake
Ardmore, Spurzem Lake, Half Moon Lake), and city of Minnetrista (North Whaletail Lake and South
Whaletail Lake). Because none of the projectareais withinthe 2010 Urban Census Area, no county or
state road authorities were assigned WLAs in the TMDLs.

WLAs assigned to MS4 jurisdiction were determined as follows. First, the area of the community that
was expectedtobeincludedinthe MUSA boundary by 2030 was determined based on each
community’s comprehensive plan as approved by the Metropolitan Council. Thisisanindication of
where each community expects land use conversion to residential, commercial, industrial, and other
land coverto occur at high enough densities that utility infrastructure (including a stormwater
conveyance system) will be needed to service the area. Itis assumed that the needed stormwater
conveyance system would become part of a city’s regulated MS4 once it was installed. The WLA foreach
MS4 was assigned proportionate to the acreage of the 2030 MUSA service area within the subwatershed
of a givenimpaired lake. Individual MS4 allocations were calculated by multiplying each MS4s percent
watershed coverage (determinedin GIS) by the total watershed loading capacity after subtracting the
MOS, atmosphericload, internal load and construction/industrial stormwater WLAs. It should be noted
that much of the area within many of the MS4 communitiesis expected to be converted from
agricultural/undeveloped land uses to low density rural residentialland uses that will not be served by
the MUSA. In addition, the immediate watersheds of Half Moon Lake, North Whaletail Lake, and South
Whaletail Lake do not have any areas thatare expected to be served by the MUSA between now and
2030. All these areas were therefore included in the LA as described inthe previous section. Table 4.1
summarizesthe area of each MS4 that was used to establish the WLA for that community by impaired
lake watershed.

Table 4.1- Summary of Permitted MS4s in the nutrient impaired lake watersheds.

Impaired Lake Permitted MS4 Permit# MUSA Area within Percentof
Watershed (ac)! Watershed
(%)
PeterLake City of Corcoran MS400081 39 13.0
City of Medina MS400105 18 6.0
Spurzem Lake City of Corcoran MS400081 16 0.6
City of Loretto MS400030 64 2.5
City of Medina MS400081 198 7.7
Lake Ardmore City of Loretto MS400030 1 0.2
City of Medina MS400105 31 6.1

I valuesinthis column are the anticipated regulated area of the community that willdrain to the subject | ake, exclusive of

those areasinthe communitydraining to anupstreamimpaired lake.
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4.2.3.3 Constructionand Industrial Stormwater

To account for construction activity and possibleindustrial stormwaterin the watersheds of the
impaired lakes, as well as future growth in the watersheds, WLAs equal to 1.0% of the loading capacity
for each lake were assigned to coverboth of these categories. The best management practices (BMPs)
and otherstormwater control measures that should be implemented at construction sites are defined in
the State’s NPDES/SDS General Stormwater Permit for Construction Activity (MNR100001). The BMPs
and otherstormwater control measures that should be implemented at the industrial sites are defined
inthe State’s NPDES/SDS Industrial Stormwater Multi-Sector General Permit (MNRO50000) or facility-
specificIndividual Wastewater Permit.

4.24  Margin of Safety

The MOS isintendedto ensure achievement of the water quality goals despite scientificuncertainty.
Most lakes addressed in this TMDL have a reasonably robust dataset, includingin-lake monitoring data
overmultiple yearsand at a frequency of bi-weekly to monthly. In addition, there werethree tributary
monitoring sites that were used to estimate loads, and all of the lakes have lab-measured sediment
phosphorus releaserates. An explicit margin of 5% of the loading capacity was setaside in each lake
TMDL. The 5% MOS was considered adequate given each lake’s reasonably robust datasetand the lake
response model performance.

4.25 Seasonal Variation and Critical Conditions

Seasonal variation was taken into accountinthe TMDL by using the eutrophication standards, which are
based on growing season averages. The eutrophication standards were set with seasonal variability in
mind. The load reductions are established so that the receiving water willmeet the water quality
standard overthe course of the growing season (June through September). Critical conditionsin the
impaired lakes occurduringthe growing season when the lakes are used mostintensively fordirectand
indirect contactaquaticrecreation. Since the TMDL is based on growing season averages, the critical
periodis covered by the TMDL.

426  TMDLSummary

TMDLs for each lake were calculated as the sum of the WLA, the LA, and the MOS expressed asa
phosphorus mass per unittime. Table 4.2 through Table 4.7 presentthe TMDL equations for each lake.
The sections below summarize the primary findings under existing conditions and management of each
lake as it pertains to achieving the applicablein-lake water quality standard. The TMDL for each lake is
then presentedintabularform, including the loading capacity of the lake and the reductionsin nutrient
loading needed by permitted or non-permitted source to reach the in-lake standard. The total load
reduction showninthe firstline of each table isthe sum of all of the individual load reductionsinthe
column below. Because the load reductions mustaccommodate the MOS, theirtotal is greaterthan the
difference between the total existing and total allowable loads.

4.2.6.1 Peterlake

Key findings pertaining to Peter Lake are as follows:
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Peter Lake (AUID: 27-0147-00) is approximately 55.8 acresin surface areaand has a maximum
depth of 69.1 feet. About 58% of the lake is lessthan 15 feetdeep. Peter Lake is classified asa
deep lake. The contributing watershed areato the lake is 301 acres.

The lake is onthe raft 2016 303(d) Impaired Waters List. It has met all water quality standards
for three of the five years it was monitored. In the five years it was monitored, it met the secchi
depthstandard everyyear. In 2013, neitherthe TP nor Chl-a standard were metand in 2009, the
Chl-alevelswere justoverthe standard.

The lake’s watershed has very little development with only about 10% in single family
residential. About 73% of the watershed isinagriculture or undeveloped land uses.

Basedin part onincubation of sediment cores and estimation of phosphorus release rates under
both anoxicand oxicconditions, about 62% of the phosphorus load affecting surface water
qualityinthe lake comes frominternal sources, while about 35% comes from watershed sources
and 3.2% comes from atmosphericdeposition.

Table 4.2 presents the phosphorus TMDLand allocations for Peter Lake. To meetthe TMDL, the needed
reductioninthe TP loadis 96 |bs/yr, or 20% of the current total load. This load reduction can be
achievedthrough reducingthe existinginternal load by 33% and the SSTS load by 100%.

Table 4.2 - Peter Lake Phosphorus TMDL and Allocations.

Existing | Allowable Estimated Load
Cagcgzgry Load Component Load Load Reduction! T™DL
(Ibs/yr) (Ibs/yr) (Ibs/yr) % (Ibs/day)
TOTAL LOAD 472.7 396.9 95.6 20% 1.087
Total WLA 34.6 34.6 0.0 0% 0.095
Wasteload Construction/Industrial 40 40 0.0 0% 0.011
Allocation Stormwater
Corcoran MS4 21.0 21.0 0.0 0% 0.057
Medina MS4 9.6 9.6 0.0 0% 0.027
Total LA 438.1 342.4 95.6 22% 0.938
Load Non-MS4 Runoff 131.1 131.1 0.0 0% 0.359
Allocation Atmosphericdeposition 15.2 15.2 0.0 0% 0.042
Internal load 291.7 196.1 95.5 33% 0.537
SSTS 0.1 0.0 0.1 100% 0.000
Margin of Safety 0.0 19.8 - | - 0.054

L Existing TP loadis anaverage for the years 2009-2015

4.2.6.2 SpurzemLake
Key findings pertainingto Spurzem Lake are as follows:

Spurzem Lake (AUID: 27-0149-00) is approximately 78.6 acresin surface areaand has a
maximum depth of 37.4 feet. About 70% of the lake islessthan 15 feet deep. The lake is
classified asadeeplake. The contributing watershed area to the lake isabout 2,915 acres.

Notincluding the watershed areato Peter Lake upstream, the Spurzem Lake Watershed has

very little development with only about 13% developed areaand 14% in park preserve or
recreation. About 68% of the watershed isinagriculture orundeveloped land uses.
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The lake monitoring dataextends back to 1995. The water quality dataindicatesthe lakeis
severely degraded.

Both CLPW and common carp are presentinthe lake at nuisance levels.

About 37% of the phosphorus load affecting surface water quality inthe lake comes from

internal sources, while about 62% comes from watershed sources. Release of phosphorus by
bottom sedimentsisthe largest source of internal loading, followed by growth and senescence
of CLPW.

Table 4.3 presents the phosphorus TMDLand allocations for Spurzem Lake. To meetthe TMDL, the
needed reductioninthe TP loadis 1,868 Ibs/yr, equal to an 85% reduction of the existingtotal load. This
load reduction can be achieved through:

Watershed load reductions of 88% and holding the Loretto WWTP load discharge to no higher
than 24.6 |bs/yr.

Internal load reductions of 88%, aimed at reducing CLPW to non-nuisance conditions, a

reductioninreleasesfrombottom sediments and areductionin common carp.

Table 4.3 - Spurzem Lake Phosphorus TMDL and Allocations.

Existing | Allowable Estimated Load
Cagcgzgry Load Component Load Load Reduction* T™EL
(Ibs/yr) (Ibs/yr) (Ibs/yr) % (Ibs/day)

TOTAL LOAD 2,188.7 337.2 1,868.4 85% 0.924
Total WLA 175.1 45.2 129.9 4% 0.124
Construction/Industrial 3.4 3.4 0.0 0% 0.009
Stormwater

\;\ff‘jzzlfjg Loretto WWTP 246 246 0.0 0% | 0.067
Corcoran MS4 8.5 1.0 7.5 88% 0.003
Loretto MS4 33.9 4.0 29.9 88% 0.011
Medina MS4 104.7 12.2 92.5 88% 0.034
Total LA 2,013.6 275.2 1,738.4 86% 0.754
Upstream lake (Peter 26.9 24.3 26 10% | 0.067

Load Lake)

Allocation | Non-MS4 Runoff 1,156.4 135.1 1,021.3 88% 0.370
Atmosphericdeposition 21.2 21.2 0.0 0% 0.058
Internal load 809.1 94.6 714.5 88% 0.259

Margin of Safety 0.0 16.9 -- -- 0.046

LExisting TP loadis anaverage for the years 2009-

2015

4.2.6.3 Half Moon Lake
Key findings pertaining to Half Moon Lake are as follows:
Half Moon Lake (AUID: 27-0152-00) is approximately 31.1 acresin surface areaand has a

maximum depth of 30.3 feet. About 59% of the lake is lessthan 15 feet deep. The lake is
classified asadeep lake. The contributing watershed area to the lake is about 3,430 acres.

Notincludingthe watershed areato Spurzem Lake upstream, the Half Moon Lake Watershedis
all park preserve orrecreational area or water.
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There is lake-monitoring data back to 2004 with Secchi disk readings back to 1995. The water
quality dataindicatesthe lake is severely degraded.

Both CLPW and common carp are presentinthe lake.

Basedin part onincubation of sediment cores and estimation of phosphorus release rates under
both anoxicand oxicconditions, only about 22% of the phosphorus load affecting surface water
qualityinthe lake comes frominternal sources, while about 78% comes from watershed
sources. Most of the internal load is due to the release of phosphorus by bottom sediments.

Table 4.4 presents the phosphorus TMDL and allocations for Half Moon Lake. To meetthe TMDL, the
needed reductioninthe TP loadis 1,373 Ibs/yr. Thisis equal to an 80% reduction of the existing total
load of 1,713 Ibs/yr. Thisload reduction can be achieved through:

Achieving water quality standards for Spurzem Lake, which require reducing the incoming
watershed load to Half Moon Lake by 580 Ibs/yr(about42% of the total load reduction required
to meetthe TMDL),

Watershed load reductions of 85% for that part of the Half Moon Watershed downstream of
the Spurzem Lake outlet, and

Internal load reductions of 85%, aimed at reducing CLPW to non-nuisance conditions, a
reductioninreleasesfrom bottom sediments, and areductionin common carp.

Table 4.4 - Half Moon Lake Phosphorus TMDL and Allocations.

Existin Allowable Estimated Load
Ca%cgggry Load Component Load ’ Load Reduction* TMDL
(Ibs/yr) (Ibs/yr) (Ibs/yr) % (Ibs/day)
TOTAL LOAD 1,712.8 357.6 1,373.1 80% 0.980
Wasteload Zgﬁis,lt\r/ztﬁon/lndustrial > > - - "
Allocation 3.6 3.6 0.0 0% 0.010
Stormwater
Total LA 1,709.2 336.1 1,373.1 80% 0.921
Load Upstream lake (Spurzem Lake) 771.0 190.8 580.2 5% 0.523
Allocation Non-MS4 Runoff 555.9 81.7 474.2 85% 0.224
Atmosphericdeposition 8.6 8.6 0.0 0% 0.024
Internal load 373.7 55.0 318.7 85% 0.151
Margin of Safety 0.0 17.9 -- -- 0.049

L Existing TP loadis anaverage for the years 2009-2015

4.2.6.4 Lake Ardmore
Key findings pertaining to Lake Ardmore are as follows:

Lake Ardmore (AUID: 27-0153-00) is approximately 13.5 acresin surface areaand has a
maximum depth of 24.4 feet. About 75% of the lake islessthan 15 feetdeep. The lake is
classified asa“deep lake”. The contributing watershed areato the lake is about 507 acres.

The land use inthe lake’s watershedis only about 6% developed. About 54% of the watershed is

inagriculture or undeveloped land uses and 36% of the watershed isin park/preserveor
recreation.
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There is lake-monitoring data back to 2007. The water quality dataindicatesthe lake is severely
degraded. The lake is proposed forlisting asimpaired by nutrientsin 2016.

Common carp are presentinthe lake, periodically at nuisance levels. An aquatic plant survey
conductedin 2015 showed nossignificant rooted aquatic plant community.

Basedin part onincubation of sediment cores and estimation of phosphorus release rates under
both anoxicand oxicconditions, about 49% of the phosphorus load affecting surface water
qualityinthe lake comesfrominternal sources, while about 50% comes from watershed
sources. Most of the internal load is due to the release of phosphorus by bottom sediments.

Table 4.5 presents the phosphorus TMDLand allocations for Lake Ardmore. To meetthe TMDL, the
neededreductioninthe TP loadis 490 |bs/yr. Thisis equal to a 91% reduction of the existing total load
of 538 Ibs/yr. Thisload reduction can be achieved through:

Watershed load reductions of 92%, and

Internal load reductions of 92%, aimed at a reductionin releases from bottom sedimentsand a
reductionin common carp.

Table 4.5 - Lake Ardmore Phosphorus TMDL and Allocations.

Existing | Allowable Estimated Load
Cal:[gggry Load Component Load Load Reduction! T™DL
(Ibs/yr) (Ibs/yr) (Ibs/yr) % (Ibs/day)
TOTAL LOAD 537.90 50.14 490.26 91% 0.1371
Total WLA 17.50 1.84 15.66 89% 0.0051
Wasteload | Construction/Industrial 0.50 0.50 0.00 0% | 0.0010
Allocation Stormwater
Loretto MS4 0.50 0.04 0.46 92% 0.0001
Medina MS4 16.50 1.30 15.20 92% 0.0040
Total LA 520.40 45.80 474.50 91% 0.1250
Load Non-MS4 Runoff 251.70 20.50 231.10 92% 0.0560
Allocation | Atmosphericdeposition 3.70 3.70 0.00 0% 0.0100
Internal load 265.00 21.60 243.40 92% 0.0590
Margin of Safety 0.00 2.50 -- -- 0.0070

L Existing TP loadis anaverage for the years 2009-2015

4.2.6.5 South Whaletail Lake
Key findings pertainingto South Whaletail Lake are as follows:

South Whaletail Lake (AUID: 27-0184-02) is approximately 156.1 acres in surface area and has a
maximum depth of 23.3 feet. About 66% of the lake islessthan 15 feet deep. The lake is
classified asa “deeplake.” The contributing watershed area to the lake is about 507 acres.

The land use in the lake’s watershedis only about 6% developed with single family residential.
About 29% of the watershedisinagriculture orundeveloped land uses and 34% of the
watershedisin park/preserveorrecreation. The lake has avery low watershed-to-lake ratio of
4.2:1.
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There are in-lake monitoring data extending back to 1995. The water quality dataindicatesthe
lake is moderately degraded, but met or was close to meeting TP standardsin 2012, 2013, and

2015.

Basedin part onincubation of sediment cores and estimation of phosphorus release rates under
both anoxicand oxicconditions, about 80% of the phosphorus load affecting surface water
qualityinthe lake comes frominternal sources, while onlyabout 12% comes from watershed
sources and 8% comes from atmosphericdeposition. Most of the internal load is due to the

release of phosphorus by bottom sediments.

Table 4.6 presents the phosphorus TMDLand allocations for South Whaletail Lake. To meetthe TMDL,
the needed reductioninthe TP loadis 180 Ibs/yr. Thisis equal to a 34% reduction of the existing total
load of 529 Ibs/yr. Thisload reduction can be achieved through:

Internal load reductions of 43%, aimed at a reductionin releases from bottom sediments.

Elimination of discharges from poorly functioning SSTSs.

Table 4.6 - South Whaletail Lake Phosphorus TMDL and Allocations.

Existing Allowable Estimated Load
Caljczggry Load Component Load Load Reduction? TMDL
(Ibs/yr) (Ibs/yr) (Ibs/yr) % (Ibs/day)
TOTAL LOAD 528.9 367.0 180.2 34% 1.005
Wasteload Total WLA . 3.7 3.7 0.0 0% 0.010
Allocation | Construction/industrial 37 37 0.0 0% 0.010
Stormwater
Total LA 525.2 345.0 180.2 34% 0.945
Load Non-MS4 Runoff 60.0 60.0 0.0 0% 0.164
Allocation Atmosphericdeposition 41.7 41.7 0.0 0% 0.114
Internal load 423.5 243.3 180.2 43% 0.667
SSTS 0.029 0.000 0.029 100% 0.000
Margin of Safety 0.0 18.4 -- -- 0.050

L Existing TP load
2015

isanaverage for the years 2009-

4.2.6.6 North Whaletail Lake

Key findings pertaining to North Whaletail Lake are as follows:

North Whaletail Lake (AUID: 27-0184-01) is approximately 369.9acres in surface area and has a
maximum depth of 10.3 feet. The entire lake is lessthan 15 feet deep. The lake is classified as a
“shallow lake”. The contributing watershed areato the lake isabout 1,585 acres.

Notincludingthe watershed areato South Whaletail Lake, the land use in North Whaletail

Lake’s Watershed is about 9% developed (primarily single family residential). About 29% of the

watershedis agricultural orundeveloped land uses and 34% of the watershedis park or
preserve. The watershed-to-lakearearatiois small at 4.3:1.

The lake is proposed forlistingin 2016 for nutrientimpairments. There are in-lake monitoring
data back to 1995. The water quality dataindicatesthe lake issomewhat degraded, but metor

was close tomeeting TP standardsin 2011, 2013, and 2014.
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A vegetation survey conducted in 2015 indicated moderate to heavy growth of CLPW in about
100 acres of the northwestand western portion of the lake.

Basedin part onincubation of sediment cores and estimation of phosphorus release rates under

both anoxicand oxicconditions, about 80% of the phosphorus load affecting surface water

qualityinthe lake comes frominternal sources, while onlyabout 12% comes from watershed

sources and 8% comes from atmosphericdeposition. Most of the internal load is due to the
release of phosphorus by bottom sediments.

Table 4.7 presents the phosphorus TMDLand allocations for North Whaletail Lake. To meetthe TMDL,
the needed reductioninthe TP loadis 212 lbs/yr. Thisload reductionincludes the MOS of 31 Ibs/yr. This
isequal to a 26% reduction of the existing total load of 801 |bs/year. This load reduction can be achieved

through:

Reducing the loading coming from South Whaletail Lake by 20%,

Watershed load reductions of 32%, and

Internal load reductions of 32%, aimed at a reductionin releases from bottom sediments and

managing CLPW.

Table 4.7 - North Whaletail Lake Phosphorus TMDL and Allocations.

Load Existing | Allowable Estimate(_j Load TMDL
Category Load Component Load Load Reduction?
(Ibs/yr) (Ibs/yr) (Ibs/yr) % (Ibs/day)
TOTAL LOAD 801.4 620.2 212.2 26% 1.699
Total WLA 6.2 6.2 0.0 0% 0.017
Wasteload Construction/Industrial
Allocation 6.2 6.2 0.0 0% 0.017
Stormwater
Total LA 795.2 583.0 212.2 27% 1.597
Upstream lake (Whaletail - S) 107.5 86.2 21.3 20% 0.236
Load Non-MS4 Runoff 297.4 201.0 96.5 32% 0.551
Allocation | Atmospheric deposition 99.2 99.2 0.0 0% 0.272
Internal load 291.0 196.6 94.4 32% 0.539
SSTS 0.06 0.00 0.06 100% 0.000
Margin of Safety 0.0 31.0 -- -- 0.085

1 Existing TP loadis anaverage for the years 2009-2015

4.3 Bacteria (E. coli)

TheE. coliTMDLs presentedinthisreport provide WLAs, LAs and the MOS needed to achieve the state
standard for each bacteriaimpaired reachinthe Pioneer-Sarah Creek Subwatershed. The following
sections describe the approach used to develop the various components of the E. coli TMDLs.

431

Loading Capacity Methodology

Assimilative capacities for each impaired reach were developed from load duration curves (Cleland

2002). Load duration curves display flow and E. coli data across stream flow regimes, provide
assimilative capacities, and setload reductions necessary to meet water quality standards.
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Flow duration curves were developed using continuous flow data collected at each reach’s monitoring
station overa seven-year period (2008 through 2014). The curved line relates mean daily flowto the
percent of time those values have been metorexceeded (Figure 4-A). Forexample, at the 50%
exceedance value for Pioneer Creek, the stream was approximately 10cfs or greater 50% of the time.
The 50% exceedance isalso the midpoint or median flow value. The curve is then divided into flow zones
includingvery high (0% to 10%), high (10% to 40%), mid (40% to 60%), low (60% to 90%) and very low
(90% to 100%) flow conditions. Subdividing all flow data overthe past 10-years into these five categories
ensures high-flow and low-flow critical conditions are accounted forin this TMDL study.

Flow Duration Curves
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Figure 4-A— Flow duration curves for each E. coliimpaired reaches.

To develop aload duration curve, all average daily flow values were multiplied by the 126 cfu/100 ml
standard and converted to a daily bacteriaload to create a “continuous” load duration curve (see Figure
4-B through Figure 4-E). The line represents the assimilative capacity of the stream for each daily flow.
To develop the TMDL, the medianload of each flow zone is used to represent the Total Daily Loading
Capacity (TDLC) for that flow zone. The TDLC can also be compared to current conditions by plotting
individualload measurements (open black circlesin Figure 4-Bthrough Figure 4-E) for each water quality
sampling event. Each value thatisabove the TDLC line (red line) represents an exceedance of the 126
cfu/100 ml standard, while those below the line are below the water quality standard. Also plotted are
the geomeanE. coli concentrations for each flow regime (solid green circles). The difference between
these two provides ageneral percentreductioninE. coli that will be needed to remove each reach from

the impaired waterslist.
Because the load duration curve method uses along-term record of daily flow volumes, virtually the full

spectrum of allowable loading capacities is represented by the resulting curve. In the TMDL equation
tables of thisreport (Table 4.9 through Table 4.12) only five points on the entire loading capacity curve
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are depicted (the midpoints of the designated flowzones). However, it should be understood that the
entire curve representsthe TMDLand is what is ultimately approved by the EPA.

4.3.2  Load Allocation Methodology

The LA, alsoreferredto as the watershed LA, isthe remainingload after the MOS and WLAs are
subtracted fromthe total load capacity of each flow zone. The watershed LA includes all non-permitted
sources such as outflow from lakes and wetlands in the watershed and runoff from agricultural land,
forestedland, non-compliant septicsystems, and non-regulated MS4residential areas. This category
alsoincludesanyE. coli considered “natural background.” Natural background is that contribution that
occurs outside of human influence. This would generally be wildlife contributions that are directly
loaded tothe water body (as opposed toloaded viaa stormwater conveyance). For this TMDL, the
watershed LAs are primarily comprised of agricultural land outside the MS4 boundaries.

For the purposes of this study, outflow from upstream lake boundary conditions were included as
separate lineitemsinthe LA. Lakes typically act as sinks of fecal bacteriaand therefore are not believed
to contribute to elevated E. coli levelsinimpaired reaches. Allocations forthe upstream lakes were
calculated by multiplying the lake watershed areato total impaired reach watershed ratio (determined
in GIS) by the total impaired reach watershed loading capacity (determined by load duration curves)
afterthe MOS was subtracted. Since the watershed loading capacity for the impaired reach was
established usingthe 126 cfu/100 ml E. coli standard, this method assumes outflow from the lake
boundary conditions are allocated to the E. coli standard.

The city of Greenfield is not currently a permitted MS4, however population growth estimates for the
cityindicate it may qualify asa MS4 in the future. Thus, the city of Greenfield wasincluded as a separate
lineiteminthe LA for Sarah Creekin case thisload needs to be transferred fromthe LA to the WLA in
the future.

4.3.3  Wasteload Allocation Methodology

The WLAs for E. coli TMDLs are typically divided into three categories: permitted point source
dischargers, permitted MS4s, and construction and industrial storm water. The following sections
describe how each of these WLAs was estimated.

4.3.3.1 Permitted Wastewater Dischargers

There are currently no permitted wastewater dischargers located inthe bacteriaimpaired reach
watersheds.

4.3.3.2 Permitted MS4s

Two MS4s that are completely within orhave a portion of their municipal boundaryinthe impaired
reach watersheds (Table4.8) and are therefore assigned WLAs. MS4 boundaries were defined according
to the methodology presentedin Section 4.2.3.2. Individual MS4 allocations were calculated by
multiplying each MS4’s percent watershed coverage (determined in GIS) by the total watershed loading
capacity (determined by load duration curves) after the MOS was subtracted.
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Table 4.8 - Summary of permitted MS4s in the bacteria impaired reach watersheds.

MUSA Area within
TMDL watershed Percent of
Reach MS4 Permit# (acres) Watershed
Pioneer | |ndependence City MS4 MS400095 94 0.5%
Creek
Maple Plain City MS4 MS400103 384 2.2%

4.3.3.3 Constructionand Industrial Stormwater

WHLAs forregulated construction stormwater (MNR100001) were notdeveloped, since E. coliis nota
typical pollutant from construction sites. Industrial stormwater receives a WLA only if the pollutantis
part of benchmark monitoring foranindustrial site inthe watershed of animpaired waterbody. There
are no bacteriaor E. coli benchmarks associated with any of the Industrial Stormwater Permits
(MNRO050000) inthese watersheds and therefore noindustrial stormwaterE. coli WLAs were assigned.

434  Marginof Safety

The MOS accounts for uncertainties in both characterizing current conditions and the relationship
betweenthe load, wasteload, monitored flows, and in-stream water quality to ensure the TMDL
allocations resultin attainment of water quality standards. An explicit MOS equal to 5% of the total load
was applied whereby 5% of the loading capacity for each flow regime was subtracted before allocations
were made amongthe waste load and watershed load. Five percent was considered an appropriate
MOS since the LDC approach minimizes agreat deal of uncertainty. The LDC calculations are based on

E. coli target concentrations and monitored flow data. Most of the uncertainty with this calculationis
therefore associated with the monitoring datathat were collected overamultiyear period.

435 Seasonal Variation

Geometricmeans forE. coli bacteriawithinthe impaired reaches are often above the state chronic
standard from April through October. Exceedances of the acute standard occur inthese reaches during
thistime period. Fecal bacteriaare most productive at temperatures similarto theirorigination
environmentinanimal digestive tracts. Thus, these organisms are expected to be attheir highest
concentrations duringwarmersummer months when stream flow is low and watertemperatures are
high. High E. coli concentrationsin many of the reaches continue into the fall, which may be attributed
to constant sources of E. coli (such as failing septicsystems and animal access to the stream) and less
flow fordilution. However, some of the data may be skewed as more samples were collected in the
summermonthsthanin October. Seasonal and annual variations are accounted for by setting the TMDL
across the entire flow record using the load duration method.

43.6  TMDLSummary

Table 4.9 through Table 4.12 summarize all TMDL components foreach E. coli impaired reach.
Allocations forthese TMDLs were established using the 126 cfu/100 ml E. coli standard. All LAs are
reportedin billions of organisms/day and were rounded to two significant figures to prevent zero load
values. Figure 4-Bthrough Figure 4-E show the estimated load reduction foreach flow zone. This
reduction was calculated based on the difference between the monitored geometricmean E. coli
concentration of each flow zone and the 126 cfu/100 ml standard. At thistime, there is notenough
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information or dataavailable to estimate or calculate the existing (current conditions) load contribution
from each of the WLA and LA sources presentedin Table 4.9 through Table 4.12. Thus, the estimated
load reduction foreach flow zone appliesto all sources. The Pioneer-Sarah Creek WRAPS report further
investigates which sources and geographical locations within the impaired reach watershed should be
targeted forbacteria BMPs and restoration strategies.

For some flow regimes, calculated pollutantloads fellbelow the allowable pollutantload. In an effort to
follow antidegradation requirements, the existing pollutant load was used for load and wasteload
calculations ratherthanthe allowable load. The difference between the existingand allowableload was
classified asthe “unallocated load.”
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Figure 4-B - Sarah Creek E. coli load duration curve and TMDL reductions.

Table 4.9 - Sarah Creek E.coli TMDL summary.

FlowRegime*
VeryHigh | High | Mid Low | Verylow
E. coli Load (billions of organisms/day)
Total WLA** -- -- -- -- --
Wasteload P'ermitted Wastewater 3 -- -- -- --
Dischargers

Permitted MS4s -- -- -- -- --
Total LA 103.34 17.33 | 18.03 22.95 2.33
Load Lake Sarah Boundary Condition 89.87 15.07 15.68 19.96 2.03
Greenfield City 2.21 0.37 0.39 0.49 0.05
Watershed LA 11.26 1.89 1.96 2.50 0.25
MOS 5.44 3.17 2.07 1.21 0.56
Unallocated Load 0.00 4292 | 21.25 0.00 8.31
TOTAL LOAD (TMDL) 108.78 63.42 | 41.35 24.16 11.20
Existing Load (geomean of observed data) NA¥** 20.50 20.10 28.76 2.90

Estimated Reduction (%) NA*** 0% 0% 16% 0%

* Data collected between 2008-2014 were used to develop the flow regimesand loading capadities for thisreach
** There are nopermitted point dischargesfrom industries, municipalities, WWTP, orindividually pe rmitted sources withinthe

Sarah Creek Watershed

*** Notenoughdata at this time to estimate a load reduction
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Figure 4-C- Pioneer Creek E. coli load duration curve and TMDL reductions.

Table 4.10 - Pioneer Creek E.coli TMDL summary.

FlowRegime*
VeryHigh | High | Mid | Low | Verylow
E. coli Load (billions of organisms/day)
Total WLA** 6.24 2.07 1.15 0.26 0.12
Permitted Wastewater
Wasteload | Dischargers N N N N N
Independence City MS4 1.23 0.41 0.23 0.05 0.02
Maple Plain City MS4 5.01 1.66 0.92 0.21 0.10
Total LA 222.62 73.75 40.91 9.26 4.32
Lake Independence Boundary
Load L 109.33 36.22 20.09 4.55 2.12
Condition
Watershed LA 113.29 37.53 20.82 4.71 2.20
MOS 12.05 5.69 2.21 0.50 0.23
Unallocated Load 0.00 32.32 0.00 0.00 0.00
TOTAL LOAD (TMDL) 24091 | 113.82 44.27 10.02 4.67
ExistingLoad (geomean of observed data) 633.97 81.50 53.35 19.96 6.16
Estimated Reduction (%) 62% 0% 19% 51% 26%

* Data collected between 2008-2014 were used to develop the flow regimesandloading capadties for thisreach.
** There are nopermitted point dischargesfrom industries, municipalities, WWTP, orindividually pe rmitted sources withinthe
Sarah CreekWatershed
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Figure 4-D - Unnamed Creek E. coli load duration curve and TMDL reductions.
Table 4.11 - Unnamed Creek E.coli TMDL summary.
FlowRegime*

VeryHigh | High |

Mid Low | Verylow

E. coli Load (billions of organisms/day)

Total WLA** - -- -- - -
Wasteload P?rmitted Wastewater 3 3 3 3 3
Dischargers
Permitted MS4s -- -- -- -- --
Total LA 36.57 23.83 29.07 16.08 6.55
Load Oak & Mud Lake Boundary 25.40 16.55 20.19 11.17 4.55
Conditions
Watershed LA 11.17 7.28 8.88 491 2.00
MOS 4.73 2.77 1.53 0.85 0.35
Unallocated Load 53.36 28.78 0.00 0.00 0.00
TOTAL LOAD (TMDL) 94.65 55.38 30.60 16.93 6.90
Existing Load (geomean of observed data) 41.30 26.60 41.93 24.17 8.41
Estimated Reduction (%) 0% 0% 27% 30% 18%

* Data collected between 2008-2014 was usedto develop the flowregimes and loadingcapacitiesfor this reach.
** There are nopermitted point dischargesfrom industries, municipalities, WWTP, orindividually pe rmitted sources withinthe

Unnamed Creek Watershed.
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Figure 4-E - Deer Creek reach 594 E. coli load duration and TMDL reductions.

Table 4.12 - Deer Creek E.coli TMDL summary.

FlowRegime*

VeryHigh | High | Mid

Low | Verylow

E. coli Load (billions of organisms/day)

Total WLA** -- -- -- -- --
Wasteload P(.ermitted Wastewater B B B B B
Dischargers
Permitted MS4s -- -- -- -- --
Total LA 46.28 13.07 2.64 0.29 0.06
Whaletail Lake Boundary
Load o 21.88 6.18 1.25 0.14 0.03
Condition
Watershed LA 24.40 6.89 1.39 0.15 0.03
MOS 2.44 0.69 0.16 0.03 0.003
Unallocated Load 0.00 0.00 0.48 0.31 0.00
TOTAL LOAD (TMDL) 48.72 13.76 3.28 0.63 0.07
Existing Load (geomean of observed data) 103.66 16.20 2.80 0.32 NA***
Estimated Reduction (%) 53% 15% 0% 0% NA***

* Data collected between 2008-2014 were used to develop the flow regimesand | oading capadities forthisreach.
** There are no permitted point dischargesfrom industries, municipalities, WWTP, orindividually pe rmitted sources withinthe

DeerCreek Watershed.
*** Notenoughdata at this time to estimate a load reduction.
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5. Future Growth Considerations

5.1 New or Expanding Permitted MS4 WLA Transfer Process

Future transfer of watershed runoff loadsin this TMDL may be necessary if any of the following
scenarios occur within the project watershed boundaries:

1. Newdevelopmentoccurswithinaregulated MS4. Newly developed areas thatare not already
included inthe WLA must be transferred fromthe LA to the WLA to account for the growth.

2. Oneregulated MS4 acquires land from anotherregulated MS4. Examplesinclude annexation or
highway expansions. Inthese cases, the transferis WLA to WLA.

3. Oneor more non-regulated MS4s become regulated. If this has not been accounted forinthe WLA,
thena transfer must occur fromthe LA.

4. Expansionofa U.S. CensusBureau Urban Area encompasses new regulated areas for existing
permittees. An example is existing state highways that were outside an Urban Area at the time the
TMDL was completed, butare now inside anewly expanded Urban Area. This will require eithera
WLA to WLA transferor a LA to WLA transfer.

5. A new MS4 or otherstormwater-related point source is identified and is covered undera NPDES
Permit. Inthissituation, atransfer must occur fromthe LA.

Load transfers will be based on methods consistent with those used in setting the allocationsin this
TMDL. In caseswhere WLA is transferred from orto a regulated MS4, the permittees will be notified of
the transferand have an opportunity tocomment.

5.2 New or Expanding Wastewater

The MPCA, in coordination with the Environmental Protection Agency (EPA) Region 5, has developed a
streamlined process forsetting or revising WLAs for new or expanding wastewater discharges to
waterbodies with an EPA approved TMDL (MPCA 2012). This procedure will be used to update WLAs in
approved TMDLs for new or expanding wastewater dischargers whose permitted effluent limits are at or
below the instream target, and will ensure that the effluent concentrations will not exceed applicable
water quality standards or surrogate measures. The process for modifying all WLAs will be handled by
the MPCA, with inputandinvolvement by the EPA, once a permitrequestorreissuance is submitted.
The overall process will use the permitting publicnotice process to allow forthe publicand EPA to
commentonthe permitchanges based onthe proposed WLA modification(s). Once any comments or
concerns are addressed, and the MPCA determines that the new or expanded wastewater discharge is
consistent with the applicable water quality standards, the permit willbe issued and any updates to the
TMDL WLA(s) will be made.

For more information on the overall process, visit the MPCA’s TMDL Policy and Guidance webpage.
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6. Reasonable Assurance

When establishinga TMDL, reasonable assurances must be provided, demonstrating the ability to reach

and maintainthe established water quality goals. Reasonable assurances typically include both
regulatory and non-regulatory efforts at the state and local levels that will resultin pollutantload

reductions. The following should be considered reasonable assurance thatimplementation will occur
and resultin bacteriaand nutrientload reductions to the waterbodies included in this TMDL study.

1.

The BMPs and other actions outlined in Section 7 have all been demonstrated to be effectivein
reducingthe generation and/ortransport of pollutants to surface waters (MPCA 2014). Many of
these actions are being promoted by state and local resource managers and have shown significant
levels of adoptionin both regulatory and non-regulatory environments.

The watershed and stakeholder groups that provided feedback and input forthe project had broad
representation fromlocal government units (LGU) and agencies that are directly affected by the
implementation recommendations. Citizens, including lake associations, who have adirect stake in
the success of the implementation strategy were also informed about the process and provided
input. Theirinterestand knowledgewillhelp assure accountability in the implementation process.
Finally, state and regional government representatives who will play a pivotal role in regulating
and/orfinancially supporting many of the implementation elements werealsoinvolved in
developingthose elements.

The PSCWMC has developed and adopted its Third Generation Watershed Management Plan. The
updated plan supports the implementation elements of this TMDL through regulatory requirements
for new andre-development, a publiceducation and outreach program, a capital projects selection

and funding process, and amonitoring program. The application of updated stormwater mitigation
requirements to new urban/suburban developments in the watershed provides a cost-effective
opportunity to help decrease pollutant loads relative to current conditions. As part of the Third
Generation Plan process, the Commission has revised their development requirements for
stormwater managementto reflect the Minimal Impact Designs (MIDs) standards recommended by
the MPCA.

The issuance of an NPDES Permit provides reasonable assurance that the WLAs contained ina TMDL
will be achieved. Thisis because 40 C.F.R. 122.44(d)(1)(vii)(B) requires that effluent limits in permits
be consistent with “the assumptions and requirements of any available WLA” in an approved TMDL.
All of the municipalities comprising the Pioneer-Sarah Creek Subwatershed project area, except
Greenfield, are covered under updated MS4 General Permitand all lands are subject to the
Construction Stormwater Permit, both of which became effective on August 1, 2013. Both permits
mandate an increase inthe volume of water that must be retained orabstracted on-site, as well as
require measures to minimize/address soil compaction, control flow rates to protect the stability of
downstream open channels, provide buffers adjacent to surface waters, etc. Inaddition, the next
MS4 General Permit (expected to be issuedin 2018) will trigger a regulatory requirement for all
MS4s receiving WLAs underthis TMDL to demonstrate annual progress meeting the required load
reductions. The MS4 Permit therefore provides animportantregulatory link between a permittee’s
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10.

authorizationtolegally discharge stormwater to waters of the state and its progressin meetingits
load reduction obligations underthe TMDLs affectingit.

Monitoring will be conducted to trackand document progress in meeting the TMDL and, if
necessary, to provide a basis for adjusting the implementation approach outlined in this document
consistent with the adaptive management philosophy forthe project (see Section 8.6).

Additionally, all local units of government within the PSCWMC are required to prepare alocal
watershed management plan, capital improvement program, and official controls as necessary to
bringlocal water managementinto conformance with the PSCWMC Watershed Management Plan.
These local plans are reviewed and approved by the PSCWMC.

A WRAPS report was prepared as a companion documentto this TMDL. The WRAPS report outlines
keyimplementation elements for each water body, including specific management measures and
expected implementation schedules. Thisinformation will support and facilitate planning of
programs and capital projects, including securing funding from local, state, and federal sources.

The MPCA regulates the collection, transportation, storage, processing, and disposal of animal
manure and otherlivestock operation wastes. The MPCA Feedlot Program implements rules
governingthese activities, and provides assistance to counties and the livestock industry. The
feedlotrulesapply to most aspects of livestock waste managementincluding the location, design,
construction, operation, and management of feedlots and manure handlingfacilities.

There are two primary concerns about feedlots in protecting water:
e Ensuringthat manure ona feedlot or manure storage areadoes notrun into water;

e Ensuringthat manureisappliedtocropland at a rate, time and method that prevents
bacteriaand otherpossible contaminants from entering streams, lakes and ground water.

Subwatershed assessments, especially for rural agricultural portions of the project watersheds, will
be especially importantin identifying cost-effective opportunities for pollutantload reductions. The
level of detail of analysisin this TMDL is not sufficient to identify the impact of specific parcels of
land and how they are managed on downstream pollutantloads, norisitsufficient to identify the
most cost-effective individual projects. A subwatershed assessment that uses acombination of on-
the-ground field observations, field-scale load estimation tools that account for the impacts of
specificBMPs, and site-specificBMP cost informationis essential in developingalist of prioritized
projects and providing the basis to approach individual landowners to solicit cooperation. To
facilitate both the subwatershed assessments themselves and help with landowner
cooperation/agricultural projectimplementation, Hennepin County and the University of Minnesota
Extension Service intends to jointly hirean agricultural specialistin 2017.

Historically, avariety of funding sources have been used for water resource projects within the
TMDL study area and these sources are expected to continue into the foreseeable future.

a. The PSCWMC fundsits operations mostly through assessments to member cities, which
raise those funds through eitheratax levyimposed onresidents ora special purpose
stormwater utility fee. Revenueraised from these sources fund such PSCWMC activities as
publiceducation and outreach, monitoring, and preparation of annual activity reports.
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b. Capitalimprovement projects undertaken by the PSCWMC can be funded through an ad
valoremtax levy imposed through Hennepin County at the PSCWMC's request on residents
anywhere within the PSCWM(Cjurisdictional limits. This annual tax levy is one of the main
funding mechanisms available to support for capital-related implementation activities within
the impaired subwatersheds of this study. Funds generated through the ad valorem process
are used to fund projects outright, sponsor cost-share projects with municipal partners, as
well as provide cash match to secure grants.

c. Athirdfundingsource availabletothe PSCWMC was made possible by Minnesota voters
approvingthe Clean Water, Land, and Legacy (CWLA) amendmentin 2008. Thisamendment
increased the state sales and use tax rate by three-eighths of 1% on all taxable sales, starting
July 1, 2009, and continuingthrough 2034. Of the funds generated, approximately one third
have been dedicated toaClean Water Fund to, “protect, enhance, and restore water quality
islakes, rivers, streams, and groundwater, with atleast 5% of the fund targeted to protect
drinking watersources.” (MPCA 2014).

d. Afourthfundingavenue available to supportimplementation of this TMDL study is the
Clean Water Partnership (CWP) Program established by the Minnesota Legislature in 1987.
The CWP program focuses onthe control of nonpoint pollution sources and provides
financial assistance through loans for activities like fixing failing septic systems, as well as
technical assistance to LGUs.

e. TheFederal Clean Water Act Section 319 Nonpoint Source (NPS) Management Program was
established through amendmentto the Clean Water Actin 1987 and is anothersource of
potential funding. Section 319 NPS funds support BMPs for waters with TMDLs.
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7. Monitoring Plan

Progress on TMDL implementation will be measured through regular periodic monitoring of water
guality and tracking of the BMPs completed. This will be accomplished through the combined efforts of
the organizations receiving LAs as well as the cooperating agencies (notably the PSCWMC, MPCA, and
Three Rivers Park District). The Intensive Watershed Monitoring (IWM) program conducted by the MPCA
isexpectedtoprovide alarge-scale, longer-term picture of the degree to which conditions are changing
inthe Pioneer-Sarah Creek Subwatershed. Monitoring by the MPCA underthis program was last
conductedin 2007 and 2008 inthe North Fork Crow Watershed and 2012 and 2013 inthe South Fork
Crow Watershed, andis expected to be undertaken againin 2017 and 2018, and 2022 and 2023
respectively as part of the 10-year monitoring cycle. As part of the Third Generation Watershed

ManagementPlan, the Commission adopted and funded arotating sampling program for streams and
lakes designed in partto monitor progressinimplementing the TMDL. A summary of the monitoring
program to assessimplementation progressis presented below.

7.1 Lake Monitoring

Spurzem Lake, Half Moon Lake, North Whaletail Lake and South Whaletail Lake will continue to be
monitored by the Commission in partnership with Three Rivers Park District atleast every two years
because of theirvisibility and priority as publicresources. Peter Lake and Ardmore Lake will be
monitored atleastonce every three years by the Commissionin partnership with Three Rivers Park
Districtas access and resources are available, either through volunteers orunder contract with
professional staff. Lakes are generally monitored for Chl-a, TP, and Secchi disk transparency. The
Commission has also regularly participated in the Metropolitan Council’s Citizen Assisted Lake
Monitoring Program (CAMP) since 2005. CAMP volunteers monitor surface water conditions and
chemistry. They also judge the appearance of the lake, its odor, and its suitabilityforrecreation.

Aguaticplantsurveys should will be conducted on each lake at approximately threeto five yearintervals
by the Commissionin partnership with Three Rivers Park District. In-lake monitoring will continue as
implementation activities are undertaken across the respective watersheds.

The DNR will continue to conduct fish surveys on lakes with publicaccess (currently Spurzem Lake, Half
Moon, and North Whaletail Lake) as allowed by theirregular schedule. Currently, fish surveys are
conducted approximately every fiveyears.

7.2 Stream Monitoring

The Commission willcontinueto annually monitor flow and water quality at baseline sites on Sarah
Creekand on Pioneer Creek, and at one additional site in the watershed peryearon a rotating basis, so
that eachsite is monitored every two to three years. These rotating sites include Dance Hall Creek,
Loretto Creek, and Spurzem Creek. In addition, the Commission may periodically undertake special
stream monitoring on othertributaries where necessary, forexample to measure progress toward
meetinga TMDL, calibrate models orrefine source assessments.

7.3 Tracking of Best Management Practices

As part of their NPDES General Stormwater Permit, cities that are MS4s must annually track and report
to the MPCA the number, type, location, and load reduction benefits of constructed BMPs (such as
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detention basins, filtration and infiltration basins, and swales) undertaken to achieve TMDL wasteload
reductions. The PSCWMC will review member communities’ annual reports to keep abreast of progress
toward achieving the TMDLs. The Commission will also request that all its membercities track LA
reduction BMPs and other WRAPS-related activities, and report them periodicallyso that the
Commission can summarize thisinformation annually and have it available for agencies and interested
members of the public.
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8. Implementation Strategy Summary

8.1 Implementation Framework

The strategies described inthis section include potential actionsto reduce nutrient and bacterialoadsin
the subject watersheds. NPDES Permit compliance includes being consistent with the assumptions and
requirements of an approved TMDL and associated WLAs as they apply to the permittee. For both the
lake and stream TMDLs, the baseline period isthe mid-range year of the years used forthe lake
response modelingand development of the E. coli load duration curves, respectively (Table 8.1). Since
the E. coli load duration curves were developed using monitored data, the baseline year will coincide
with the mid-range monitoring period. Any load-reducing BMPs implemented during or after the
baseline yearwill be able to “count” toward an MS4’s load reductions. The lake models were calibrated
to existing conditions usingin-lake data, which implicitly takes into account BMPS that are alreadyinthe
ground. The E. coliload duration curves were also determined using existing stream data. Therefore, ifa
load reducing BMP was implemented and fully functional priorto the baseline yearitwould already be
incorporated into the estimated load reductionsinthe TMDLs. Any load-reducing BMPs implemented
duringor afterthe baseline yearcanbe includedin the permittees annual reporting of estimated
cumulative load reductions to the MPCA stormwater program. See the MPCA MS4 TMDL Guidance for
more information.

Table 8.1 - Implementation Baseline Years.

Water Body Baseline Year
PeterLake
Spurzem Lake
Half Moon Lake 2012
Lake Ardmore

South Whaletail Lake
North Whaletail Lake
Sarah Creek
PioneerCreek 2011
DeerCreek
Unnamed Creek

Load reductions achieved for some implementation actions are creditabletothe LAsin some cases and
to WLAs in other cases. Examples of non-WLA creditable projects include strategies aimed at reducing
in-lake loading (e.g., alum, aguaticplant management). For clarification on a particular project, the
MPCA Stormwater Program staff should be contacted.
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8.2 Permitted Sources
8.2.1 MS4

The MS4 General Permitrequires permiteesto addressall WLAsin TMDLs approved priortothe
effectivedate of the Permit. In doing so, they mustdetermineif they are currently meeting their WLA(s).
Ifthe WLA is not beingachieved at the time of application, acompliance schedule is required that
includesinterim milestones, expressed as BMPs, that will be implemented over the current five-year
permittermto reduce loading of the pollutant of concernin the TMDL. Additionally, along-term
implementation strategy and target date for fully meetingthe WLA must be included.

Many of the watersheds of the impaired waters identified in this report are expected toundergo land
use changes between now and 2030. Table 8.2 shows the approximate total area of the watersheds
drainingtothe impaired streams and lakes addressed in this reportand the percentage of the area
expectedtochange land uses by 2030.

Table 8.2 - Expected Land Use Change by Lake and Stream Reach Subwatershed.

Approximate Total % of Drainage Area Expected to
Subwatershed .
Drainage Area! Change Land Use by 2030?
PeterLake 300 85%
Spurzem Lake 2,800 73%
Half Moon Lake 3,250 64%
Lake Ardmore 500 56%
South Whaletail Lake 580 60%
North Whaletail Lake 1,450 53%
Sarah Creek (AUID-628) 760 42%
PioneerCreek (AUID-653) 9,178 40%
Unnamed Creek (AUID -593) 2,952 0%
DeerCreek (AUID-594) 2,603 46%

1 Total does notinclude area of subject | ake, but doesinclude area of other lakes and wetlands in the subject | ake’s watershed.
Forstreams, area included is only for that draining to the stream reach belowthe upstream AUID boundary

2 From 2010 Metropolitan Land Use Classificationand planned 2030 Met Councilland use.

To take advantage of the opportunity afforded by land use transition, aggressive stormwater
management measures must be applied to new development everywhere in the watershed. Effective
May 21, 2015, the PSCWMC adopted updated standards that govern stormwater management
standards for quality, runoff volume and rate control for new development projects. Key provisions of
those updated standards are the following:

A decrease inthe threshold forapplication of stormwater quality and quantity standards to one
acre of disturbed surface, regardless of land use. This will resultin more new developments
subjecttothe updated stormwater management requirements of the Commission.

Require infiltration of 1.1 inches of runoff volume off new impervious surfaces within 48 hours,
based on the MPCAs MIDS and the NPDES General and Construction Permits. Where infiltration
isnot feasible, the new rulesrequire that runoff be filtered before discharge from the site. The
rulesinclude several credits toward meeting the abstraction requirement, including
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disconnection of impervious surface, conservation of existing native vegetation, and the use of
de-compacted and amended soilasa BMP.

A performance standard for stormwater quality to achieve aloading reduction as good as or
betterthan that, which would be achieved by abstracting 1.1” of runoff depth from new
impervious surfaces, orno-netincreasein TP or total suspended solids (TSS), whicheveris lower.
Application of the 1.1-inch abstraction requirement equates to approximately a 76% reduction
in TP comparedto the post-development but non-mitigated phosphorus load from urban
development (Wenck 2013), well above the 50% to 60% reduction typical of awetdetention
pond based on Nationwide Urban Runoff Program (NURP) design standards. Compliance with
this updated provision will require a calculation of the loading from the pre-development
condition, then the load from the post-development condition assuminga 1.1-inch abstraction
of impervious runoff from the post-development condition. The development mustincorporate
water quality BMPs to limit post-construction loading to the lesser of the two figures.

As permitted MS4s are expanded to serve new development, those MS4s may be able to take creditfor
working toward meetingtheir TMDL allocations based on net decreasesin landscape loads associated
with replacing high pollutant export non-urban uses with suburban/urban land uses thatincorporate the
stormwater controlsidentified. The PSCWMC should work with MPCA and the member communities to
determine under what conditions this would be appropriate.

Othermeasuresthatshould be considered by MS4s to meettheir pollutantload reduction obligations
underthis TMDL include the following:

Pursue stormwater treatment retrofit projects as opportunities arise (for example as part of
road/street re-construction, residential/commercial/industrial re-development, etc.), with an
emphasis on runoffinfiltration/filtration as site conditions allow.

Undertake intensified street cleaning activities in high priority areas, especially where
opportunities for cost-effectiveimplementation of structural BMPs is limited (Baker et. al.
2014).

Enhance existing stormwater treatment features, such as by addingiron enhanced sandfilters
to existing stormwater ponds.

8.2.2 Construction Stormwater

The WLA forstormwater discharges from sites where thereis construction activity reflects the number
of constructionsites greaterthan one acre expected to be active in the watershed atany one time, and
the BMPs and other stormwater control measures that should be implemented at the sites to limit the
discharge of pollutants of concern. The BMPs and other stormwater control measures that should be
implemented at construction sites are defined in the State's NPDES/SDS General Stormwater Permit for
Construction Activity (MNR100001). If a construction site owner/operator obtains coverage underthe
NPDES/SDS General Stormwater Permit and properly selects, installs, and maintains all BMPs required
underthe permit, including those related toimpaired waters discharges and any applicable additional
requirements foundin Appendix A of the Construction General Permit, the stormwater discharges
would be expectedto be consistent withthe WLA in this TMDL. Alllocal construction stormwater
requirements mustalso be met.
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8.2.3 Industrial Stormwater

The WLA forstormwaterdischarges fromsites where thereisindustrial activityreflects the number of
sitesinthe watershed for which NPDES Industrial Stormwater Permit coverageis required, and the
BMPs and otherstormwater control measures that should be implemented atthe sitesto limitthe
discharge of pollutants of concern. The BMPs and other stormwater control measures that should be
implemented at the industrial sites are defined in the State's NPDES/SDS Industrial Stormwater Multi-
Sector General Permit (MNR050000), or NPDES/SDS General Permitfor Construction Sand & Gravel,
Rock Quarryingand Hot Mix Asphalt Production facilities (MNG490000). If a facility owner/operator
obtains stormwater coverage underthe appropriate NPDES/SDS Permit and properly selects, installs and
maintains all BMPs required underthe permit, the stormwater discharges would be expected to be
consistent withthe WLA in this TMDL. All local stormwater management requirements mustalso be
met.

8.24 Wastewater

The wastewatertreatment system operated by the city of Loretto (MN0023990) is the only permitted
pointsource discharger affected by this TMDL. It is currently permitted to periodically discharge treated
sewage effluentinto awetland complex that flows to Spurzem Lake. Inrecentyears, the Loretto WWTP
has beenapplyingalumtoits treatment ponds priorto discharge. This management measure has
reduced the concentration of phosphorusintheirdischarge tounder0.2mg/l, or 200 ppb. This
represents aphosphorus concentration reduction of over 95% compared to influent concentrations, and
any furthersignificant reductions are neitherreasonable nor cost-effective. Based on discharge
monitoring dataforthe facility from 2013 and 2014, the annual load discharged from the facility over
thistime period average 24.6 Ibs/yr. Thus, a WLA of 24.6 Ibs/yr has been assigned to this facility forthe
Spurzem Lake TMDL.

8.3 Non-Permitted Sources

8.3.1 Manure Management

Based on the results of the livestock survey completed forthis project, there werealmost 800 head of
livestockinthe Pioneer Creek hydrologicwatershed in 2011, including almost 260 beef and dairy cattle
and about 540 horses. It was estimated that almost 16,000 pounds of manure-derived phosphorus was
generated by livestock inthe watershedin 2011, equal tojust under 0.5 pounds peracre of watershed
area. The amount of manure appliedinthe Pioneer Creek Subwatershed s likely substantial, and the
way manure is managed isan important factor affecting how much of a riskit is to surface water quality.
Routine soil testing would help determinewhere manure can be applied to satisfy nutrient needs for
crops while minimizing potential nutrientloss to runoff. Manure spreading on frozen ground duringthe
winterisa common practice, with many operations having no manure storage facilities. Much of the
nutrient contentand organicmatteris likely lost to runoff when snowmelt events occur. Finally,
livestock appearto have un-restricted access to streamsin some reaches, whichis likely toresultin
directloading of bacteriaand nutrients, and lead to bare or sparsely vegetated banks and riparian areas
that fosterstreambank failures.
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8.3.2  Rural Residential with Livestock Management

About 25% of the Pioneer Creek Subwatershed is expected to change from currentland usesto rural
residentialland uses between 2010 and 2030, and “hobby” farms with livestock could be asignificant
componentof that change. There are potentially significant benefits in terms of pollutantload
reductions where intensive agricultural usesin sensitiveareas are replaced with well-
managed/mitigated rural residential uses. However, thoseload reduction benefits can easily be negated
by poorly sited and/or managed “hobby” farm (especially horse) operations. Good siting and
management of new hobby livestock operations will be important to minimizethe export of pollutants
fromthese operations to surface waters. Where applicable, the MS4 communities within the watershed
(especially those with high hobby farm development potential such as Minnetristaand Independence)
should adopt standards that address the followingissues:

Allowablelocations of feedlots, pens, etc. relative to wetland edges, as well as stream and lake
shorelines.

Requirementsforthe design and siting of manure storage, containment, and composting areas,
and schedules forthe removal of manure or compost from the affected sites.
Cleanwaterdiversions to divert upgradient runoff around feedlot and manure containment
areas.

Site runoff retention and vegetative filtration systems downslope from the feedlotand manure
containments areas.

Pasture managementrequirements, including allowablelivestock densities in pasture areas
based on the netarea suitable to support pasturing (i.e., excluding wetlands,
woodlots/woodland, areas occupied by buildings, driveways, parking areas, lawns, etc.) instead
of the gross (total) area of the entire parcel.

The MDA Agricultural BMP Handbook for Minnesota (MDA 2012) provides additional
information on agricultural BMPs toimprove and protect water quality.

8.3.3 Subsurface Sewage Treatment Systems (SSTSs) Management

Accordingto MPCA (2011), thereisan estimated 29% failure rate for septicsystemsin Hennepin County.
The citiesinthe watershed are responsible forinspection of on-site septic systems and enforcement of
standards, though some contract with the Hennepin County Department of Health to provide those
services forthem. Inany case, the cities should continueto assure that systematicinspections are
carried out and that septicsystem upgrades are ordered as necessary, with priority given to systems
that are imminentthreats to publichealth and safety, and failing systems near-or whose discharge can
reach- streams, waterways, and lakes.

8.3.4 Internal Nutrient Loading

Internal nutrientloads will need to be reduced to meetthe TMDL allocations for many of the lakes
addressedinthis document. One source of internal loadingis CLPW. CLPW is presentina numberof the
lakes addressedinthisreport,andin some cases at extremely high densities. Senescence of CLPWin
summer can be a significant source of internal phosphorus load that often resultsin mid- to late-
summer water quality degradation. Vegetation management, such as successive years of chemical
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treatments that selectively targets CLPW but does not negatively impact native aquatic plants, may be
required toreduce CLPW growths to non-nuisance levels.

Anothersource of internal load is release of accumulated phosphorus from enriched bottom sediments.
While there are numerous options forinternalload reduction, chemicalinactivation of sediment
phosphorus usingan alum-based compound oranother precipitantis likely to be most cost-effective.
Ideally, most, if not all, of the watershed load reductions called forin the TMDL for a given lake should
be achieved before sediment treatments occur. However, in lakes that are close to meeting water
guality standards, it may be appropriate toimplementaninitial sediment treatment as part of a twoto
three phase sediment treatment sequence, once significant progress has been made inreducing
watershedloads and/or CLPW generated loads. This approach can help generate a clear-waterresponse
that willimprove the conditions for development of arobust rooted aquatic plant community and help
stabilize the systemin aclear water condition. This approach should only be taken with the
understanding that fully achieving the targeted watershed load reductions will be importantin
extendingthe effectivelife of the internal load controls, and that the final internal load treatmentin the
sequence should be carried out only after substantial completion of the watershed load reduction
effort.

8.4 Additional Strategies

The following measures will also be important elements of the implementation effort for this TMDL:

1. Education. Educational and outreach opportunities in the watershed should be pursued on such
topics as fertilizer use, manure management, grazing management, low-impact lawn care practices,
and othertopics to increase awareness of sources of pollutant loadings to lakes and streams. A high
priority of these efforts should be to encourage the adoption of good individual property
management practices across all land uses. Alsoincluded should be efforts to educate the publicon
the benefits of ahealthy rooted aquatic plant community and the role it playsin a healthy lake or
stream system, along with appropriate management expectations, objectives and tools to manage
the aquatic plant community without destroying the benefits it offers.

2. Installationand enhancement of buffers/shoreline restoration. One of the larger potential sources
of E. coliand nutrientloadinginanumber of the subwatershedsis associated with pasture use.
Installation of new, or enhancement of existing, buffers to maintain nativevegetation along stream
banks will help stabilize the streambanks themselves as well as filter runoff from pastures near
streams and waterways. Many riparian property ownersin all parts of the watershed maintain turf
to the shoreline. Property owners should be encouraged to restore a portion of theirshorelinewith
native plants to reduce erosion, capture/filter direct runoff, and improve the near-shore riparian
habitat that is so importantto most of the desirable fish species found in lakes and streams. The
Minnesota Board of Water and Soil Resources has guidelines forimplementing Minnesota’s recently
enhanced Buffer Law for publicwaters and jurisdictional ditches. The PSCWMC, member cities, and
the counties will evaluate their buffer requirements and enforcement programs and modify as
necessary.

3. Roughfish management. Where appropriate, monitoring and management of the fish community
should be undertakento restore or maintain quality fish communities. Opportunities to assess
roughfish populations (particularly common carp) should be undertaken wherethere is reason to
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believethose populations are above the metrics conduciveforclear water, native rooted aquatic
plant-dominated in-lake condition and a healthy fish community. Control measures appropriate to
the magnitude of the problem and the site-specificfeatures of the situation should be undertaken
to limitreproductive and recruitment success and roughfish migration.

4. Subwatershed assessments. The level of detail of the analysis conducted for this TMDL is not
generally sufficient to identify specificparcels of land or specific projects that are the most cost-
effectiveforachievingload reductions to the water bodiesidentified. Additional effort to identify
and evaluate potential projects will often be needed as a follow-up activity to this plan, especially
for agricultural areas. These efforts should include on-the-ground field investigations to identify the
highest priority areas forimprovement, development of site-specificremedies, and development of
project costs and load reduction benefits. An excellent example of asubwatershed assessment
approach isan assessment completed by Hennepin County (2014) for the Dance Hall Creek
Subwatershed Stormwater Retrofit Assessment of Lake Sarah in western Hennepin County. The
outcome of the assessment effort can then be used as the basis to solicit cooperation from affected
landowners, inform capital improvement project planning and implementation, and compile

effectivegrantapplications.

8.5 Cost

The Clean Water Legacy Act requires thata TMDL include an overall approximation of the cost to
implementaTMDL [Minn. Stat. 2007, §114D.25]. The level of detail of the information providedina
large-scale, watershed-wide TMDLlike this one is not sufficient to provide agood basis foraccurately
identifying these costs. This TMDL provides explicit guidance on the magnitude of pollutant reductions
to meetthe requisite standard. However, the implementation strategy forthis TMDL recognizes as well
that specificprojects will be identified, and credible estimates of the costs and benefits of those projects
developed, through the subwatershed assessments, feasibility studies, etc. as afollow-up to the TMDL.
However, based onareview of the impairments and the scale at which restoration will be necessaryin
the watershed, itis estimated thatadollarrange of $2,506,800 to $4,555,200 might be necessary. An
identification of the types of projects and assumptions, as well as whether each type of project applies
to permitted, non-permitted, or both sources, isincluded in Appendix F. Note that the cost range isan
estimate and many aspects can cause the coststo rise or fall as implementation takes place across the
watershed.

8.6 Adaptive Management

The implementation strategies and elements focus will be carried out

inthe context of adaptive management. Continued monitoringand Assess ( Design
Progress ] Strategy

“course corrections” inresponse to technically sound monitoring -

results are the most appropriate strategy forattaining the water @ (\1

quality goals established in this TMDL. Management activities willbe = Adaptive L

Management
changed or refined to efficiently meet the TMDL and lay the Evaluate Implement

groundwork forde-listingthe impaired water bodies.
% Monitor @
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9. Public Participation

A stakeholder participation process was undertaken forthis TMDL to obtaininputfrom, review results
with, and take comments from the publicand interested/affected agencies and local partners regarding
the developmentand conclusions of the TMDL. The process was led by the PSCWMC, the local partner
for the TMDL effort. The following cities/agencies/organizations were invited to project meetings and/or
received communications regarding the project:

City of Corcoran Hennepin County Environmental Services
City of Greenfield Board of Water and Soil Resources

City of Independence Metropolitan Council Environmental Services
City of Loretto Minnesota Department of Natural Resources
City of Maple Plain Minnesota Department of Transportation
City of Medina Minnesota Pollution Control Agency

City of Minnetrista Minnesota Department of Agriculture

Lake Sarah Improvement Association Lake Independence Citizen’s Association
Knowledge, Attitudes, and Practices (KAP) Survey

As an initial stepin the stakeholder/publicinvolvement process, a Knowledge, Attitudes, and Practices
(KAP) survey was conducted of watershed residents (Eckman 2013). While the relatively small sample
size of returned surveys cannot be considered representative of all property ownersin the watershed,
study findings do provide some information on audience knowledge, constraints, information needs,
attitudes, and current practices. Amongthe key findings are the following:

There isa very high awareness of the connection between people’s actions and water quality in
local lakes.

An overwhelming majority of all respondents felt thatindividuals degrading a publicwater body
have the responsibility for clean-up.

Thereisclearly very strong supportand unmetdemand foreducation and outreach programs
on water qualityissues.

In terms of fostering BMP adoption, financial incentives and cost shares appearto be important
to some respondents. Alsoimportantisasense of leaving alegacy for future generations, which
should factorinto PSCWMC messaging.

Thereis considerable scope to expand the role of PSCWMC as a source of information for both
groups.
The survey results also offer suggestions for civicengagement, education, and outreach. These

recommendationsinclude stronger roles forthe PSCWMCin:

developing educational programming centered on the information needs and priorities

expressed by the survey respondents
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leadingacivicengagement effort that provides opportunities forindividuals and families to
becomeinvolvedin clean wateractivities, and

offeringanincentive programfor watershed residents including financialincentives and cost-
sharesto supportthe adoption of BMPs.

Technical StakeholderProcess

At the core of the public participation process were two processes. One involved meeting with a
Technical Stakeholders Group (TSG) comprised primarily of technical experts of the communities
affected by the TMDL project as well as agency technical experts. This TSG first met March 25, 2014, to
receive information on why the project was being undertaken and how the outcome might affect their
organizations. It meta second time in March 2, 2016, toreview the preliminary results of the project,
includingthe proposed allocations and the implications of those allocations for their organization.

Community Conversations

Anotherkey component of the stakeholder review process was a series of “community conversations”.
Three of these community conversations were held between November 2014 and November 2016
(specificmeeting dates were November 20, 2014; November 16, 2015; and November 2, 2016), witha
total attendance exceeding 100 people. Each session broughttogetherabroad cross-section of people
with a directinterestin water quality management, including persons representing production
agriculture, horse farm operations, outdoor recreation, lake associations, elected local government
leaders, and state and local agency staff. The meetingsincluded opportunities to share information and
perspectivesinsmall group discussions, provideinformation on the condition of the waterresources of
interest through presentations by technical staff, publicize stories of local water quality improvement
successes, and discuss what each group was willing to contribute to advancing pollution reduction
efforts. Agendas foreach meeting are available from the PSCWMOC, and summaries of each meeting
were prepared and distributed to PSCWMC members, as well as posted on the PSCWMC’s website to

reach all other participants. All presentations given atthe meetings are posted onthe PSCWMC’s web
site as well.

The official TMDL publiccomment period was held from May 1, 2017 through May 31, 2017. Two
commentletters were received.
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Appendix A: Livestock Inventory for Pioneer-Sarah

Creek Watershed Project Subwatersheds
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Appendix B: GWLF-E Model Methods, Inputs and
Outputs for Lakes

1. Introduction

This appendix describes the modeling approach using the GWLF-E Watershed model to determinethe
flow and TP concentration inputs forthe lake BATHTUB model. Covered inthe sectionis an overview of
the GWLF-E model, inputs for/outputs from the model, how the model was constructed to reflect
conditionsinthe projectarea, and the modelingresults. This appendix focuses on the watersheds
drainingtothe lakes of interest: Peter Lake, Spurzem Lake, Half Moon Lake, Lake Ardmore, South
Whaletail Lake, and North Whaletail Lake.

2. Overview of the Generalized Watershed Loading Functions — E
plugin (GWLF-E)

GWLF-E is a Geographical Information System (GIS) based watershed modeling tool used within the
BASINS MapWindows 4.0 interface (Evans 2011). The original GWLF-E model, which was DOS based, was
developed by Haith and Shoemaker (1987). The GWLF-E plug-in was created to use in the freeware
MapWindows and has updated functionality with respect to farm animals, urban hydrology and loading,
stream bank erosion and potential effects of BMPs.

The GWLF-E modelis a watershed wide continuous simulation modelfor runoff, sediment and nutrients
(dissolved and total). The water balance and weather operates on adaily time step whilethe sediment
and nutrientloads are based on the daily water balance and accumulated to monthly values. The EPA
has identified GWLF-E as a “mid-range” model thatis most appropriate for watersheds where nonpoint
nutrientsources are of concern and there is insufficient data to support the development of amore
detailed model (EPA 1999). GWLF-E was originally developed for use in Pennsylvania (PA) but was
adjusted to allow use of data sets from outside of PA.

Since GWLF-E is GIS based, the inputs are automatically created using required GIS layers and various
non-spatial model parameters. There are also optional layers and model parameters that have default
valuesif novaluesare indicated. The required GIS layersinclude; DEM information, land use, weather,
hydrologicbasins, streams and soils layers. Whilethe GIS layers provide aspatial network, the model is
not spatially distributed and instead aggregates the loads from each source area.

The GWLF-E modelis precipitation and temperaturedriven. Precipitation is distributed between direct
runoff andinfiltration (Figure B- 1). Runoffis determined fromthe land use layer using the Soil
Conservation Service (SCS) curve number and daily weatherinputs. Infiltration is the difference between
precipitation and snowmelt minus surface runoff plus evapotranspiration. Waterthat infiltrates to the
un-saturated zone can be lost to evapotranspiration. Evapotranspirationis determined using the daily
weatherandthe land use. Thereisan option to have a deep saturated infiltration, butitis not
recommended by the developers since the estimation of this numberis difficult.
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In the GWLF-E model, nutrientloads generally expressed on a monthly time-step. Monthly erosion and
sedimentyields are computed using the Universal Soil Loss Equation (USLE). The nutrientload is
calculated using various accepted loading parameters. Urban nutrients are calculated using an
exponential accumulation and wash-off function similarto those used in the EPA’s Stormwater
Management Model (Huberand Dickinson 1988) and the P8 Urban Catchment Model (Walker 1990).
The GWLF-E model can attenuate (i.e., reduce) nutrients by means of various in-stream factors such as
plantuptake and deposition. The in-stream attenuation loss coefficients are based on the USGS
Watershed model SPARROW. The SPARROW modeltakes travel distance to the outletinto
consideration. Subbasins thatare furtherfroman outlet have muchless effecton nutrientloadsatan
outletthan the nutrientloading from asub-basin closerto the outlet due to the longertravel timesand
natural attenuation processes that can occur in that time. Nutrients can also be reduced by applyinga
reduction coefficient that represents the attenuating effect of lakes, ponds and wetlands.

Figure B- 1: Routing of water in GWLF-E-E (Evans 2011)
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Soil surface P 1
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3. Watershed Characteristics

3.1 Watershed Overview

All of the lakes addressed in this project are within the Hennepin County portion of the Pioneer Creek
hydrologicwatershed, whichis part of the South Fork Crow River Watershed (HUC: 07010205). The
PioneerCreek Watershed is 35,305 acres in area, most of which liesin northwestern portion of
Hennepin County, with small areas in Wright and Carver counties. The total watershed areaforthe lakes
addressedinthis projectisjustover5,000 acres. Several tributary streams of significance to this project
drainintothe Pioneer Creek system, including Spurzem Creek, which discharges to Lake Independence.
PioneerCreek starts at the outlet of Lake Independence.

The GWLF-E model was constructed to address six lakes that have beenidentified asimpaired by
nutrients by the MPCA withinthe Pioneer Creek hydrologicwatershed. In this appendix, the lake
watersheds willbe broken down into two groups, those forthe “northern lakes” and those for the
“southernlakes”. The northernlakes of interest are Peter Lake, Spurzem Lake, Half Moon Lake (all of
which are connected by Spurzem Creek) and Lake Ardmore, whichisthe only northern lake outside the
Spurzem Creek drainage. The southern lakes of interest are South Whaletail Lake and North Whaletail
Lake, which are the headwaters of Deer Creek. The northern lakes and their watersheds lie within the
municipalities of Medina, Independence, Loretto, and Corcoran, whilethe southern lakes and their
watersheds are entirely within Minnetrista.

The location of all six lakes and the communities within which they are located are shownin Figure B- 2,
alongwiththe location of the key stations that supplied weather-related input for the GWLF-E model
(discussed laterinthisreport). Figure B- 3 shows the delineated watersheds of all six lakes overlainona
2013 USDA NAIPimagery layer.
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Figure B- 3: Lake watersheds of interest, with the northern lakes on the leftand southern lakes on the right.
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3.2 Description of Watersheds by Lake
Peter Lake

The Peter Lake Watershed (Figure B- 4) is considered the headwaters for the northeast portion of the
Lake Independence Watershed. The drainage areais approximately 300.7 acres with a watershed to lake
area ratioof 5.4 to 1. The primary land use type within the watershed is agricultural with asmall portion
consideredrural residential.
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Figure B- 4: Peter Lake Subwatershed boundary for development of the GWLF-E model.

76



Spurzem Lake

The Spurzem Lake Watershed (Figure B- 5), whichincludes the Peter Lake Subwatershed, is
approximately 2,915 acres with a watershed to lake arearatio of 37 to 1. The large watershed to lake
area ratiowould suggest that watershed loading to the lake has the potential to significantly influence
in-lake water quality. The primary land use type within the Spurzem Lake Watershed is agricultural. A
significant portion of the watershed downstream of Peter Lake consists of wetland acreage that
ultimately drains to Spurzem Lake.
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Figure B- 5: Spurzem Lake Subwatershed boundary for development of the GWLF-E model.
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Half Moon Lake

The Half Moon Lake Watershed (Figure B- 6) is approximately 3,430 acres with a watershed to lake area
ratio of 110 to 1. Similarto Spurzem Lake, the large watershed to lake arearatio would suggest that
watershed loadingto the lake has the potential to significantly influence in-lake water quality. Spurzem
Lake flows to Half Moon Lake through Spurzem Creek, whichis channelized through a wetland cattail
marsh. Consequently, the water quality of Spurzem Lake and the wetlands between the two lakes also
has a potential influence on the in-lake water qualityfor Half Moon Lake.
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Figure B- 6: Half Moon Lake Subwatershed boundary for development of the GWLF-E model.
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Ardmore Lake

The Ardmore Lake Watershed (Figure B- 7) is a relatively smalldrainage arealocated east of Lake
Independence. The Ardmore Lake Watershed is approximately 507 acres with a watershed to lake area
ratio of 38 to 1. The large watershed to lake arearatio would suggest that watershed loading to the lake
has the potential to significantlyinfluence in-lake water quality. The primary land use type within the
Ardmore Lake Watershed is agricultural. There are asignificant number of animal units (AUs) (primarily
horses) located immediately upstream of Ardmore Lake.
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Figure B- 7: Ardmore Lake Subwatershed boundary for development of the GWLF-E model.
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South Whaletail Lake

The South Whaletail Subwatershed (Figure B- 8) is approximately 673 acres with a watershed to lake
area ratioof 4 to 1. A significant portion of the small subwatershed includes the Little Long Lake
drainage area. Little Long Lake has excellent water quality thatis currently meeting the MPCA standards.
There isalso a significant portion of the subwatershed that has parkland (Gale Woods and Kingswood)
with forested land use. Consequently, there is not asignificantamount of watershed loading to South
Whaletail Lake.
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Figure B- 8: South Whaletail Subwatershed boundary for development of the GWLF-E model.
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North Whaletail Lake

The North Whaletail Subwatershed (Figure B-9) isapproximately 1,256 acres with a watershed to lake
area ratioof 3 to 1. As previously mentioned for Whaletail South, the south subwatershed consists of
the Little Long Lake drainage area with parkland/forested land use. However, the portion of the
subwatershed thatdrains directly to the North Whaletail Basin is primarily agricultural land use.

Depth ft Whaletail Lake ™S contours 3t —_
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Figure B- 9: North Whaletail Subwatershed boundary for development of the GWLF-E model.
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4. Development of GWLF-E model for the impaired lake
watersheds

The lake watersheds were broken downinto 21 sub-basins forthe GWLF-E model (Figure B- 10). The
subbasins foreach lake were delineated using a 3m LIDAR DEM (Figure B- 3). The northern lakes’
watersheds were delineated into 14 sub-basins with an average subbasin size of 716 acres. The
watersheds of the southern lakes weredelineated into seven sub-basins with an average size of 512
acres.

The GWLF-E model was calibrated and validated using four stream monitoring stations. There were
three stream monitoringlocations in the northern lakes watersheds along Spurzem Creek/Pioneer
Creek, labeled B3, B5 and PS90. In the southern lakes, there was one stream monitoring location along
DeerCreeklabeled PSD. These monitoring station locations are shownin Figure B- 2.

Since the modelisdriven by weatherinputs, it was important to find relatively close weather stations
that had a relatively long, continuous, and reliable data set. Daily precipitation and temperature data
were compiled for Delano, Minnesota, Spring Park, Minnesota and Medina, Minnesota (Figure B- 2). All
of the data were obtained from the National Oceanicand Atmospheric Administration (NOAA) except
for the information for Medina, which was obtained from the Metropolitan Council Environmental
Services (MCES). When climate data were missing, either a parallel estimation was made using nearby
stations or a climate trend was determined and the missing datawere interpolated (Linacre 1992). The
average climate is representative of near-normal weather conditions. Average conditions across all
three weatherstations duringthe 1990 to 2015 period of record were 30.5 inches of annual
precipitation, winter temperature of 31°F, summertemperature of 66°F and an overall average
temperature of 45°F. The average conditions during the modeled time period of 2009 through 2015
were similartothe average climate dataover 25 years.

To create the inputs for the GWLF-E model, several GIS layers are required. These GIS datarequirements
are summarizedin Table B- 1.

Table B- 1: Summary of GIS layers input to GWLF-E model

Elevation LiDAR created 5m DEM
Soils USDA SSURGO

Streams Created during delineation
Basins DNR HUC 8

Boundaries Delineated using3m DEM

Weather stations

NOAA and Met Council files for Delano, Spring Park and Medina, MN

Land use/cover

2011 National Land Cover Dataset

Counties

Cropping management (C) and conservation practice (P)- defaults were used

Animal Density

Created by TRPD by visual inspection of high resolution imagery

PhysiographicProvinces

Rainfall erosivity (R) from GWLF-E manual and groundwater recessivevalues

Pointsource

Loretto Wastewater Treatment Facility - loading based on 2013/2014 data
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The elevation layer was developed using a 5-meterresolution LIDAR DEM. The 3-meterresolution DEM
that was used to delineate the subwatersheds was toofine aresolution and therefore generated too
large a data set forthe model to handle, soa 5-meterresolution DEMwas usedinstead. The soils layer
was provided from the SSURGO dataset. The streams layer was developed during sub-basin delineation
from satellite imagery. The land coverlayerwas the 2010 National Land Cover Dataset (NLCD).

The SSURGO data set helped define several of the variables forthe GWLF-E model, includingthe AWC
(Available Water Content) and HSG (dominant Hydrologic Soils Group). The AWC controls the moisture
content of the unsaturated zone. The recommended depth to assess the AWCis 100 cm of soil. With the
recommended 100cm of soil, the minimum AWC forthe Pioneer Creek Watershed was 7.37cm while
the maximum was 40cm and the average was 19cm. Higher AWCvalues reflectless permeable soils that
tendto be lowerinthe landscape while lower values represent more upland areas that have better
drainage. The HSG tells more about the soil and its draining capabilities. The HSGrangesfrom A to D,
with an A soil representing asandiersoil with betterdrainage and a D soil, which often has a significant
clay componentand consequently does notdrain well. If asoil had a dual soil group of A/D, B/D or C/D,
it wasreclassified as a D soil since the first letterin the classification reflects drainage characteristics
whenthe soilisdrained by installed infrastructure (drainagetile, etc.) and the second letterwhenitis
not.

USLE Equation:A=R*K*LS*C *P
Where: A = predicted soil loss (tons per acre per year)
R =rainfalland runoff factor (default)
K = soil erodibility factor (SSURGO)
LS = slopefactor (length and steepness from DEM)
C = crop and cover management factor (Default)
P = conservation practicefactor (Default)

The USLE (see below) isused by GWLF-Eto predictsoil lossand delivery toreceiving waters. The
variables accounted forinthe USLE include the rainfalland runoff factor (R), soil erodibility factor (K),
slope factor (LS), crop and cover management (C), and conservation practice (P). The Rvariable is a look-
up value obtained from the original GWLF-E user’s manual (Haith 1992) thatis based on geographical
location. Forthe Pioneer Creek Watershed, St. Paul, Minnesota was the closest location listed. The K
value isdependentonsoil texture, structure and organic matterand was obtained from the SSURGO
data set. The K values ranged from 0 to 0.55 with an average value of 0.3. The LS is assessed using the
DEM within the GWLF-E program; more of the technical algorithms are described by Moore and Wilson
(1992). The C and P values can widelyvary. The default Cand P valuesin the GWLF-E documentation are
based on meanvaluesforthe eastern part of the U.S compiled by Stewart etal (1975). The C value can
range from 0-1 with 1 representing bare soil with less coverand O representingavery stable plant
rooted soil. The defaultvalues are 0.002 for wooded areas, 0.03 for pasture and 0.42 forcropped land.
The P values are based on slope and represent how a practice will reduce the amount of erosion. A
practice that has steep slopesand does notreduce erosion would be al while amore conservation-
oriented cropland management practice/lower slope would be lower. There are fivedefault valuesin
GWLF-E that range from 0.52 to 0.74. The K, LS, C and P values are composite values that were assigned
to each sub-basin for each of the non-urban land uses.
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Table B- 2 shows the land use composition of each of the major subwatersheds represented in this
GWLF-E model. The Half Moon Lake Subwatershed includes the subwatersheds of Spurzem Lake and
Peter Lake, both of which lie upstream of Half Moon Lake on Spurzem Creek. Similarly, the North
Whaletail Lake Subwatershed includes the subwatershed for South Whaletail Lake upstream. The NLCD
layershowedthatingeneral, the lake watersheds have few areas supporting conventional urban
developmentand are dominated by pasture/hay, forestand agriculture (Table B- 2). Further, the

southern lakes watersheds have a higher percentage of lakes and wetlands compared to the northern
lakes watersheds.

Table B- 3 shows that the dominant hydrologicsoil groups in each majorlake subwatershed are
primarily Band D soils with some Csoils. HSG A and B soils are generally considered suitable for
infiltration BMPs.
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Figure B- 10: GWLF-E numbered sub-basins and stream monitoring sites (B3, B5, PS90 and PSD) for the northern Lakes of Peter Lake, Spurzem Lake, Half Moon Lake and Lake Ardmore and the
southern lakes of North Whaletail Lake and South Whaletail Lake
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Table B- 2: Acreage and percent of watershed by land use based on 2010 NLCD set for the Lake Ardmore Watershed, the Half
Moon Lake Watershed (including Spurzem Lake and Peter Lake Watersheds) and the North Whaletail Lake Watershed

(including the South Whaletail Lake Watershed)

Pasture/Hay 24% 838 36% 190 24% 499
Forest 21% 741 28% 146 23% 489
Agriculture 16% 571 11% 57 8% 166
Lakes 17% 603 4% 21 28% 591
Rangeland 12% 432 6% 32 5% 96
Wetland 2% 86 8% 39 11% 222
Urban Low Density 4% 133 5% 25 1% 20
Urban Medium Density 1% 44 2% 10 0% 0
Urban High Density 0.4% 12 0% 0 0.1% 2
Total acres 3,462 520 2,085

Table B- 3: Dominant hydrologic soils group (HSG) based on the SSURGO dataset for the Lake Ardmore Watershed, the Half
Moon Lake Watershed (including the Spurzem Lake and Peter Lake Watersheds) and the North Whaletail Lake Watershed
(including the South Whaletail Lake Watersheds)

A 0% 0% 0%

B 36% 54% 26%
C 10% 0% 28%
D 54% 46% 46%
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5. Calibration and Validation of GWLF-E model

This section describes the GWLF-E model calibration and validation process with reference to hydrology
and TP inthe lake watersheds of interest. The hydrology was calibrated first, and then the phosphorus
was calibrated. Several statistical metrics were used to assess the degree of agreement between
modeled and monitored waterand phosphorus loads. Unit phosphorus loads generated by the GWLF-E
model forthe various land usesinthe watershed were also compared with literature values.

5.1 Calibration and Validation Data

There were four calibration/validation stream sites within the lake watersheds, labeled B3, B5, PS90 and
PSD (Figure B- 10). Table B- 4 presents asummary of the information foreach site, includingthe period
of record for each site, the frequency with which flow data were collected, and whetherthe site was
used primarily for calibration orvalidation.

Data at site B5 were collected during 2015 to better define watershed inputs that enterthe system
downstream of Spurzem Lake but above Half Moon Lake. Data collection (including compilation of a
continuous flow record) was conducted for the 2015 field season only, a period of nearaverage
precipitation conditions. Data collection was also conducted at site B3to bettercharacterize surface
waterflowsand loads at the upperend of the Spurzem Creek Watershed. The 2015 data at the B3 site
was used for model validation, but not as much emphasis was put on data from this site since beaver
activity resultedin periodicblockages that affected the stage-discharge relationship in the monitored
culvert. Because monitoring site PS90had a multipleyear period of record (April through Octoberfor
both 2013 and 2014), the GWLF-E model was expanded toincludethe watershed area at that site,
providing anotheropportunity to calibrate/validate amodel thatincludes the northern lakes watershed
againsta multi-year monitoring dataset. Since the time steps of interest for this exercise were monthly
and yearly flow volumes, the routinginfluence of Lake Independence on those values was minimized. It
should be noted thatthe 2014 monitoring period exhibited higherthan normal precipitation, allowing
the opportunity to see how well modeled flow volumes matched monitored flow volumes undera
higherflow regime. Inthe “southern lakes” watershed area, monitoring at site PSD was conducted
duringthe field seasons of 2010, 2011, and 2013. As with monitoringsite PS90, the GWLF-E model was
expanded to the watershed atthe PSD monitoring location to calibrate/validate a watershed model that
included those of the southern lakes usingamultipleyear dataset. All datawere collected by Three
Rivers Park District water resources staff, with the data collected at sites PS90 and PSD completed under
contract with the Pioneer Sarah Creek Watershed Management Commission.

Table B- 4: Calibration and confirmation stations for the lake watersheds of interest. Streamflow and nutrient data were
collected at all sites

B3 Spurzem Creek at Hamel Road 2015 Daily Validation
B5 Spurzem Creek in Baker Golf Course 2015 Daily Calibration
PS90 Pioneer Creek at Hwy 90 2013,2014 Daily Validation
PSD Deer Creek at Deer Creek Road 2010,2011,2013 Daily Validation
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5.2 Model Calibration and Confirmation Approach

The GWLF-E modelisa tool that was constructed with the idea of minimal calibration being required.
With that in mind, there were two mainvariables that were adjusted to calibrate the hydrology of the
model. The first was the curve numberassigned towetland and lake areas in each sub-basin. It should
be noted that lake and wetland areas comprise alarge area of many of the subwatersheds modeled. It
was importantto account for the precipitation falling on these surfacesin orderto derive some
confidence inthe modeling of the monthly flow volumes. The model default curve numbers for
wetland/lake areas range from 87 to 90. With the addition of the lake areas, the curve numberswere
increasedtothe range of 98-100. A summary of the original wetland acreage, adjusted wetland acreage
and curve numbers foreach sub-basin can be foundin AppendixB-2.

The second variable that was adjusted to help calibrate the GWLF-E model hydrology was the
groundwater recessive coefficient. The groundwater recessive coefficient relates how “flashy” astream
can be (i.e., how responsive to precipitation event). It also influences flow volumes by establishing how
much of the precipitation goesinto the soil profileandis subjectto loss by plantuptake and
evapotranspiration. The values can range from 0 to 1 with lowervalues representing less flashy events
and highervalues representing more flashy events. The defaultin GWLF-Eis 0.06 while the typical
valuesare between 0.01and 0.2. Inthe northernlakes, asteady value of 0.01 was used for all the sub-
basins since the watersheds are not as flashy due to the abundance of large wetland complexes
dominated by emergentlike cattails. Inthe southern lakes, the headwaters of the system have higher
values of 0.1 since the small watersheds deliver the precipitation more quickly to the lakes and streams.
Furtherdownstream, at the North Whaletail Lake sub-basin, the water begins to move slowerand so the
groundwaterrecessive coefficient was reduced to 0.07. The settings for each subbasin can be foundin
Appendix B-2.

To calibrate the phosphorus levels, the percent drainage to lakes, wetlands and ponds was adjusted.
This settingreduces the nutrientand sediment loads by accounting forthe attenuating effects of lakes,
ponds and wetlands. The values can range from 0% to 100% and representthe proportion of the
landscape thatis drained to lakes, wetlands and ponds which can attenuate downstream nutrient
transport. In the northern lakes, the drainage was setto 0% for all of the subbasins. Even though there
are many wetlandsin the system, monitoring data analysis suggested that the wetlands were having
little to no effectin reducing nutrient concentrations, possibly due to historical high loads of nutrients
from large watersheds that over-whelmed the assimilative capacities of the wetlands. In the southern
lakes, the headwaters of the system were assigned a value of 100%, since the small watersheds and
high-quality water bodies up stream that drain to those wetlands suggest that a high assimilative
capacity for the wetlands remains intact. Further downstream, in the North Whaletail Lake subbasin, the
lake is shallow and many of the particles are re-suspended due to wind action and so the attenuation
effect of the lake isless and the value was dropped to 30%. The settings for each subbasin can be found
in Appendix B-2.

Once the hydrologiccalibration of flows was completed, the nutrients were assessed. To determinethe
measured load of nutrients, the nutrient data and flow data collected during the monitoring period was
analyzed using FLUX. FLUX is a model created by the Army Corps of Engineers that predicts the flow-
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weighted load of nutrients. These values were compared to the modeled dataand assessed using
statistical measures (Table B- 8). The selected nutrient parameter was adjusted within an acceptable
range and the model was run with the new adjustments to see how much the loading changed. The
updated results of the model were reviewed to determinewhetherthe changes hadimproved the
model fit. The process continued untilagood agreement was achieved for both flow and phosphorus.
Although the GWLF-E watershed model runs covered the time period 2006 through 2015, only the
model output from 2009 through 2015 was used to supportthe lake modeling, sincethisisthe period
for whichin-lake datawere availableto supportthe BATHTUB calibration/verification.

Statistical Metrics

The calibration of the GWLF-E model was assessed statistically. The streamflow was presented as daily
and monthly time-series plots. Three statistical metrics were used to assess the modeled streamflow
performance compared to measured data: the coefficient of determination (r?), Nash-Sutcliffe model of
Efficiency coefficient (NSE) and the percent bias (PBIAS). The nutrient loads were assessed as the PBIAS
between measured and modeled dataon a yearly basis.

The statistical metrics used to assess the GWLF-E modeled flowversus the measured flow are listed and
summarizedinTable B-5. The r? assessed the goodness of fit by comparing the “explained” variation to
the total variation. The r? can range from 0 to 1 with a value of O indicating the model explains none of
the variability and avalue of 1 indicatingthe model explains all of the variability. The NSE compares the
observed dataversus the simulated dataand how closely that relationship resembled a 1:1 relationship.
The valuesfor NSE range from negative infinity to 1 with a value of 1 beinga perfectfit, a value of 0
indicatingthe model predicts only as well as using the mean observed dataand a value less than 0
indicatingthe mean observed datawould be abetter predictorthan the model (Moriasi et al. 2007). The
PBIAS measures the average tendency of the simulated values to be larger or smallerthanthe observed
values. The optimal PBIAS value is Owith lowervalues indicating an unbiased modelsimulation. Positive
PBIAS numbersindicate the modelhas an underestimation bias while negative values indicate the model
has an overestimation bias (Guptaetal. 1999).

Table B- 5: Summary of statistical metrics used to compare modeled versus measured data from the GWLF-E model

2
. n N
Coefficient of Goodness of fit 0to1 2= / 100, — 0)(S; — S) \

determination \\/2?21(@ _ 5)2\/2?21(51_ _ 5)2/

Nash-Sutcliffe Fit observed to ?:1(0i — Si)z
efficiency simulated on 1:1 —ooto 1 NSE=1- (W)
coefficient line i=1\Yi
Tendency of
Percent Bias simulated to be Optimal value _ 2};1(51. —0;) * (100)
larger or smaller =0 PBIAS = 0.
i=1%Yi

than observed

** O = Observed, S = simulated
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Model Performance Targets

For each statistical metricused, there were different performancetargets assummarizedin Table B- 6.
These performance targets adhere to generally accepted hydrology recommendations (Moriasi 2007;
Legates and McCabe 1999; and Ramanarayanan et al. 1997). The performance targets apply tothe
monthly meanvalues and, when enough data were available, to the yearly mean values. The daily flows
were notassessed statistically sincethe GWLF-E model is not capable of routing runoff effectively and
therefore typically delivers the calculated runoff to the receiving waters much fasterthan occursin
reality, creating very “flashy” events. The main concern was whetherthe total flow was reasonable on a
monthly, monitoring season, and annual basis. It should be noted that the BATHTUB model uses annual
hydrologicinputs.

Table B- 6: Summary of hydrologic statistical performance targets for monthly and annual comparisons

>0.70 to 1.0 >0.65 to 1.0 <+15%
0.50 to 0.70 0.40 to 0.65 +15% to +25%
<0.50 <0.40 > +25%

5.3 Calibration and Validation Results
Hydrology

There were limited stream data collected in the Pioneer Creek Watershed. Site B5 was the calibration
site, with B3 and PS90 providingvalidationinformation for the northernlakes. Inthe southernlakes,
PSD was the closest stream validation site to the outlet of North Whaletail Lake.

The model performance was evaluated by comparisons of observed versus simulated streamflow. In
Figure B- 11 to Figure B- 18, the monthly flow totals are shownona 1:1 plotand on a monthly time-
series plotduring the monitoring period. In Appendix B-3, there are daily time series plots for flow at
each of the monitoringlocations. The monitoring periods flow datawere very completeand the only
site missing flow datawas PSD for 14 daysin 2011. The missing dates were left out of the analysis.
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B5: 2015 Monthly flow totals
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Figure B- 11: Monthly flow volumes for the calibration site B5 from April to October in 2015 on a 1:1 plot

Precipitation

B5: 2015 Monthly Flows (m3) e Measured
180,000 ~——Modeled 6
160,000
5
140,000
120,000 4 =
£ 100,000 5
z 32
S 80,000 =
(s o
o
60,000 2 &
40,000
1
20,000
0 0
April May June July Aug Sept Oct

Figure B- 12: Observed and modeled monthly cumulative flow volumes by month for BS with monthly cumulative
precipitation
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B3: 2015 monthly flow totals
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Figure B- 13: Monthly flow volumes for confirmation site B3 from April to October in 2015 on a 1:1 plot
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Figure B- 14: Observed and modeled monthly cumulative flow volumes by month for B3 with monthly cumulative
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PS90:2013 & 2014 monthly flow totals
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Figure B- 15: Monthly flow volumes for the confirmation site PS90 from April to October in 2013 and 2014 on a 1:1 plot
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Figure B- 16: Observed and modeled monthly cumulative flow volumes for PS90
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PSD: 2010, 2011, 2013 monthly flow totals
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Figure B- 17: Monthly flow volumes for the confirmation site PSD from April to October in 2010, 2011 and 2013 on a 1:1 plot
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Figure B- 18: Observed and modeled monthly cumulative flow volumes for PSD

The statistical model results forthe hydrology calibration and validation sites are shown in Table B- 7.
Overall, the calibration of streamflowwas “very good” to “satisfactory”. Monthly statistical metrics were
performed atall locations. With only one year of data, sites B3 and B5 were notassessed on a yearly

basis. Site PS90, had two years of data and site PSD had three years of data and were assessedona
yearly basis. A brief summary of the model performance is below:
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While the r? and NSE at the calibration site (B5) were in the “satisfactory” range, the PBIAS was
withinthe “very good” range with a difference of 3% between the measured and modeled
volume of water. The model is very responsive to the amount of precipitationasseenin Figure
B- 12 makingthe r? and NSE lower. There were no precipitation gauges within the B5watershed,
and so discrepancies in precipitation amounts could have made the r? and NSE lower.

B3 has a “very good” r?, but the NSE and PBIAS were “unsatisfactory” anditis believed thatthe
primary reason for thisis the influence from beaver activity. The altered flow conditionsin the
culvertwould have caused the dataloggerto falsely read flow —so the measured flow would be
higherthan the actual flow and modeled estimates as well. This is confirmed with the high
positive PBIAS, which indicates that the measured data overestimates the modeled estimates.

PS90 was added as anothervalidation site for the northern lakes since B3 had the beaver
influence. Since PS90is downstream of Lake Independence and has flow coming from the west
side of Lake Independence (Figure B- 10), there is almost fourtimes as much flow at PS90 as for
the northern lakes. With the routinginfluence of the upstream large body of water— Lake
Independence —the measured flow is more smoothed out than the modeled data, giving lower
statistical metrics. The annual NSEincreased substantially.

PSD had the most data points since there were three years of data. The model did a fairly good
jobrepresentingthis siteas shown by the high statistical metrics for both monthly and annual
time steps. Asshownin AppendixB-2, the settings for the southern lakes were differentfrom
the northernlakes. When the same calibration values for the northernlakes were input forthe
southernlakes, the model results compared tothe measured results were “unsatisfactory”. The
makeup of the southern lake watershed is alittle different,since there are larger waterbodies
and more wetlandsin the systemaswell as a lowerwatershed to lake arearatio. Therefore, the
watershed required higher groundwater recessive coefficients and a higher percent of area
drainedtolakes, wetlands and ponds.

Table B- 7: Summary of metric results for the monitoring sites

Coeff. Of Determination (r?) 0.57 0.73 0.51 0.75
Nash-Sutcliffe Efficiency (NSE) 0.57 0.37 0.49 0.75
PercentBias (PBIAS) -2.7 32 13.7 1.52
Coeff. Of Determination (r?) -- - 1.0 0.99
Nash-Sutcliffe Efficiency (NSE) -- -- 0.71 0.81
PercentBias (PBIAS) -- -- -13.7 1.55

Along with statistical metrics, the hydrology was compared to literature review values in two ways. The
first was tolook at the water balance and the otherwas to assess the runoff coefficients forthe
watersheds. In Minnesota watersheds, it has been found that about 76% of the precipitationislostto
evapotranspiration (Bakeretal 1979). The average annual precipitation forthe PSC Watershed from
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2009 through 2015 was 30 inches. The water balance of precipitation for the northern lakes was 73%
evapotranspiration, 25% runoff and 3% groundwater. In the southern lakes, the water balance of the
precipitation was: 75% evapotranspiration, 24% runoff and 2% groundwater. The second assessment
were the runoff coefficients which compares the modeled flow to the precipitation for the area
(watershed area*average precipitation). In Minnesota watersheds nearthe Pioneer Creek Watershed, it
has beenfound thatthe runoff coefficients range from 0.21 to 0.25 (Vandergrift 2010; Maple Grove
2016; Bakeretal.1979). Forthe northernlakes, the runoff coefficients ranged between 0.20 and 0.25
dependingonthe watershed. Forthe southern lakes, the runoff coefficients ranged between 0.29and
0.39. The highervalues forthe southern lakes were due to the large lakes areas in small watersheds
creating more direct runoff into the streams and lakes.

In summary, the hydrology calibration and validation sitesin the Pioneer Creek Watershed resultedin
achievingalarge majority of the model performance targets and are within literature review value
ranges. The model was able to simulate watershed hydrology and streamflow with areasonable level of
accuracy. The model, therefore, provides asuitable foundation for the simulation of landscape-driven
hydrologicinputs. The final hydrology model calibration parameters are provided in AppendixB-1and
Appendix B-2

Total Phosphorus

The TP routinesin GWLF-Einclude dissolved and solid-phase phosphorus in streamflow. The dissolved
phosphorus sources are from point sources, groundwater and rural runoff. The solid phase nutrients are
from pointsources, soil erosion and rural and urban runoff (Evans 2011). To determine the dissolved P
load, the model uses the runoff volumes for each land type and multipliesit by the dissolved P
concentration forthat land type. The dissolved P concentrationis based on a relationship developed by
Vadas et al. (2005) between land type soil test P concentrations and dissolved P in surface runoff. The
solid phase P is estimated by looking atthe phosphorus concentration of eroded sediment thatis
transported to nearby waterways. Forthe urban routines, the nutrients are built up and then wash off
with precipitation events. The GWLF-E model accumulates nutrients on amonthly basis. More about
these routines can be found in the GWLF-E manual (Evans 2011) and the original GWLF manual (Haith
1992).

To assess the modeled phosphorus, the simulated P load was compared to the observed P load and the
unitarea loadings (UALs) were compared to literature reviewed UALs. The measured phosphorus loads
were estimated at the monitoring locations using the FLUX model. FLUX estimates the flowweighted
phosphorusload using measured streamflow and concentration data. The FLUX TP load was compared
to the GWLF-E modeled load during the monitoring period and assessed using the PBIAS. Forthe UAL
analysis, the pounds of phosphorus peracre (based onland use) were compared to commonly accepted
literature value UALs.

The PBIAS for the phosphorus loads are shown in Table B- 8. Overall, the flow weighted phosphorus
loads compared to the modeled phosphorusloads resulted in a “very good” PBIAS statistical metric. A
brief summary of the phosphorusloadsis provided below:

The calibration site of B5 had a “very good” PBIAS metric
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Site B3 was influenced by abeaver, so the measured flows were much higherthan the
modeled flows. This lead to the TP load being much higherand a very “unsatisfactory” PBIAS
metric. Since the beaverinfluencewould have increased flow, the model may be a better
representation of the TP load at this site than the measured values

Site PSD had three years of data and had a “very good” PBIAS metric

Table B- 8: Summary of modeled and measured flow along with FLUX flow weighted TP load versus GWLF-E modeled TP load

Measured flow (m3) 589,531 227,174 | 20,273,550 5,131,994

Flow weighted TP load (kg) 146 58 986

Modeled flow (m?3) 605,237 153,810 | 17,489,137 5,211,452

Modeled TP load (kg) 143.2 32 1064
PBIAS-Yearly TP load -2% -45% 8%

*With the modeled flow beingabout half as much, the TP loadis also muchlower (beaver influenced

site)

**This siteis after Lake Independence, and quite a ways from the lakesof interest, soa TP analysis wasnot

completed

***This dataisover3years

The phosphorusload was assessed as modeled UALs versus commonly accepted UALs from aliterature
review (Reckhow 1980) as shownin Table B- 9. The UALs produced by the model were all within orjust
below the rangesthatthe literature review provided. A brief review of the UALs is provided below:

The literature review of agricultural TP UALs found that the range is very wide dependingon
manure spreading practices. The lake watersheds of interest all had lower TP UALs thanthe
literature median value. The main difference between the Pioneer Creek Watersheds with
higher TP UALs compared to watersheds with lower TP UALs was the numberof animalsin the
watersheds. As canbe seeninFigure B- 19, the Lake Ardmore Watershed has a higher
concentration of livestock than the other watersheds anditis reflectedinthe higher
agricultural UAL forthe Lake Ardmore Watershed.

It should be noted thatin the southern lake watersheds, subbasin five has ahigher
concentration of animalsinit. These animals are primarily at the Gale Woods Farm that is
operated by the Three Rivers Park Districtand steps have been taken to reduce the animals’
impactin the watershed (i.e., preservation of un-grazed buffers, rotational grazing, exclusion
fencing, etc.)

The literature UALs for urban land uses are generally higher than what the GWLF-E model
predicted forthe lake watersheds of interest. The lake watersheds of interest have relatively
little areas of urban land use (Table B- 2) and the urban areas are lower density, so the loading
islowerthanthe literature review values.

The forested UALs and pasture UALs for the lake watersheds of interest are both at the lower
end of the literature UALs forthose land uses
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The overall loading ranged between 0.25to 0.42 |bs/acre/year(Table B-9). These loading rates
are comparable to nearby watersheds of Bassett Creek with amedian of 0.33 |bs/acre/year
(MCES 2010), the Crow Riverwith a median of 0.25 (MC 2014) and the EIm Creek Watershed,
which reported 0.42 Ibs/acre/year (ElIm Creek Watershed Management Commission 2015).
Table B- 9: Summary of TP unit area loadings (lbs/acre/year) for aliterature review (Reckhow, 1980) compared to the lake

watersheds of interest (averaged over 2006-2015). The watersheds are listed as Half Moon Lake (which includes Spurzem
and Peter Lakes), Lake Ardmore, and North Whaletail (which includes South Whaletail)

Agriculture 2.00 (0.23-16.6) 1.30 1.46 0.95
Urban 0.98 (0.17-5.56) 0.19 0.14 0.18
Forest 0.18 (0.01-0.74) 0.01 0.01 0.01
Pasture 0.72(0.12-4.37) 0.19 0.19 0.14

Overall 0.36 0.42 0.25
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Figure B- 19: Concentration of animals per 40 acres of land by sub-basins. The number of animals are based on satellite imagery
surveys conducted by TRPD. The northern lakes are on the leftand the southern lakes are on the right

Once the TP was calibrated, the TP loading was assessed across the watershed, onamonthly basis and
on a yearly basis. Overall, the GWLF-E model predicted that cropland contributed the largest percentage
of TP loadingto the watersheds of interest, with hay/pasture land being the second largest contributor
(Figure B- 20). Looking at the monthly loading average over 2006 through 2015, the most loading
occurred duringJune and May while January and February had the leastamount of loading (Figure B-
21). In Figure B- 22, the loadingto the differentlakes by year (2009 through 2015) is shown with yearly
precipitation totals. Since thisis cumulative, Peter Lake has one-eighth the loading that Spurzemand
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Half Moon Lakes have. Inthe North Whaletail Watershed, South Whaletail has one-sixth the loading that
North Whaletail, has, so most of the loading occursin the watershed thatdirectly discharges to North
Whaletail. Figure B- 23 shows the TP loading by subbasinin Ibs/acre to the lakes of interest as well as
the stream monitoringsites since the TP loading was calibrated to the stream monitoring sites. The sub-
basinsthatare more natural and have parks inthem have lessloading, while sub-basins with more
animals and agriculture have higherloading.

Lake Ardmore _

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

M Hay/Past M Cropland M Forest Wetland M Turfgrass/Open Land M Residential
Figure B- 20: Percentage of TP load attributed to different land uses for the Half Moon Lake Watershed (including Spurzem
and Peter Lake Watersheds), Lake Ardmore Watershed and North Whaletail Watershed (including South Whaletail Lake
Watershed)
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Figure B- 21: Average TP loading (kg) from 2006-2015 for the stream monitoring sites by month
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6. Inputs to BATHTUB

Once the GWLF-E model was calibrated for hydrology and TP, the stream flow and TP concentrations
were usedinthe BATHTUB model. The specifics of the configuration and results of the BATHTUB model
are in Appendix C. InTable B- 10 and Table B- 11 the output from the GWLF-E model for2009 to 2015
are listed. The flow and concentrations were averaged and those averages were used asinput to the
BATHTUB model to calculate the TP load.

Table B- 10: Summary of northern lakes BATHTUB inputs. Values highlighted in blue were input to the BATHTUB model

Peter Spurzem Half Moon Ardmore
Year Flow Concentration | Flow Concentration = Flow Concentration | Flow Concentration @ Precipitation

(hm3) (ug/L) (hm3) (ug/L) (hm3) (kg/L) (hm3) (ug/L) (in)

2009 0.15 289 1.28 284 1.68 224 0.17 413 26
2010 0.17 327 1.48 313 1.94 246 0.19 479 32
2011 0.38 178 2.69 213 3.17 153 0.45 223 27
2012 0.30 329 251 340 3.07 285 0.37 384 32
2013 0.25 255 191 282 2.38 232 0.27 363 30
2014 0.56 198 4.18 230 4.89 201 0.72 221 35
2015 0.13 337 1.10 331 1.52 246 0.15 499 30
Average | 0.28 273 2.16 285 2.66 227 0.33 369 31

Table B- 11: Summary of southern lakes BATHTUB inputs. Values highlighted in blue were input to the BATHTUB model
Whaletail S Whaletail N Watershed wide
Year Flow Concentration | Flow Concentration Precipitation

(hm3) (kg/L) (hm3) (ug/L) (in)

2009
2010
2011
2012
2013

2014 1.43 31 3.34 85 34

2015 0.93 28 1.99 85 33

Average | 0.98 30 2.22 84 29
7. Summary

Thisappendix summarized the development and calibration of the GWLF-E model forthe nutrient
impairedlakesinthe Pioneer Creek Watershed. There were six lakes of interestincluding: Peter Lake,
Spurzem Lake, Half Moon Lake, Lake Ardmore, South Whaletail Lake and North Whaletail Lake. The
watershed model was calibrated forflow and TP. There were several stream sites used to calibrate/
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validate the GWLF-E Watershed model. Along with the stream sites to compare the modeled datato the
simulated data, there were also literature reviewed values to which model outputs were compared.

Overall, the simulated water flowand TP were in good agreement with the measured flow and TP loads,
based on generally accepted statistical metrics. Attributes such as land use, climate, hydrologicand
physiographicvariables weretaken into consideration. The model was able to reproduce temporal
(monthly, yearly) variation in streamflow and UALs of nutrients from the landscape. Thus, the
performance of the model provides confidence that the model can be used to inform landscape loadings
to the lake model (BATHTUB).

The GWLF-E model provides some insight as to where in the watersheds higherlandscapeloads of TP
appearto be coming from. Model simulations suggest that cropland areas are a significant contributor
to the TP loadsin the Pioneer Creek Watershed. The TP loading from the different lake watersheds
ranged from 0.25 to 0.42 pounds peracre dependingonland use.

The limitations of this model are noted as follows. Thisis a “mid-range” model that does not account for
all the processes that occur in a watershed. While thisis true, the modelhas beentestedin many
different scenarios and has provided reasonableresults. The modelisalump sum model, soit
accumulatesthe nutrients onamonthly basis versus a daily basis. For the flow, when precipitation goes
in,it all goesintothe model at one time versus spread out overthe entire day makingthe model more
"flashy” than conditions may actually be.
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Appendix B-1

General Model Calibration Parameters

Percent
impervious

Percent of urbanareas that does not
allowinfiltration

range of values

used defaults

Curve number (CN)

Combines HSG andland useto
estimate CN for each sourcearea

range of values

used defaults

CN for wetlands

Used as a calibration adjustment

87-90

98-100

Area of wetlands

Lake areas arenotincludedin GWLF-E
- to accountfor those areas, the
hectares of lake were added to the
hectares of wetland

from land use layer

from land use layer

Area weighted soil erodibility from

K SSURGO dataset range of values used defaults
L -
s ength andslopeas derived from 5m range of values used defaults
DEM
R :0.42
. ow Crop:0 Row Crop: 0.42 Hay/pasture:
C Cropping management Hay/pasture: 0.03 0.03 Woodlands:0.002
Woodlands:0.002 ' o
P1(1.1-2%slope): 0.52P2 | P1(1.1-2% slope): 0.52 P2 (2.1-
P Erosion control practice (2.1-7%): 0.45 P3 (7.1-12%): | 7%): 0.45 P3(7.1-12%): 0.52 P4
0.52 P4 (12.1-18%): 0.66 P5 (12.1-18%): 0.66 P5 (>18%):
(>18%): 0.74 0.74
Average monthly evapotranspiration
rates that arebased on the land use
Ket range of values used defaults

andare a function of daylighthours
andclimatedata

Adjust % ET

A way to increaseor decrease
evapotranspiration ona monthly
basis

Day hours

Number of daylighthours based on
latitude

range of values

used defaults

Grow Season

Growing season of vegetation

0

May to September/Oct

Eros Coef

Erosivity coefficient- function of
rainfallintensityinanarea.Assigned
values arefor St Paul MN in the
GWLF-E manual

Cool:0.18 Warm: 0.28

Cool:0.10 Warm: 0.26

Stream Extract

Water withdrawals fromsurface
water

Ground Extract

Water withdrawals fromground
water
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Sediment A Factor

The eroded sediment that deposits
before entering nearby water bodies -
based on watershed size

range of values

used defaults

To increase/decreasesedimentbeing

Sed A adjustment deposited before reaching water 1 1
bodies
Avail Water Cap Area weighted AWC from SSURGO 10 cm Ranged from 13-25 cm — based
(AWC) (cm) dataset for 100 cm of soil on watershed
Determi how "flashy"a st is;
GW Recess Coeff etermines how "Hlasny astreams; 0.06 based on watershed
lower values for less flashy
Accounts for water table fluctuation
GW Seepage Coeff 0 0
from year to year
% Tile Drained (Ag) Percent of agriculturalland thatis 0 0

assumed to betiled

Dissolved runoff
coeff

Various nutrientconcentrations in
runoff, groundwater and soil

range of values

used defaults

Pointsource loads

Loretto Wastewater Treatment Plant

May : kg P:8.21, MGD: 0.31
Nov: kg P:2.96, MGD: 0.23

Urban buildup

Uses exponential buildup and washoff
coefficients for urban areas

range of values

used defaults

Number of animal
by type

Visual assessment of high resolution
satelliteimagery

range of values

Land applied,
loss/uptakerates

Nutrients from animalsand how they
aredistributed - default loss and
uptake rates based on literature
reviews

range of values

used defaults

Attenuation

In-stream attenuation as a function of
travel time

range of values

used defaults

Loss Rate (%/day)

Loss rates used in attenuation
algorithms

N: 0.287 P:0.226 TSS: 0.0

N: 0.287 P:0.226 TSS: 0.0

stream flow Adjustment factor of stream flow 1 1
Volume
The amount nutrients will be
Retention decreased by ifa percent drainageis Total N: 0.12 Total P:0.29 | Total N: 0.12 Total P: 0.29 Total

indicated. Default retention values
are basedon literaturereviews.

Total Sed: 0.84

Sed: 0.84

Percent Drainage

Percent drainageto lakes or wetlands
- reduces nutrients by means of
settlingout; used in calibration

range of values
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Appendix B-2
GWLF-E Configuration by Subbasin

1 HalfMoon 163 1,401 27 19 46 100 0 0.01
2 Thomas/Winterhalter 354 1,021 14 56 70 98 0 0.01
3 peter 144 144 21 3 24 98 0 0.01
4 B3 177 321 0 39 39 98 0 0.01
5  WWTP 346 346 1 32 33 98 0 0.01
6  Spurzem 191 1,212 33 27 60 98 0 0.01
7 Hwy 19 77 1,478 0 25 25 100 0 0.01
8  Ardmore 211 211 9 16 25 98 0 0.01
9 Bs 26 1,238 3 4 7 100 0 0.01
10 After Independence 103 3,501 4 19 23 99 0 0.01
11 ps9o 555 4,055 4 102 106 100 0 0.01
12 |ndependence 820 3,397 342 69 411 99 0 0.01
13 Northwest 443 443 15 41 56 100 0 0.01
14 southwest 446 446 11 26 37 100 0 0.01
1 After Little Long 55 109 7 6 13 100 1 0.1
2 Whaletail N 508 844 154 66 220 98 0.3 0.07
3 Littlelong 54 54 19 4 23 100 1 0.1
4 After Whaletail N 100 944 27 34 98 0.3 0.07
5  Before Whaletail S 48 156 0 2 2 100 1 0.1
6  Whaletail S 179 336 59 12 71 100 1 0.1
7 psp 506 1,450 32 33 65 98 03 0.07
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Appendix B-3
Additional Calibration Figures
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Appendix C: BATHTUB Model Methods, Inputs, and
Outputs for Lakes

1.0 Introduction

This section describes the modelingapproach and information used to develop TMDLs for lakes within
the Pioneerand Sarah Creek Watershed. The BATHTUB model was the lake response modelused forall
five lakes. The supporting appendix sections present the following detailed information for each lake:

Cc1 Lake Bathymetry and BATHTUB Model Lake Morphometry Inputs
C2 BATHTUB Model Tributary Loading Inputs

Cc3 BATHTUB Model Internal and Atmospheric Loading Inputs

c4 BATHTUB Model Nutrient Mass Balance

C5 BATHTUB Model Calibration

(&3] BATHTUB Model Load Response Curves

c7 BATHTUB Model Inputs and Outputs

The BATHTUB model Version 6.20developed by William Walker, Jr., Ph. D. for the Environmental
Laboratory of the U.S. Army Corp of Engineers Waterways Experimental Station (1985 and 1996) was
used forall in-lake response model simulations. The model estimates in-lake water quality conditions
based on the lake’s morphological characteristics as well as the lake’s waterand nutrient-mass balance.
The general modeling approachis outlined below and described in more detail in the following sections.

Characterize the morphology of each lake as inputs into the BATHTUB model.
Estimate each lake’s nutrient sources as BATHTUB model inputs:
8 Watershedloading
§ Internalloading
8 Atmosphericloading
Calibrate the BATHTUB model to observed water quality conditions.
Performin-lake response modelsimulations to determine the loading capacity necessary to
meetthe MPCA water quality standards.
The years used fordevelopingthe BATHTUB model were based on conditions from 2009 through 2015.
The average local precipitation for 2009 through 2015 (Table C-1) was similarto the long-term average
of approximately 28inches peryear. This time period seemed to be representative of the variationin
annual precipitation conditions forthe area.
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Table C-1: The annual precipitation for the modeling time period.

Precipitation

Year cm in

2009 65.1 25.6
2010 74.0 29.1
2011 57.3 22.6

2012 77.8 30.1
2013 79.0 311
2014 85.4 33.6
2015 83.5 32.9
Average | 74.6 29.3

2.0 BATHTUB Model Lake Morphometry and Water Quality Inputs

Each impaired lake was modeled as one segment or basin withinthe BATHTUB model. The
morphological input parametersincluded the lake surface area, mean depth, mixed layer depth, length,
and mean hypolimneticdepth. The mean hypolimneticdepth correspondsto late spring orearly
summer afterthe onset of stratification. The BATHTUB model morphological characteristics are based
on bathymetry measurements collected during aquaticvegetation surveys (Appendix D). Bathymetric
maps were developed in ArcMap using Kriging analysis. The morphological characteristics for each lake
were then derived from spatial analysis of the bathymetricdata (Appendix C1).

The observedin-lake water quality conditions are also inputinto the BATHTUB model. The available data
collected from 2009 through 2015 was used to describe the in-lake water quality conditions. Monitoring
data were collected by Three Rivers Park Districtand /orthe Metropolitan Council’s Citizens Assisted
Monitoring Program. The in-lake water quality conditions were expressed in the model as an average of
the annual growingseason average calculated foreach lake. The years used to calculate the in-lake
water quality conditions are represented in Table C-2. The BATHTUB model is ultimately calibrated to
the observed in-lake water quality conditions, which is further described in Section 6.0 of Appendix C.

Table C-2: Water quality data used to calculate the average in-lake conditions for the BATHTUB model.
Water Quality Data
Lakes 2009 2010 2011 2012 2013 2014 2015
Peter
Spurzem
Half Moon
Ardmore
Whaletail South
Whaletail North
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3.0 Watershed Loading

Watershed loads foreach lake were estimated using the Generalized Watershed Loading Functions—E
plugin (GWLF-E) model (see Appendix B). The GWLF-E model was calibrated to watershed monitoring
data. The details forthe developmentand calibration of the GWLF-E model were furtherdescribed in
Appendix Bof the report. The calibrated GWLF-E model was run for each year from 2009 through 2015,
and the average tributary loads from these simulations, expressed as runoff flow volume and TP
concentrations (Appendix C2), were used as inputs to the BATHTUB models.

4.0 Internal Loading

There were two primary sources of internal loading that were considered for each impaired lake within
the Pioneerand Sarah Creek TMDL: sediment release and senescence of CLPW. Independent estimates
of these internal loadings were aggregated and compared to the internal loading estimates used as part
of the phosphorus calibrationin the BATHTUB model (see section 6.0, BATHTUB Model Calibration, for
more details). The process of independently estimating the internal load for each source is described
below.

Sediment Release of phosphorus

The phosphorus release from sediments was considered a primary source of internal loading for the
impaired lakes within the TMDL. Sediment release of phosphorus primarily occurs during the summer
afterthe onset of lake stratification, and can occur in areas of the lake that have aerobicand anaerobic
conditions. The area of the lake that has anaerobicconditions generally yield higher sediment
phosphorusreleaserates, butthe sediment phosphorus release from areas of the lake with aerobic
conditions can also contribute significantly tointernal load. Wind mixing and changes in stratification
can transport these nutrients to the surface.

Rates of phosphorus sediment release were estimated from laboratory incubation experiments with in-
lake sediment cores. Three Rivers Park District collected sediment cores atthe deepestlocation from
each of the siximpaired lakes. Sediment cores were collected from one location forthree of the lakes
(Half Moon, Ardmore, and Whaletail South) and from two locations for the remaining three lakes (Peter,
Spurzem, and Whaletail North). Sediment release rates foraerobicand anaerobic conditions (Table C-3)
were measured by William James from the University of Wisconsin-Stoutin Menomonie, Wisconsin
(James 2014, James 2015, and James 2016). To estimate internal loading, the respective sediment
release rates were multiplied by the surface areas foranaerobic (anoxic) oraerobic(oxic) conditions,
and then multiplied by the number of anoxic days/year. This estimate represents the internalload for
anaerobicand aerobicareas of each lake during the time period of stratification.
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Table C-3: Phosphorus release rates from sediment cores under anaerobic and aerobic conditions.

Portion of | Phosphorus Release Rates (mg/m?-day)
Lake Lake Anaerobic Aerobic
North 5.26 1.44
Peter
South 6.37 1.25
West 19.1 4.22
Spurzem
East 6 1.37
Half Moon Main 9.5 5.68
Ardmore Main 21.3 4.37
Whaletail South Main 5 1
Whaletail North West 0.29 0.37
East 0.23 0.03

The temperature and dissolve oxygen profiles collected bi-weekly during routine water quality
monitoring from 2009 through 2015 were used to determinethe depth and time period of stratification.
The anaerobicdepth was defined as havinga DO concentration of less than 2 mg/L. The anaerobicdepth
varied from lake to lake, but was consistent for each lake from 2009 through 2015. Those areas of the
lake that were shallowerthan the anaerobicdepth were considered having aerobic conditions. The
surface areasfor anaerobicand aerobicconditions were derived from geo-spatial analysis of lake
bathymetricdata. The anoxicinterval was based on the annual changesin lake stratification foreach
lake. In cases where data sufficed to identify variations in annual stratification, the annual time period of
anoxiawas used to establish the minimum and maximum range for estimates of internalloading (Table
C-4).The approach used for estimatinginternal load inthe TMDL was similarto the Niirnberg’s method
for anoxicinternal load (Nirnberg 2003, 2005, and 2009).

Table C-4: The minimum and maximum number of anoxic days for each lake based on bi-weekly temperature and dissolve
oxygen profiles collected from 2009 through 2015.

Anoxia Time Internal
Minimum Maximum

Lake Year Days Year Days

Peter 2013 168 2015 168
Spurzem 2009 128 2012 161
Half Moon 2011 130 2012 181
Ardmore 2013 156 2015 189
Whaletail South 2011 112 2010 179
Whaletail North 2009 89 2012 148

Senescence of curly-leaf pondweed

CLPW isa significantfactorinhibiting recreational use as well as potentially degrading lake water quality.
CLPW isan exoticspeciesthat competes with other native plant species because of its unique life cycle.
The plant germinates fromturions (seed structures) in early fall when most native plants have died back,
and itcontinuesto grow slowly during the winter months. Growth increases substantially afterice-out
dueto increased lightavailability. The plant begins to die-off (senescence) after the completion of turion
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production by the end of June or early July. CLPW senescence provides an internal nutrient source for
several impaired lakes of the Pioneer and Sarah Creek Watershed. Nutrients released from senescence
are ina soluble formreadily availableforalgae uptake. Consequently, algal blooms frequently develop
aftersenescence causingadecrease in waterclarity earlierin the season.

To estimate the amount of internal loading from CLPW senescence, Three Rivers Park District performed
phosphorus analysis on CLPW biomass samples collected from a 1-m? quadrant survey that was performed
on a lake (Medicine Lake) with nuisance growth conditions (Vlach and Barten 2004). The CLPW laboratory
analysis provided an estimate of dry weight biomass and TP concentration for high and low density
conditions. This estimate was converted to the average pounds of phosphorus/acre (Table C-5).

Table C-5: Total Phosphorus Loading estimates from curly-leaf pondweed (Vlach and Barten 2004).
Biomass TP

Areal
Curly-Leaf Pondweed Areal Density TP Concentration Density

Density Category (g dry weight/m?) | (mg/g dry weight) | (Ibs/acre)
Low Density 38.6 4.91 1.65
High Density 83.4 4.8 3.19

The acreage of CLPW for each lake was based on aquaticvegetation pointintercept survey data
(Appendix D). Those areas that had a rake density of one ortwo were considered having alow density of
CLPW, andthose areas with a rake density of 3to 5 were considered having a high density of CLPW.
Polygons were constructed forthose areas with low and high CLPW rake densities. It was assumed that
those areas with low density of CLPW would represent minimal internalload, and those areas with high
density of CLPW would represent maximuminternal load. The total estimated internal load attributedto
CLPW was determined by multiplying the acreage forlow and high density with the respective unitarea
load (Ib/acre).

4.1 Description of Internal Load Estimation Approach by Lake
4.1.1 Peterlake Internal Load

The estimated internal loading for Peter Lake from sediment P releaseis 294 Ib/yr (Table C-6). This
estimate is based onthe average of the lake’s North and South sediment core results since the core-to-
core variation was small (Table C-3). Temperature and dissolve oxygen profiles were monitored in Peter
Lake for only two years (2013 and 2015), and the anoxictime period was the same forboth years (Table
C-4). Consequently, internal loading was estimated without a minimum—-maximum range. CLPW was
found onlyinlow abundance in Peter Lake (Appendix D) and was not considered a significant
contributorto the total internal load. The internal load needed to calibrate Peter Lake’s BATHTUB model
(292 Ib/yr; see Appendix C3) was very similarto the independentinternal load estimate described in this
section.

Table C-6: Peter Lake estimated annual internal load from phosphorus sediment release rates.
Conditions | Internal Load (Ibs/yr)

Anaerobic 235.8
Aerobic 58.4
Total 294.2
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4.1.2 SpurzemLlake Internal Load

The estimated internal load attributed to sediment P releaseranged from a minimum of 717 pounds to
a maximum of 901 pounds (Table C-7). The annual variation in anoxia from 2009 through 2015 was used
to establish the minimum and maximum range. The minimum number of days with anoxia occurredin
2009 (128 days; see Table C-4), and the maximum number of days with anoxia occurredin 2012 (161
days; see Table C-4). The phosphorus sediment release rates were significantly different between the
westand east basins of Spurzem Lake (Table C-3). Consequently, the P sediment release internal load for
Spurzem Lake was calculated separately forthe west and east basins, and the sum of the internal load
for the two basins represented the total P release internalload forthe lake (Table C-7).

Table C-7: Spurzem Lake minimum and maximum internal load estimate from sediment phosphorus release.

Minimum Estimate of Internal Load Maximum Estimate of Internal Load

Internal Load (Ibs) Total Load Internal Load (Ibs) Total Load
Conditions West East (Ibsl/yr) West East (Ibslyr)
Anaerobic 489.4 78.8 568.2 615.5 99.1 714.6
Aerobic 115.2 33.1 148.3 144.9 41.7 186.6
Total 604.6 111.9 716.5 760.4 140.8 901.2

Aqguaticvegetation surveysindicated that CLPW senescence has the potential to be asignificant
influenceoninternal load for Spurzem Lake (Appendix D). Aquaticvegetation surveys were conducted
from 2009 through 2015. The amount of CLPW acreage varied foreach year and was takeninto
consideration when estimating the internal load due to senescence. The internal load attributed to
CLPW senescence ranged from 28.8 to 94.5 pounds of phosphorus peryear (Table C-8).

Table C-8: Spurzem Lake annual internal load estimate attributed to curly-leaf pondweed senescence.

Spurzem Lake Curly-Leaf Pondweed Phosphorus Loading
CLP Area by Density
(acres) Areal Rate (Ibs/acre) CLP Load (Ibslyr) Total Load
Year Low High Low High Low High (Ibslyr)
2009 17.44 0.00 1.65 3.19 28.78 0.00 28.78
2013 27.72 15.27 1.65 3.19 45.74 48.71 94.45
2014 15.14 13.14 1.65 3.19 24.98 41.92 66.90
2015 15.39 15.12 1.65 3.19 25.39 48.23 73.63
Average 18.92 10.88 1.65 3.19 31.22 34.72 65.94

The total internal phosphorus load from sediment release and CLPW was estimated to range between
745.3 and 995.6 pounds peryear. The internal load that was required to calibrate to the in-lake TP
concentration forthe BATHTUB model was approximately 809.1 pounds (Appendix C3). Thisinternal
load estimate was within the range of the independent estimate of internalload from sediment release
and CLPW senescence.

4.1.3 Half Moon Lake Internal Load

The phosphorus sediment release rates from cores collected from Half Moon Lake were 9.5 mg/m?-day
for anaerobicconditions, and phosphorus sediment release rates were 5.7 mg/m?-day for aerobic
conditions (Table C-3). The annual variation in anoxia from 2009 through 2015 was used to establish the
minimum and maximum range. The minimum number of days with anoxia occurred in 2011 (130 days;
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see Table C-4), and the maximum number of days with anoxia occurredin 2012 (181 days; see Table C-
4). The estimated internal load attributed to sediment P release ranged from aminimum of 311 pounds
to a maximum of 433 pounds (Table C-9).

Table C-9: Half Moon Lake minimum and maximum internal load estimate from sediment phosphorus release.

Internal Load Estimate (Ibs/yr)

Conditions Minimum Maximum
Anaerobic 263.1 366.3
Aerobic 47.7 66.4
Total 310.8 432.7

Aqguaticvegetation surveys (2009, 2013, 2014, and 2015) indicated that CLPW was consistently present
in Half Moon Lake (AppendixD). The amount of CLPW acreage varied for each yearand was takeninto
consideration when estimating the internal load due to senescence. The internal load attributed to
CLPW senescence ranged from 3.9to 22.4 pounds of phosphorus peryear(Table C-10).

Table C-10: Half Moon Lake annual internal load estimate attributed to curly-leaf pondweed senescence.

Half Moon Lake Curly-Leaf Pondweed Phosphorus Loading

CLP Area by Density
(acres) Areal Rate (Ibs/acre) CLP Load (Ibs/yr) Total Load

Year Low High Low High Low High (Ibs/yr)

2009 2.35 0.00 1.65 3.19 3.88 0.00 3.88

2013 5.27 0.00 1.65 3.19 8.70 0.00 8.70

2014 2.06 1.87 1.65 3.19 3.40 5.97 9.36

2015 1.39 6.30 1.65 3.19 2.29 20.10 22.39
Average 2.77 2.04 1.65 3.19 4.57 6.52 11.08

The total internal phosphorus load from sediment release and CLPW was estimated to range from 314.6
and 455.0 pounds peryear. The internal load that was required to calibrate the Half Moon Lake
BATHTUB model was approximately 373.7 pounds (AppendixC3). This internal load estimate was within
the range of the independent estimates of internal load from sediment release and CLPW senescence.

4.1.4 Ardmore Lake Internal Loading

Ardmore Lake had the highest phosphorus sediment release rates for anaerobic conditions (21.3 mg/m?
day) in comparisontoall of the otherimpaired lakes forthe TMDL. The aerobic phosphorus sediment
release rates (4.37 mg/m?-day) were also considered significant contribution to the internal load. The
minimum and maximum range for estimating internalloading was based on the anoxic period from 2013
through 2015. The minimum number of days with anoxia occurredin 2013 (156 days; see Table C-4),
and the maximum number of days with anoxia occurred in 2015 (189 days; see Table C-4). The
estimated internal load attributed to sediment release ranged from a minimum of 259 poundsto a
maximum of 314 pounds of phosphorus (Table C-11). Based on aquaticvegetation surveys, CLPW was
not foundin Ardmore Lake and was not considered asignificant component to the total internal load
(Appendix D). The internal load required to calibrate to the Ardmore Lake BATHTUB model was 265
pounds (Appendix C3), which was within the range of the independent estimate of internal loading
(Table C-11).
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Table C-11: Ardmore Lake minimum and maximum internal load estimate from sediment phosphorus release.

Internal Load Estimate (Ibs/yr)
Conditions Minimum Maximum
Anaerobic 222.3 269.3
Aerobic 36.7 44.5
Total 259.0 313.8

4.1.5 South Whaletail Lake Internal Loading

The south portion of Whaletail Lake had low phosphorus sediment release rates foranaerobic (5.0
mg/m?2-day) and aerobic (1.0 mg/m?-day) conditions (Table C-3). The minimum and maximum range for
estimatinginternal loading was based on the anoxicperiod from 2009 through 2015. The minimum
number of days with anoxiaoccurred in 2011 (112; see Table C-4), and the maximum number of days
withanoxiaoccurredin 2010 (179 days; see Table C-4). The estimated internal load attributed to
sedimentrelease ranged from a minimum of 412 pounds to a maximum of 658 pounds of phosphorus
(Table C-12). An aquaticvegetation survey indicated that there was no CLPW observedin South
Whaletail Lake in 2013 and was not considered part of the total internal load (Appendix D). The internal
load required to calibrate to the South Whaletail Lake BATHTUB model was 423.5 pounds (Appendix C3).
This estimate was within the range for the independent estimate of internal loading (Table C-12).

Table C-12: South Whaletail Lake minimum and maximum internal load estimate from sediment phosphorus release.

Internal Load (Ibs/yr)

Conditions | Minimum Maximum
Anaerobic 319.7 510.9
Aerobic 92.1 147.1
Total 411.8 658.0

4.1.6 North Whaletail Lake Internal Loading

The phosphorus release rates for North Whaletail Lake were the lowest foranaerobic (0.26 mg/m2-day)
and aerobic(0.20 mg/m2-day) conditionsin comparison to all of the impaired lakesinthe TMDL (Table
C-3).The estimated internal load was based on an average of the lake’s westand east sediment core
results since core-to-core variation was small. There was considerable annual variation in the anoxic
period from 2009 through 2015 to establish a minimum and maximum range for estimates of internal
loading (Table C-4). The estimated internalload attributed to sediment release ranged from a minimum
of 63 poundstoa maximum of 104 pounds of phosphorus (Table C-13).

Table C-13: North Whaletail Lake minimum and maximum internal load estimate from sediment phosphorus release.

Internal Load (Ibs/yr)
Conditions Minimum Maximum
Anaerobic 17.5 29.1
Aerobic 45.3 75.3
Total 62.8 104.4

An aquaticvegetation survey performedin 2013 suggested that CLPW senescence has the potential to
be a significantinfluence oninternal load for North Whaletail Lake (Appendix D). The amount of CLPW
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acreage was takeninto consideration when estimating the internal load due to senescence. The internal
load attributed to CLPW senescence was 214 pounds of phosphorus peryear (Table C-14).

Table C-14: North Whaletail Lake annual internal load estimate attributed to curly-leaf pondweed senescence.

Whaletail North Curly-Leaf Pondweed Loading

CLP Area by Density
(acres) Areal Rate (Ibs/acre) CLP Load (Ibs/yr) Total Load
Year Low High Low High Low High (Ibslyr)
2013 74.05 28.62 1.65 3.19 122.18 91.30 213.48

The total internal phosphorus load from sediment release and CLPW was estimated to range from 276
and 317 pounds peryear. The internal load required to calibrate the North Whaletail BATHTUB model
was 291 pounds (Appendix C3), which was within the range of the independent estimate of internal
load.

5.0 AtmosphericLoading

The atmosphericdepositionalloading was estimated within the BATHTUB model. The default BATHTUB
value foratmosphericdeposition was 0.27 |bs/acre-year (30 mg/m?2-yr). The BATHTUB default value was
similarto otheratmospheric TP loading rates reported in a technical memorandum to the MPCA (2007).
The total surface area of the lake is multiplied by the atmosphericdepositional load to determine the
load delivered to the lake. The atmosphericdepositionalloading was included in the overall lake
nutrientbalance andisidentified in the BATHTUB model as precipitation loading. The atmospheric
loading was documented in the AppendixC3.

6.0 BATHTUB Model Calibration

The BATHTUB modelis calibrated to the observed in-lake water quality conditions. BATHTUB is an
empirical model that estimates lake and reservoir eutrophication using several different algorithms. The
algorithms selected for the differentin-lake parameters were based on the model that predicted
nearestto the observedin-lake conditions. Although the algorithms used for estimatingin-lake water
quality conditions varied for each lake, the calibration approach and methodology was consistent among
all of the lakes. All of the BATHTUB model simulations were performed for years that were
representative of average annual precipitation conditions. The predicted and observed in-lake water
quality conditions were documented within the Appendix C5.

The BATHTUB model was initially calibrated to the in-lake TP concentration. There are essentially eight
different TP algorithms available for selection within the model. The algorithm selected was based on
the model that provided the best estimate of in-lake TP concentration that was similarto observed
conditions. All of the models calculate in-lake phosphorus concentration based on the lake
morphological characteristics and the different sources of phosphorus loading (watershed, internal, and
atmospheric). Anaverage rate of internal loadingis implicit for each model since each algorithm is based
on empirical datafrom lakes that have natural internal loading. However, the impaired lakes within the
Pioneerand Sarah Creek Watershed have excessive nutrients with rates of internalloading that are
higherthanthe implicit background levels. Consequently, an additional internal loading component was
necessary to calibrate tothe in-lake phosphorus concentration. The internal loading rate was adjusted
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(inthe segment portion of the BATHTUB model) to the observedin-lake TP concentration. The
additional internal load required to calibrate to the in-lake phosphorus concentration was compared to
the manual estimatedinternalload from sediment releaseand CLPW senescence. The internal load
required to calibrate the BATHTUB model for each lake seemed reasonable when comparingto the
manual estimates of internal load (Appendix C3). The estimated internal load to calibrate the BATHTUB
model was usedin the overall lake nutrient balance (Appendix C4).

The BATHTUB model was calibrated to Chl-aand secchi depth transparency afterthe overall nutrient
balance was established through the calibration process of TP (Appendix C4). The Chl-aand secchi depth
transparency are considered water clarity responsevariables that are influenced by the overall
phosphorus balance in each lake. The procedure for calibration of the water clarity response variables
simply provided a more robust model that simulated the existingimpaired water quality conditions. The
response variables were not used to simulate the water clarity changesin response to achieving the
assimilative phosphorus capacity of each lake to meet the MPCA standards. There are six different Chl-a
algorithms available for selection within the model, and there are four different secchi depth
transparency algorithms available for selection withinthe model. The BATHTUB model was initially
calibrated to Chl-abecause of the influence it has on water clarity. The Chl-aand secchi depth
algorithms were selected based on the model that predicted nearestto the observed in-lake condition
(Appendix C5). The Chl-aand secchi depth model coefficients were adjusted incrementally to further
calibrate tothe observedin-lake water quality conditions.

7.0 Loading Capacity Determination

The BATHTUB model load-response function was used to evaluate the in-lake water quality response to
varying phosphorus loads from the watershed. The load-response analysis was conducted to determine
the watershed load reductions necessary to meet the in-lake MPCA standard. The impaired lakes within
the Pioneerand Sarah Creek Watershed are located within the NCHF Ecoregion. The MPCA water quality
standard for the eco-regionis dependent upon whether the lake is classified as a shallow or deep lake.
The load-responsefunction was performed on each lake to meet the in-lake TP standard (AppendixC6).
It was assumed that the water clarity response variable (Chl-a and secchi depth transparency) standards
would be achieved if the in-lake TP standard was met. The load-response function incrementally adjusts
the inflow phosphorus concentrations for all of the tributaries and estimates the change inthe in-lake
water quality conditions.

The impaired lakes within the Pioneerand Sarah Creek Watershed are extremely eutrophicdue to the
past excessive amounts of nutrient loading. The internal load seems to have asignificantinfluence on
water quality conditions and has accounted for a significant portion of the nutrient balance forall of the
impaired lakes (Appendix C4). The majority of the load response simulations indicated that the long-
termin-lake phosphorus standard was not attainable with the internal loading componentsin the
model. The long-termin-lake water quality standards most likely would be attainableif the excess
internal loading were controlled or managed. It was assumed that the internal loading would have to be
controlledinorderforthe lakes to meet water quality standards. To determine the loading capacity
necessary to achieve the long-term water quality standards, the additional internal load used for
calibration of the BATHTUB model was subsequently removed from the modelfor majority of the lakes.
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There was only one lake (South Whaletail Lake) that was able to achieve the phosphorus standard while
performingthe load response function with internalloading remaininginthe model. This particular lake
was currently close to already meeting the phosphorus standard.

The loading capacity is defined as the maximum load that a specificlake canreceive and still meet water
quality standards. The BATHTUB model provides aload response curve that reflected the relationship
between watershed loading and in-lake water quality. The modeldoes not take into account the
atmosphericload and any additional internal load remainingin the model (i.e. South Whaletail Lake) at
the time the load response curve was developed. Consequently, the atmosphericload and any internal
load that remainedinthe model were added to the watershed load to determinethe total loading
capacity for each lake. The load response simulations to determine individual lake loading capacity was
furtheridentified within the Appendix C6. The total loading capacity for each lake was then used for the
development of the TMDL equation.
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Appendix C1
Lake Bathymetry and BATHTUB Model Morphometry Inputs

Peter Lake

Depth (ft)
. mme Ppeter Lake

[lwi-is0 EM«es0  Bathymetric Map
P is5i-200 0.1 -550
B0 et -500 Rty i

Bz -0 e -ss0 Map Crested: 07/15/2015

Il 201-350 | E3E:=A

Peter Lake
DNR ID 27-0147-00
Lake Area 0.23 km? (55.8 Acres)
% Littoral (= 15 ft in depth) 58%
Mean Depth 459 m
Maximum Depth 21.1m
Mixed Layer Depth 4.3m
Length 0.79 km
Classification Deep Lake
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Spurzem Lake

Depth ft
™. contour_Sft [Jo-s0 | EREE
[51-1w00 =200
N o.1- 150 [ 0030
Bl s -20 les-e

Spurzem Lake
Bathymetry

Water Resources Department
Created by: Brian \ach
Map Created: 02710/ 2015

Spurzem Lake

DNR ID

Lake Area

Mean Depth

Length
Classification

% Littoral (= 15 ft in depth)

Maximum Depth
Mixed Layer Depth

27-0149-00

0.32 km? (78.6 Acres)

70%
3.38m
11.4m
2.71m

0.86 km
Deep
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Half Moon Lake

Depth ft Half Moon Lake —_

T Eerwo Wllea e BRthvmetry A st
Half Moon
DNR ID 27-0152-00
Lake Area 0.13 km? (31.1 Acres)
% Littoral (= 15 ft in depth) 59%
Mean Depth 4.08 m
Maximum Depth 9.24m
Mixed Layer Depth 2.65m
Length 0.53m
Classification Deep Lake
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Ardmore Lake

o contours 3 DeP Ardmore Lake
N E sl Bathymetry
A me iy
e -
Ardmore

DNR ID 27-0153-00
Lake Area 0.055 km? (13.5 Acres)
% Littoral (= 15 ft in depth) 75%
Mean Depth 2.87m
Maximum Depth 7.44m
Mixed Layer Depth 2.38m
Length 0.36m
Classification Deep Lake

126




Whaletail South Lake

Depth ft Whaletail South .- contours 3t

[ Jo-30 B 2150 .
[s1-60 s -150 Bathymetric Map
P c1-00 [l s -210 e et
e -120 lz1-233 Map Created: 02/18/2016

N

A

e
ThreeRivers

PARK DISTRICT

Whaletail South
DNR ID 27-0184-02
Lake Area 0.63 km? (156.1 Acres)
% Littoral (= 15 ft in depth) 66%
Mean Depth 3.7m
Maximum Depth 7.10m
Mixed Layer Depth 3.6m
Length 1.1km
Classification Deep Lake
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Whaletail North Lake

# 3
i .l

- o< _"-!—— g ,'[ ' A
z ey L

Depth ft Whaletail North ™S contours 3t —_

[Jo-30 B 2150 . ThreeRivers
Bathym etric Map N PARK DISTRICT
[s1-60 s -150 N .
Water Resources Department
Ele-120 Nz -2:23 Map Created: 02/18/2016

Whaletail North
DNR ID 27-0184-01
Lake Area 1.5 km? (369.9 Acres)
% Littoral (= 15 ft in depth) 100%
Mean Depth 1.57m
Maximum Depth 3.14m
Mixed Layer Depth 15m
Length 1.07 km
Classification Shallow Lake
Condition/State Algal/Turbid Dominated
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Appendix C2

BATHTUB Model Tributary Loading Inputs

Peter Lake Bathtub Model Tributary Inputs

Area | FlowVolume [ Total Phosphorus
Tributary km® hm*/yr pg/L
Peter Lake Watershed 1.21 0.275 273.4

Spurzem Lake Bathtub Model Tributary Inputs

Area |FlowVolume | Total Phosphorus
Tributary km® hm*/yr ug/L
Spurzem Direct Watershed 10.66 1.886 320.2
Upstream Lake (Peter) 1.44 0.278 43.8

Half Moon Lake Bathtub Model Tributary Inputs

Area | FlowVolume [ Total Phosphorus
Tributary km® hm®/yr ng/L
Half Moon Direct Watershed 1.5 0.496 511.7
Upstream Lake (Spurzem) 12.42 2.168 161.3

Ardmore Lake Bathtub Model Tributary Inputs

Area | FlowVolume [ Total Phosphorus
Tributary km® hm®/yr ng/L
Ardmore Direct Watershed 2.09 0.331 368.7
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Whaletail South Lake Bathtub Model Tributary Inputs

Area |FlowVolume | Total Phosphorus
Tributary km® hm*/yr ug/L
Whaletail South Direct Watershed 2.71 0.977 29.5

Whaletail North Lake Bathtub Model Tributary Inputs

Area | FlowVolume | Total Phosphorus
Tributary km® hm®/yr ng/L
Whaletail North Direct Watershed 3.72 1.234 111.4
Upstream Lake (Whaletail South) 3.34 0.984 49.9
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Appendix C3
Phosphorus Internal and Atmospheric Loading for BATHTUB Models

The annual internal load input into the BATHTUB model compared to the manual estimated minimum
and maximum range of internal load from sedimentrelease and curly-leaf pondweed senescence.

Phosphorus Internal Load (Ibs/year) Phosphorus Internal Load (kg/year)

Estimated Bathtub Estimated Bathtub

Lake Minimum Maximum Average Model Minimum Maximum Average Model
Peter Lake 294.2 291.7 133.4 132.3
Spurzem Lake 745.3 995.6 888.8 809.1 338.1 451.6 403.2 367
Half Moon Lake 314.6 455 381.6 373.7 142.7 206.4 173.1 169.5
Ardmore Lake 259 313.8 282.2 265 117.5 142.3 128.0 120.2
Whaletail South 411.7 658.1 573.5 423.5 186.7 298.5 260.1 192.1
Whaletail North 275.8 317.4 298.4 291 125.1 144.0 135.4 132

The annual atmosphericload input into the BATHTUB model.

Atmospheric Load
Lake Ibs/year kg/year

Peter Lake 15.2 6.9
Spurzem Lake 21.2 9.6
Half Moon Lake 8.6 3.9
Ardmore Lake 3.5 1.6
Whaletail South 41.7 18.9
Whaletail North 99.2 45.0
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Appendix C4

BATHTUB Model Nutrient Mass Balance

Peter Lake
Annual Total Phosphorus Load
Load kg/yr Ibs/yr %
Watershed 75.2 165.8 35.1%
Internal 132.3 291.7 61.7%
Atmospheric 6.9 15.2 3.2%
Total 214.4 472.7 100.0
Peter Lake
3.2%
O Watershed B Internal W Atmospheric
Spurzem Lake
Annual Total Phosphorus Load
Load kg/yr Ibs/yr %
Watershed 616.2 1358.5 62.1%
Internal 367.0 809.1 37.0%
Atmospheric 9.6 21.2 1.0%
Total 992.8 2188.7 100.0

Spurzem Lake
1.0%

OWatershed

M Internal

B Atmospheric
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Half Moon Lake

Annual Total Phosphorus Load

Load kg/yr Ibs/yr %
Watershed 603.5 1330.5 77.7%
Internal 169.5 373.7 21.8%
Atmospheric 3.9 8.6 0.5%
Total 776.9 1712.8 100.0

Half Moon Lake
0.5%

OWatershed H Internal B Atmospheric

Ardmore
Annual Total Phosphorus Load
Load kg/yr Ibs/yr %
Watershed 122.1 269.2 50.0%
Internal 120.2 265.0 49.3%
Atmospheric 1.7 3.7 0.7%
Total 244.0 537.9 100.0

Ardmore Lake
0.7%

O Watershed M Internal

B Atmospheric
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Whaletail South

Annual Total Phosphorus Load
Load kg Ibs %
Watershed 28.9 63.7 12.0%
Internal 192.1 423.5 80.1%
Atmospheric 18.9 41.7 7.9%
Total 239.9 528.9 100.0
Whaletail South

O Watershed M Internal W Atmospheric

Whaletail North

Annual Total Phosphorus Load

Load kg/yr Ibs/yr %
Watershed 186.5 411.2 51.3%
Internal 132 291.0 36.3%
Atmospheric 45.0 99.2 12.4%
Total 363.5 801.4 100.0

Whaletail North

O Watershed M Internal B Atmospheric
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Appendix C5
BATHTUB Model Calibration (Predicted versus Observed)

Peter Lake Bathtub Calibration Model Estimates

Variable Predicted|Observed Model
Total Phosphorus (ug/L) |  43.8 43.8 2nd Order, Fixed
Chlorophyll-a (ug/L) 18.6 18.6 P, Light, T
Secchi (m) 3.0 3.0 Chlorophyll-a & Turbidity

Spurzem Lake Bathtub Calibration Model Estimates

Variable Predicted|Observed Model
Total Phosphorus (ug/L) | 161.3 161.3 Canf & Bach, Lakes
Chlorophyll-a (ug/L) 52.3 52.3 P, Light, T
Secchi (m) 1.4 1.4 Chlorophyll-a vs Turbidity

Half Moon Lake Bathtub Calibration Model Estimates

Variable Predicted|Observed Model
Total Phosphorus (pg/L) |  127.9 127.9 Canf & Bach, General
Chlorophyll-a (ug/L) 48.1 48.1 P, Light, T
Secchi (m) 1.2 1.2 Chlorophyll-a & Turbidity

Ardmore Lake Bathtub Calibration Model Estimates

Variable Predicted|Observed Model
Total Phosphorus (ug/L) | 227.9 227.9 Canf & Bach, Lakes
Chlorophyll-a (ug/L) 83.4 83.4 P, Light, T
Secchi (m) 0.6 0.6 Chlorophyll-a & Turbidity
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Whaletail South Lake Bathtub Calibration Model Estimates

Variable Predicted|Observed Model
Total Phosphorus (ug/L) |  49.9 49.9 | Canfield & Bachman, General
Chlorophyll-a (pug/L) 22.6 22.6 P, Light, T
Secchi (m) 1.4 1.4 Chlorophyll-a & Turbidity

Whaletail North Bathtub Calibration Model Estimates

Variable Predicted|Observed Model
Total Phosphorus (ug/L) 71.2 71.2 2nd Order, Available P
Chlorophyll-a (ug/L) 28.3 28.3 P, Linear
Secchi (m) 0.8 0.8 Total P
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Appendix C6

BATHTUB Model Load Response Curves

Peter Lake
File:

Load / Response
Tributary: All

Segment:
Variable:

Scale
Eactor
Base:
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00

Area-Wtd Mean
TOTAL P MG/M3

Watershed
Flow Load Conc TOTALP MG/M3 Load
hm3/yr kalyr ma/m?® Mean cv Low High Ibs/yr
0.3 75.2 273.4 43.8 0.21 36.1 53.1  165.41
0.3 15.0 54.7 36.9 0.21 30.4 44.8 33.08
0.3 30.1 109.4 38.8 0.21 31.9 47.0 66.17
0.3 45.1 164.0 40.5 0.21 33.4 49.1 99.25
0.3 60.2 218.7 42.2 0.21 34.7 51.2  132.33
0.3 75.2 273.4 43.8 0.21 36.1 53.1  165.41
0.3 90.2 328.1 45.3 0.21 37.3 55.0  198.50
0.3 105.3 382.8 46.8 0.21 38.6 56.9  231.58
0.3 120.3 437.5 48.3 0.21 39.8 58.6  264.66
0.3 135.3 492.1 49.7 0.21 40.9 60.4  297.74
0.3 150.4 546.8 51.1 0.21 42.0 62.0  330.83
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Total Load (lbs)

\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Peter Lake 5-25-2016.btb

Total

Load

lbs/yr
472.31
339.98
373.07
406.15
439.23
472.31
505.40
538.48
571.56
604.64
637.73

Watershed
Load
Ibs/yr
80.0
85.0
90.0

™
ng/L
39.5
39.8
40.0
40.3

40.8
41.1
41.3
41.6
41.9
42.1
42.4
42.6
42.9
43.1
43.4
43.6
43.9
44.1
44.4
44.6
44.9
45.1
45.4
45.6
45.8
46.1

46.6
46.8
47.0
47.3
47.5
a47.7
48.0
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48.9
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50.0
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50.5
50.7
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51.3

Total
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lbs/yr
386.9
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396.9
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411.9
416.9
421.9
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456.9
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476.9
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536.9
541.9
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551.9
556.9
561.9
566.9
571.9
576.9
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596.9
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606.9
611.9
616.9
621.9
626.9
631.9
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Spurzem Lake

File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Spurzem\Spurzem Lake 5-20-2016.btb

Load / Response

Tributary: All

Segment: Area-Wtd Mean
Variable: TOTAL P MG/M3

Watershed
Scale Flow Load Conc TOTALP MG/M3 Load
Factor hm3/yr kalyr mg/m?® Mean cv Low High Ibs/yr
Base: 2.2 616.1 284.7 116.0 0.26 91.7 146.7 1355.36
0.20 2.2 123.2 56.9 35.4 0.19 29.7 42,1 271.07
0.40 2.2 246.4 113.9 59.4 0.22 48.6 72.6  542.14
0.60 2.2 369.6 170.8 80.1 0.24 64.6 99.4  813.22
0.80 2.2 492.9 227.8 98.8 0.25 78.8 123.9  1084.29
1.00 2.2 616.1 284.7 116.0 0.26 91.7 146.7  1355.36
1.20 2.2 739.3 341.6 132.1 0.27 103.7 168.2  1626.43
1.40 2.2 862.5 398.6 147.2 0.28 115.0 188.5 1897.51
1.60 2.2 985.7 455.5 161.6 0.29 125.6 207.9 2168.58
1.80 2.2 1108.9 512.4 175.4 0.29 135.8 226.5 2439.65
2.00 2.2 12321 569.4 188.6 0.30 145.5 2445  2710.72
Loading Capacity
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Total
Load
lbs/yr
1376.56
292.27
563.34
834.42
1105.49
1376.56
1647.63
1918.71
2189.78
2460.85
2731.92

Watershed
Load
Ibs/yr
250.0
300.0
316.0
350.0
400.0
450.0
500.0
550.0
600.0
650.0
700.0
750.0
800.0
850.0
900.0
950.0
1000.0
1050.0
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1150.0
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1300.0
1350.0
1400.0
1450.0
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124.1
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135.9
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271.2
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Half Moon

File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Half Moon\Half Moon 5-23-2016.btb

Load / Response

Tributary: All

Segment: Area-Wtd Mean
Variable: TOTAL P MG/M3

Watershed
Scale Flow Load Conc TOTALP MG/M3 Load
Factor hm3/yr kalyr mg/m?® Mean cv Low High Ibsfyr
Base: 2.7 603.5 226.5 107.6 0.23 87.2 132.8  1327.70
0.20 2.7 120.7 45.3 31.8 0.14 27.9 36.4  265.54
0.40 2.7 241.4 90.6 54.8 0.18 46.4 64.7  531.08
0.60 2.7 362.1 135.9 74.4 0.20 61.8 89.5  796.62
0.80 2.7 482.8 181.2 91.8 0.22 75.2 112.0 1062.16
1.00 2.7 603.5 226.5 107.6 0.23 87.2 132.8  1327.70
1.20 2.7 724.2 271.8 122.2 0.24 98.2 152.2  1593.24
1.40 2.7 844.9 317.2 135.9 0.25 108.4 170.4  1858.78
1.60 2.7 965.6 362.5 148.8 0.26 118.0 187.7  2124.33
1.80 2.7  1086.3 407.8 161.0 0.27 127.0 204.1  2389.87
2.00 2.7  1207.0 453.1 172.6 0.27 135.5 219.9  2655.41
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Total
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1336.30
274.14
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805.22
1070.76
1336.30
1601.84
1867.38
2132.93
2398.47
2664.01

Watershed
Load
Ibs/yr
250.0
275.0
300.0
325.0
349.0
375.0
400.0
425.0
450.0
475.0
500.0
525.0
550.0
575.0
600.0
625.0
650.0
675.0
700.0
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775.0
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850.0
875.0
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66.5
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70.0
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73.4
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78.3
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83.2
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89.5
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103.2
104.6
106.1
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Total
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Ibs/yr
258.6
283.6
308.6
333.6
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1033.6
1058.6
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1133.6
1158.6
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1233.6
1258.6
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1333.6
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1433.6
1458.6
1483.6
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Ardmore Lake

File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Ardmore Lake 5-25-2016.btb

Load / Response

Tributary: All

Segment: Area-Wtd Mean
Variable: TOTAL P MG/M3

Watershed
Scale Flow Load Conc TOTALP MG/M3 Load
Factor hm3/yr kalyr mg/m?® Mean cv Low High Ibsfyr
Base: 0.3 122.0 368.7 141.7 0.27 111.2 180.6  268.51
0.20 0.3 24.4 73.7 43.7 0.20 36.4 52.4 53.70
0.40 0.3 48.8 147.5 73.1 0.23 59.4 90.0  107.40
0.60 0.3 73.2 221.2 98.3 0.25 78.6 123.0  161.11
0.80 0.3 97.6 295.0 121.0 0.26 95.7 152.9 214.81
1.00 0.3 122.0 368.7 141.7 0.27 111.2 180.6  268.51
1.20 0.3 146.5 442.5 161.1 0.28 125.6 206.7  322.21
1.40 0.3 170.9 516.2 179.4 0.29 139.1 231.3  375.91
1.60 0.3 195.3 590.0 196.7 0.30 151.9 254.8 429.61
1.80 0.3 219.7 663.7 213.2 0.30 164.0 277.3 483.32
2.00 0.3 244.1 737.5 229.1 0.30 175.6 299.0  537.02
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272.01
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40.0
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88.6
93.6
98.6
103.6
108.6
113.6
118.6
123.6
128.6
133.6
138.6
143.6
148.6
153.6
158.6
163.6
168.6
173.6
178.6
183.6
188.6
193.6
198.6
203.6
208.6
213.6
218.6
223.6
228.6
233.6
238.6
243.6
248.6
253.6
258.6
263.6
268.6
273.6
278.6
283.6
288.6
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Whaletail South

Total

Load

Ibs/yr
528.95
478.03
490.76
503.49
516.22
528.95
541.68
554.41
567.14
579.87
592.60

Total

Load
Ibs/yr
350.0
360.0
367.0
370.0
380.0
390.0
400.0
410.0
420.0
430.0
440.0
450.0
460.0
470.0
480.0
490.0
500.0
510.0
520.0
530.0
540.0
550.0
560.0
570.0
580.0
590.0
600.0
610.0
620.0
630.0
640.0
650.0
660.0
670.0
680.0
690.0
700.0
710.0
720.0
730.0
740.0
750.0
760.0
770.0
780.0
790.0
800.0

File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail South\Whaletail South 5-25-2016.btb
Load / Response
Tributary: All
Segment: Area-Wtd Mean
Variable: TOTALP MG/M3
Watershed
Scale Flow Load Conc TOTALP MG/M3 Load
Factor hm3/yr kal/yr ma/m? Mean cv Low High Ibs/yr
Base: 1.0 289 29.5 49.9 0.35 36.9 67.4 63.65
0.20 1.0 5.8 5.9 47.1 0.35 34.9 63.5 12.73
0.40 1.0 11.5 11.8 47.8 0.35 35.4 64.5 25.46
0.60 1.0 17.3 17.7 48.5 0.35 35.9 65.5 38.19
0.80 1.0 231 23.6 49.2 0.35 36.4 66.4 50.92
1.00 1.0 28.9 29.5 49.9 0.35 36.9 67.4 63.65
1.20 1.0 34.6 35.5 50.5 0.35 374 68.3 76.38
1.40 1.0 40.4 41.4 51.2 0.35 37.8 69.3 89.11
1.60 1.0 46.2 47.3 51.8 0.35 38.3 70.2 101.84
1.80 1.0 52.0 53.2 52.5 0.36 38.7 71.1 114.57
2.00 1.0 57.7 59.1 53.1 0.36 39.2 72.0 127.30
Loading Capacity
2009-2015
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Total Load (lbs)

™

Hg/L
39.0
39.6
40.0
40.2
40.8
41.4
41.9
42.5
43.0
43.6
44.1
44.7
45.2
45.7
46.3
46.8
47.3
47.8
48.3
48.8
49.3
49.7
50.2
50.7
51.1
51.6
52.0
52.5
52.9
53.4
53.8
54.2
54.6
55.0
55.4
55.8
56.2
56.6
57.0
57.3
57.7
58.1
58.4
58.8
59.1
59.4
59.8
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Whaletail North
\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail North\Whaletail North 5-23-2016.btb

File:

Load / Response
Tributary: All

Segment:
Variable:

Scale
Factor
Base:
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
2.00

Area-Wtd Mean
TOTAL P  MG/M3

Watershed
Flow Load Conc TOTALP MG/M3 Load
hm3/yr kalyr mg/m? Mean cv Low High Ibs/yr
2.2 186.6 84.1 71.2 0.19 59.6 85.0  410.45
2.2 37.3 16.8 50.3 0.19 42.1 60.0 82.09
2.2 74.6 33.6 56.0 0.19 47.0 66.8  164.18
2.2 111.9 50.5 61.4 0.19 51.5 73.2  246.27
2.2 149.3 67.3 66.4 0.19 55.7 79.2  328.36
2.2 186.6 84.1 71.2 0.19 59.6 85.0  410.45
2.2 223.9 100.9 75.8 0.19 63.4 90.5  492.54
2.2 261.2 117.8 80.2 0.20 67.0 95.8  574.63
2.2 298.5 134.6 84.4 0.20 70.5 100.9  656.72
2.2 335.8 151.4 88.4 0.20 73.9 105.9  738.81
2.2 373.1 168.2 92.3 0.20 77.1 110.6  820.90
Loading Capacity
2009-2015
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Total Load (lbs)

Total
Load
lbs/yr
800.65
472.29
554.38
636.47
718.56
800.65
882.74
964.83
1046.92
1129.01
1211.10

Watershed
Load
Ibs/yr
165.0
170.0
175.0
180.0
185.0
190.0
195.0
200.0
205.0
210.0
215.0
220.0
225.0
230.0
235.0
240.0
245.0
250.0
255.0
260.0
265.0
270.0
275.0
280.0
285.0
290.0
295.0
300.0
305.0
310.0
315.0
320.0
325.0
330.0
335.0
340.0
345.0
350.0
355.0
360.0
365.0
370.0
375.0
380.0
385.0
390.0
395.0
400.0
405.0
410.0

™
Hg/L
55.9
56.2
56.5
56.9
57.2
57.5
57.8
58.1
58.4
58.8
59.1
59.4
59.7
60.0
60.3
60.6
60.9
61.2
61.5
61.9
62.2
62.5
62.8
63.1
63.4
63.7
64.0
64.3
64.5
64.8
65.1
65.4
65.7
66.0
66.3
66.6
66.9
67.2
67.4
67.7
68.0
68.3
68.6
68.9
69.1
69.4
69.7
70.0
70.2
70.5

Total

Load
Ibs/yr
555.2
560.2
565.2
570.2
575.2
580.2
585.2
590.2
595.2
600.2
605.2
610.2
615.2
620.2
625.2
630.2
635.2
640.2
645.2
650.2
655.2
660.2
665.2
670.2
675.2
680.2
685.2
690.2
695.2
700.2
705.2
710.2
715.2
720.2
725.2
730.2
735.2
740.2
745.2
750.2
755.2
760.2
765.2
770.2
775.2
780.2
785.2
790.2
795.2
800.2
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Appendix C7
BATHTUB Model Inputs and Outputs
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Peter Lake

File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Peter Lake\Peter Lake 5-25-2016.bth

Description:
Model used to estimate watershed load
Water Quality is the May-Sept average from 2009 through 2015.

Global Variables Mean cvV Model Options Code Description
Averaging Period (yrs) 1 0.0 Conservative Substance 0 NOT COMPUTED
Precipitation (m) 0.7112 0.2 Phosphorus Balance 3 2ND ORDER, FIXED
Evaporation (m) 0.7 0.3 Nitrogen Balance 0 NOT COMPUTED
Storage Increase (m) 0 0.0 Chlorophyll-a 2 P, LIGHT, T
Secchi Depth 1 VS. CHLA & TURBIDITY
Atmos. Loads (ka/km?yr Mean CcV Dispersion 1 FISCHER-NUMERIC
Conserv. Substance 0 0.00 Phosphorus Calibration 1 DECAY RATES
Total P 30 0.50 Nitrogen Calibration 1 DECAY RATES
Total N 1000 0.50 Error Analysis 1 MODEL & DATA
Ortho P 15 0.50 Availability Factors 0 IGNORE
Inorganic N 500 0.50 Mass-Balance Tables 1 USE ESTIMATED CONCS
Output Destination 2 EXCEL WORKSHEET
Segment Morphometry Internal Loads (mg/m2-day)
Outflow Area Depth  Length Mixed Depth (m) Hypol Depth Non-Algal Turb (m™ Conserv. Total P

Seq Name Segment Group km? m km Mean cv Mean cv Mean cv Mean cv Mean

1  Peterlake 0 1 0.23 4.59 0.79 43 0.12 3.12 0 0.08 0.2 0 0 1.575
Segment Observed Water Quality

Conserv Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day)

Seq Mean v Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv

1 0 0 43.8 0 0 0 18.6 0 3 0 0 0 0 0 0 0
Segment Calibration Factors

Dispersion Rate Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day)

Seq Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean Ccv

1 1 0 1 0 1 0 0.955 0 1.65 0 1 0 1 0 1 0

Total N
Ccv Mean
0 0

MOD (ppb/day)
Mean Ccv

0 0

MOD (ppb/day)
Mean cVv

1 0
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Tributary Data

Trib  Trib Name

1  Peterlake

Model Coefficients
Dispersion Rate

Total Phosphorus

Total Nitrogen

Chl-a Model

Secchi Model

Organic N Model

TP-OP Model

HODv Model

MODv Model
Secchi/Chla Slope (m?/mg)
Minimum Qs (m/yr)
Chl-a Flushing Term
Chl-a Temporal CV

Avail. Factor - Total P
Avail. Factor - Ortho P
Avail. Factor - Total N
Avail. Factor - Inorganic N

Segment

Mean
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.025
0.100
1.000
0.620
0.330
1.930
0.590
0.790

Type
1

cv
0.70
0.45
0.55
0.26
0.10
0.12
0.15
0.15
0.22
0.00
0.00
0.00

o O O o

Dr Area Flow (hm®yr)

km?
121

Mean
0.275

cv

0

Conserv.
Mean
0

cv
0

Total P (ppb)
Mean
273.41

cv
0

Total N (ppb)
Mean
0

cv
0

Ortho P (ppb)
Mean
0

cv
0

Inorganic N (ppb)

Mean
0

cv
0
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Peter Lake
File:\\admn-file-vmO03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Peter Lake\Peter Lake 5-25-2016.bth

Overall Water & Nutrient Balances

Overall Water Balance Averaging Period = 1.00 years
Area Flow Variance CV  Runoff
Trb Type Seq Name km? hm%yr  (hm3/yr)? - miyr
1 1 1 Peterlake 1.21 0.275  0.00E+00 0.00 0.227
PRECIPITATION 0.23 0.164  1.07E-03 0.20 0.711
TRIBUTARY INFLOW 1.21 0.275  0.00E+00 0.00 0.227
**¥*¥TOTALINFLOW 1.44 0.439  1.07E-03 0.07  0.305
ADVECTIVE OUTFLOW 1.44 0.278  3.40E-03 0.21 0.193
***TOTAL OUTFLOW 1.44 0.278  3.40E-03 0.21 0.193
***¥*EVAPORATION 0.161  2.33E-03 0.30
Overall Mass Balance Based Upon Predicted Outflow & Reservoir Concentrations
Component: TOTAL P
Load Load Variance Conc Export
Trb Type Seg Name kalyr Y%Total (ka/yr %Total cv ma/m?® ka/km?yr
1 1 1 Peterlake 75.19 35.1%  0.00E+00 0.00 2734 62.14
PRECIPITATION 6.90 3.2%  1.19E+01 100.0% 0.50 42.2 30.00
INTERNAL LOAD 132.31 61.7%  0.00E+00 0.00
TRIBUTARY INFLOW 75.19 35.1%  0.00E+00 0.00 2734 62.14
***TOTAL INFLOW 214.40 100.0%  1.19E+01 100.0% 0.02  488.9 148.89
ADVECTIVE OUTFLOW 12.15 57%  1.29E+01 0.30 43.8 8.44
***TOTAL OUTFLOW 12.15 57%  1.29E+01 0.30 43.8 8.44
**XRETENTION 202.25 94.3%  2.41E+01 0.02
Overflow Rate (m/yr) 1.207 Nutrient Resid. Time (yrs) 0.2155
Hydraulic Resid. Time (yrs) 3.8033 Turnover Ratio 4.6
Reservoir Conc (mg/m3) 43.8 Retention Coef. 0.943
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Peter Lake
File:

\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Peter Lake\Peter Lake 5-25-2016.btb

Predicted & Observed Values Ranked Against CE Model Development Dataset

Segment:

Variable

TOTALP MG/M3
CHL-A  MG/M3
SECCHI M
ORGANICN MG/M3
TP-ORTHO-P MG/M3
HOD-V MG/M3-DAY
MOD-V MG/M3-DAY
ANTILOG PC-1
ANTILOG PC-2
TURBIDITY 1/M
ZMIX * TURBIDITY
ZMIX / SECCHI
CHL-A * SECCHI
CHL-A / TOTALP
FREQ(CHL-a>10) %
FREQ(CHL-a>20) %
FREQ(CHL-a>30) %
FREQ(CHL-a>40) %
FREQ(CHL-a>50) %
FREQ(CHL-a>60) %
CARLSON TSI-P
CARLSON TSI-CHLA
CARLSON TSI-SEC

1 Peter Lake

Predicted Values--->
Mean CV  Rank
43.8 0.21 46.0%
18.6 0.32 81.3%
3.0 0.28 91.2%
587.9 0.26  66.4%
31.0 0.37 51.3%
332.1 0.22 97.5%
204.7 0.31 94.0%
170.6 0.56 39.1%
23.1 0.08 99.2%
0.1 0.20 1.1%
0.3 0.23 0.2%
1.4 0.29 1.9%
56.3 0.11  99.2%
0.4 0.27 88.9%
75.6 0.21 81.3%
33.6 0.55 81.3%
14.0 0.81 81.3%
6.2 1.02 81.3%
2.9 1.18 81.3%
1.4 1.32 81.3%
58.6 0.05 46.0%
59.3 0.05 81.3%
44.1 0.09 8.8%

Observed Values--->
Mean cv
43.8
18.6
3.0

171.5
22.9
0.1
0.3
1.4
55.8
0.4
75.5
335
14.0
6.1
2.8
1.4
58.7
59.3
44.2

0.20
0.23
0.12

39.3%
99.2%

1.1%

0.2%

1.9%
99.2%
88.8%
81.3%
81.3%
81.3%
81.3%
81.3%
81.3%
46.0%
81.3%

8.9%
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Spurzem Lake

File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Spurzem\Spurzem Lake 5-20-2016.btb

Description:
Model used to estimate watershed load
Water Quality is the May-Sept average from 2009 through 2015.

Global Variables Mean CcVv Model Options Code Description
Averaging Period (yrs) 1 0.0 Conservative Substance 0 NOT COMPUTED
Precipitation (m) 0.7112 0.2 Phosphorus Balance 8 CANF & BACH, LAKES
Evaporation (m) 0.7 0.3 Nitrogen Balance 0 NOT COMPUTED
Storage Increase (m) 0 0.0 Chlorophyll-a 2 P, LIGHT, T
Secchi Depth 1 VS. CHLA & TURBIDITY
Atmos. Loads (ka/km%yr Mean cv Dispersion 1 FISCHER-NUMERIC
Conserv. Substance 0 0.00 Phosphorus Calibration 1 DECAY RATES
Total P 30 0.50 Nitrogen Calibration 1 DECAY RATES
Total N 1000 0.50 Error Analysis 1 MODEL & DATA
Ortho P 15 0.50 Availability Factors 0 IGNORE
Inorganic N 500 0.50 Mass-Balance Tables 1 USE ESTIMATED CONCS
Output Destination 2 EXCEL WORKSHEET
Segment Morphometry Internal Loads (mg/m2-day)
Outflow Area Depth  Length Mixed Depth (m) Hypol Depth Non-Algal Turb (m™ Conserv. Total P Total N

Seq Name Segment  Group km? m km Mean cv Mean cv Mean cv Mean cv Mean cv Mean

1  Spurzem Lake 0 1 0.32 3.38 0.86 2.71 0.12 1.86 0 0.08 0.2 0 0 3.14 0 0
Segment Observed Water Quality

Conserv Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean v Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv

1 0 0 161.3 0 0 0 52.3 0 14 0 0 0 0 0 0 0 0 0
Segment Calibration Factors

Dispersion Rate Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean cv

1 1 0 1 0 1 0 0.985 0 1.9 0 1 0 1 0 1 0 1 0
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Tributary Data

Trib  Trib Name
1  Spurzem Direct Watershed
2 Upstream Lake (Peter)

Model Coefficients
Dispersion Rate

Total Phosphorus

Total Nitrogen

Chl-a Model

Secchi Model

Organic N Model

TP-OP Model

HODv Model

MODv Model
Secchi/Chla Slope (m?/mg)
Minimum Qs (m/yr)
Chl-a Flushing Term
Chl-a Temporal CV

Avail. Factor - Total P
Avail. Factor - Ortho P
Avail. Factor - Total N
Avail. Factor - Inorganic N

Seament

Mean
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.025
0.100
1.000
0.620
0.330
1.930
0.590
0.790

Type
1
1

cv
0.70
0.45
0.55
0.26
0.10
0.12
0.15
0.15
0.22
0.00
0.00
0.00

o O o o

Dr Area Flow (hm®yr)

km?
10.66
1.44

Mean
1.886
0.278

cv
0
0

Conserv.
Mean
0
0

cv
0
0

Total P (ppb)

Mean
320.2

43.8

cv
0
0

Total N (ppb)
Mean
0
0

cv
0
0

Ortho P (ppb)
Mean
0
0

cv
0
0

Inorganic N (ppb)

Mean
0
0

cv

0
0
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Spurzem Lake

File:\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Spurzem\Spurzem Lake 5-20-2016.btb

Overall Water & Nutrient Balances

Overall Water Balance

Area
Trb Type Seg Name km?
1 1 1 Spurzem Direct Watershe 10.66
2 1 1 Upstream Lake (Peter) 1.44
PRECIPITATION 0.32
TRIBUTARY INFLOW 12.10
***TOTALINFLOW 12.42
ADVECTIVE OUTFLOW 12.42
***TOTAL OUTFLOW 12.42
***EVAPORATION
Overall Mass Balance Based Upon Predicted
Component: TOTAL P
Load
Trb Type Seg Name kalyr
1 1 1 Spurzem Direct Watershe 603.90
2 1 1 Upstream Lake (Peter) 12.18
PRECIPITATION 9.60
INTERNAL LOAD 367.00
TRIBUTARY INFLOW 616.07
***TOTAL INFLOW 992.68
ADVECTIVE OUTFLOW 349.68
***TOTAL OUTFLOW 349.68
***RETENTION 643.00
Overflow Rate (m/yr) 6.774
Hydraulic Resid. Time (yrs) 0.4990
Reservoir Conc (mg/m3) 161.3

Averaging Period =

Flow
hm3yr
1.886
0.278
0.228
2.164
2.392
2.168
2.168
0.224

Y%Total
60.8%
1.2%
1.0%
37.0%
62.1%
100.0%
35.2%
35.2%
64.8%

1.00 years

Variance CV  Runoff

(hm3/yr)? - miyr
0.00E+00 0.00 0.177
0.00E+00 0.00 0.193
2.07E-03 0.20 0.711
0.00E+00 0.00 0.179
2.07E-03 0.02 0.193
6.59E-03 0.04 0.175
6.59E-03 0.04 0.175
4.52E-03 0.30

Outflow & Reservoir Concentrations

Load Variance Conc
(kalyr’  %Total cv mg/m®
0.00E+00 0.00 320.2
0.00E+00 0.00 43.8
2.30E+01 100.0% 0.50 42.2
0.00E+00 0.00
0.00E+00 0.00 284.7
2.30E+01 100.0% 0.00 4151
1.01E+04 0.29 161.3
1.01E+04 029 161.3
1.01E+04 0.16
Nutrient Resid. Time (yrs) 0.1758
Turnover Ratio 5.7
Retention Coef. 0.648

Export
ka/km?/yr
56.65
8.46
30.00

50.92
79.93
28.15
28.15
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Spurzem Lake
File:

\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Spurzem\Spurzem Lake 5-20-2016.btb

Predicted & Observed Values Ranked Against CE Model Development Dataset

Segment:

Variable

TOTALP MG/M3
CHL-A  MG/M3
SECCHI M
ORGANICN MG/M3
TP-ORTHO-P MG/M3
HOD-V MG/M3-DAY
MOD-V MG/M3-DAY
ANTILOG PC-1
ANTILOG PC-2
TURBIDITY 1/M
ZMIX * TURBIDITY
ZMIX / SECCHI
CHL-A * SECCHI
CHL-A / TOTALP
FREQ(CHL-a>10) %
FREQ(CHL-a>20) %
FREQ(CHL-a>30) %
FREQ(CHL-a>40) %
FREQ(CHL-a>50) %
FREQ(CHL-a>60) %
CARLSON TSI-P
CARLSON TSI-CHLA
CARLSON TSI-SEC

1 Spurzem Lake
Predicted Values--->

Mean CV  Rank
161.3 0.29 91.1%
52.3 0.29 98.7%
1.4 0.29 62.3%
1355.6 0.29 98.0%
90.9 0.34 87.8%
933.2 0.21 100.0%
472.6 0.30 99.7%
950.1 0.55 85.0%
24.9 0.08 99.5%
0.1 0.20 1.1%
0.2 0.23  0.0%
2.0 0.28 6.5%
71.6 0.10 99.7%
0.3 0.33 78.6%
99.1 0.01 98.7%
89.3 0.10 98.7%
72.1 0.22 98.7%
54.9 0.34 98.7%
40.6 0.45 98.7%
29.8 0.55 98.7%
77.5 0.05 91.1%
69.4 0.04 98.7%
55.5 0.08 37.7%

Observed Values--->
Mean cv
161.3
52.3
1.4

930.5
253
0.1
0.2
1.9
73.2
0.3
9.1
89.3
72.1
54.9
40.6
29.7
77.5
69.4
55.2

0.20
0.23
0.12

84.6%
99.5%

1.1%

0.0%

6.1%
99.7%
78.6%
98.7%
98.7%
98.7%
98.7%
98.7%
98.7%
91.1%
98.7%
36.6%
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Half Moon
File:
Description:

Model used to estimate watershed load

Water Quality is the May-Sept average from 2009 through 2015.

\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Half Moon\Half Moon 5-23-2016.btb

Global Variables Mean CcVv Model Options Code Description
Averaging Period (yrs) 1 0.0 Conservative Substance 0 NOT COMPUTED
Precipitation (m) 0.7112 0.2 Phosphorus Balance 9 CANF& BACH, GENERAL
Evaporation (m) 0.7 0.3 Nitrogen Balance 0 NOT COMPUTED
Storage Increase (m) 0 0.0 Chlorophyll-a 2 P, LIGHT, T
Secchi Depth 1 VS. CHLA & TURBIDITY
Atmos. Loads (ka/km%yr Mean cv Dispersion 1 FISCHER-NUMERIC
Conserv. Substance 0 0.00 Phosphorus Calibration 1 DECAY RATES
Total P 30 0.50 Nitrogen Calibration 1 DECAY RATES
Total N 1000 0.50 Error Analysis 1 MODEL & DATA
Ortho P 15 0.50 Availability Factors 0 IGNORE
Inorganic N 500 0.50 Mass-Balance Tables 1 USE ESTIMATED CONCS
Output Destination 2 EXCEL WORKSHEET
Segment Morphometry Internal Loads (mg/m2-day)
Outflow Area Depth  Length Mixed Depth (m) Hypol Depth Non-Algal Turb (m™ Conserv. Total P Total N

Seq Name Segment  Group km? m km Mean cv Mean cv Mean cv Mean cv Mean cv Mean

1  Half Moon 0 1 0.13 4.08 0.53 2.65 0.12 1.63 0 0.08 0.2 0 0 3.57 0 0
Segment Observed Water Quality

Conserv Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean v Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv

1 0 0 127.9 0 0 0 48.1 0 1.2 0 0 0 0 0 0 0 0 0
Segment Calibration Factors

Dispersion Rate Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean cv

1 1 0 0.911 0 1 0 1.022 0 15 0 1 0 1 0 1 0 1 0
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Tributary Data

Trib  Trib Name

1  Half Moon Direct Watersher
2 Upstream Lake (Spurzem)

Model Coefficients
Dispersion Rate

Total Phosphorus

Total Nitrogen

Chl-a Model

Secchi Model

Organic N Model

TP-OP Model

HODv Model

MODv Model
Secchi/Chla Slope (m?/mg)
Minimum Qs (m/yr)
Chl-a Flushing Term
Chl-a Temporal CV

Avail. Factor - Total P
Avail. Factor - Ortho P
Avail. Factor - Total N
Avail. Factor - Inorganic N

Seament
1
1

Mean
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.025
0.100
1.000
0.620
0.330
1.930
0.590
0.790

Type
1
1

cv
0.70
0.45
0.55
0.26
0.10
0.12
0.15
0.15
0.22
0.00
0.00
0.00

o O o o

Dr Area Flow (hm®yr)

km?
15
12.42

Mean
0.496
2.168

cv
0
0

Conserv.
Mean
0
0

cv
0
0

Total P (ppb)
Mean
511.7
161.3

cv
0
0

Total N (ppb)
Mean
0
0

cv
0
0

Ortho P (ppb)
Mean
0
0

cv
0
0

Inorganic N (ppb)

Mean
0
0

cv

0
0
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Half Moon
File:\\admn-file-vmO03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Half Moon\Half Moon 5-23-2016.btb

Overall Water & Nutrient Balances

Overall Water Balance Averaging Period = 1.00 years
Area Flow Variance CV  Runoff
Trb Type Seg Name km? hm%yr  (hm3/yr)? - miyr
1 1 1 Half Moon Direct Waterst 1.50 0.496  0.00E+00 0.00 0.331
2 1 1 Upstream Lake (Spurzem! 12.42 2.168  0.00E+00 0.00 0.175
PRECIPITATION 0.13 0.092  3.42E-04 020 0.711
TRIBUTARY INFLOW 13.92 2.664  0.00E+00 0.00 0.191
***TOTALINFLOW 14.05 2.756  3.42E-04 0.01 0.196
ADVECTIVE OUTFLOW 14.05 2.665  1.09E-03 0.01 0.190
***TOTAL OUTFLOW 14.05 2.665  1.09E-03 0.01 0.190
***EVAPORATION 0.091  7.45E-04 0.30
Overall Mass Balance Based Upon Predicted Outflow & Reservoir Concentrations
Component: TOTAL P
Load Load Variance Conc Export
Trb Type Seg Name kalyr  %Total  (kalyr’ %Total cv ma/m?® kalkm?/yr
1 1 1 Half Moon Direct Waterst 253.80 32.7%  0.00E+00 0.00 511.7 169.20
2 1 1 Upstream Lake (Spurzem! 349.70 45.0%  0.00E+00 0.00 161.3 28.16
PRECIPITATION 3.90 0.5%  3.80E+00 100.0% 0.50 42.2 30.00
INTERNAL LOAD 169.51 21.8%  0.00E+00 0.00
TRIBUTARY INFLOW 603.50 77.7%  0.00E+00 0.00 226.5 43.35
**F*TOTAL INFLOW 776.91 100.0%  3.80E+00 100.0% 0.00 281.9 55.30
ADVECTIVE OUTFLOW 340.87 43.9%  7.17E+03 0.25 127.9 24.26
***TOTAL OUTFLOW 340.87 43.9%  7.17E+03 0.25 127.9 24.26
***¥RETENTION 436.05 56.1%  7.18E+03 0.19
Overflow Rate (m/yr) 20.504 Nutrient Resid. Time (yrs) 0.0873
Hydraulic Resid. Time (yrs) 0.1990 Turnover Ratio 11.5
Reservoir Conc (mg/m3) 127.9 Retention Coef. 0.561
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Half Moon
File:

\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Half Moon\Half Moon 5-23-2016.btb

Predicted & Observed Values Ranked Against CE Model Development Dataset

Segment:

Variable

TOTALP MG/M3
CHL-A  MG/M3
SECCHI M
ORGANICN MG/M3
TP-ORTHO-P MG/M3
HOD-V MG/M3-DAY
MOD-V MG/M3-DAY
ANTILOG PC-1
ANTILOG PC-2
TURBIDITY 1/M
ZMIX * TURBIDITY
ZMIX / SECCHI
CHL-A * SECCHI
CHL-A / TOTALP
FREQ(CHL-a>10) %
FREQ(CHL-a>20) %
FREQ(CHL-a>30) %
FREQ(CHL-a>40) %
FREQ(CHL-a>50) %
FREQ(CHL-a>60) %
CARLSON TSI-P
CARLSON TSI-CHLA
CARLSON TSI-SEC

1 Half Moon

Predicted Values--->
Mean CV  Rank
127.9 0.25 86.2%
48.1 0.29 98.3%
1.2 0.29 54.1%
1260.3 0.28 97.2%
83.5 0.34 85.9%
1021.5 0.21 100.0%
491.9 0.30 99.7%
1017.3 0.55 86.1%
20.8 0.08 98.7%
0.1 0.20 1.1%
0.2 0.23 0.0%
2.3 0.28 10.1%
56.3 0.10 99.2%
0.4 0.31 84.7%
98.7 0.02 98.3%
86.6 0.12 98.3%
67.5 0.25 98.3%
49.5 0.38 98.3%
35.5 0.50 98.3%
25.3 0.60 98.3%
74.1 0.05 86.2%
68.6 0.04 98.3%
57.8 0.07 45.9%

Observed Values--->
Mean cv
127.9
48.1
1.2

992.3
21.2
0.1
0.2
2.2
57.7
0.4
98.7
86.6
67.4
49.5
35.5
25.2
74.1
68.6
57.4

0.20
0.23
0.12

85.7%
98.8%

1.1%

0.0%

9.3%
99.3%
84.7%
98.3%
98.3%
98.3%
98.3%
98.3%
98.3%
86.2%
98.3%
44.5%
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Ardmore Lake

File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Ardmore Lake\Ardmore Lake 5-25-2016.btb

Description:
Observed in-lake water quality conditions are an average from 2009-2015.
Tributary Load is GLFW Modeling results averaged from 2009-2015.

Global Variables Mean CcVv Model Options Code Description
Averaging Period (yrs) 1 0.0 Conservative Substance 0 NOT COMPUTED
Precipitation (m) 0.7112 0.2 Phosphorus Balance 8 CANF & BACH, LAKES
Evaporation (m) 0.7 0.3 Nitrogen Balance 0 NOT COMPUTED
Storage Increase (m) 0 0.0 Chlorophyll-a 2 P, LIGHT, T
Secchi Depth 1 VS. CHLA & TURBIDITY
Atmos. Loads (ka/km%yr Mean cv Dispersion 1 FISCHER-NUMERIC
Conserv. Substance 0 0.00 Phosphorus Calibration 1 DECAY RATES
Total P 30 0.50 Nitrogen Calibration 1 DECAY RATES
Total N 1000 0.50 Error Analysis 1 MODEL & DATA
Ortho P 15 0.50 Availability Factors 0 IGNORE
Inorganic N 500 0.50 Mass-Balance Tables 1 USE ESTIMATED CONCS
Output Destination 2 EXCEL WORKSHEET
Segment Morphometry Internal Loads (mg/m2-day)
Outflow Area Depth  Length Mixed Depth (m) Hypol Depth Non-Algal Turb (m™ Conserv. Total P Total N

Seq Name Segment  Group km? m km Mean cv Mean cv Mean cv Mean cv Mean cv Mean

1 Ardmore Lake 0 1 0.055 2.87 0.36 2.38 0.12 1.39 0 0.08 0.2 0 0 5.983 0 0
Segment Observed Water Quality

Conserv Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean v Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv

1 0 0 227.9 0 0 0 83.4 0 0.6 0 0 0 0 0 0 0 0 0
Segment Calibration Factors

Dispersion Rate Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean cv

1 1 0 1 0 1 0 1.273 0 13 0 1 0 1 0 1 0 1 0
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Tributary Data

Trib  Trib Name

1 Ardmore Watershed

Model Coefficients
Dispersion Rate

Total Phosphorus

Total Nitrogen

Chl-a Model

Secchi Model

Organic N Model

TP-OP Model

HODv Model

MODv Model
Secchi/Chla Slope (m?/mg)
Minimum Qs (m/yr)
Chl-a Flushing Term
Chl-a Temporal CV

Avail. Factor - Total P
Avail. Factor - Ortho P
Avail. Factor - Total N
Avail. Factor - Inorganic N

Seament

Mean
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.025
0.100
1.000
0.620
0.330
1.930
0.590
0.790

Type
1

cv
0.70
0.45
0.55
0.26
0.10
0.12
0.15
0.15
0.22
0.00
0.00
0.00

o O ©o o

Dr Area Flow (hm®yr)

km?®
2.09

Mean
0.331

cv
0

Conserv.
Mean
0

cv
0

Total P (ppb)
Mean
368.73

cv
0

Total N (ppb)
Mean
0

cv
0

Ortho P (ppb)
Mean
0

cv
0

Inorganic N (ppb)

Mean
0

cv

0
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Ardmore Lake

File:\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Ardmore Lake\Ardmore Lake 5-25-2016.btb

Overall Water & Nutrient Balances

Overall Water Balance

Trb Type Seg Name
1 1 1 Ardmore Watershed
PRECIPITATION
TRIBUTARY INFLOW
***TOTAL INFLOW
ADVECTIVE OUTFLOW
***TOTAL OUTFLOW
***EVAPORATION

Overall Mass Balance Based Upon

Component:

Name
Ardmore Watershed

Irb Type Seg
1 1 1
PRECIPITATION
INTERNAL LOAD
TRIBUTARY INFLOW
***TOTAL INFLOW
ADVECTIVE OUTFLOW
***TOTAL OUTFLOW
***RETENTION

Overflow Rate (m/yr)
Hydraulic Resid. Time (yrs)
Reservoir Conc (mg/m3)

Area

km?
2.09
0.05
2.09
2.14
2.14

2.14

Predicted
TOTAL P
Load
kalyr
122.05
1.65
120.19
122.05
243.89
75.58
75.58
168.31

6.029
0.4760
227.9

Averaging Period =

Flow
hm3yr
0.331
0.039
0.331
0.370
0.332
0.332
0.038

%Total
50.0%
0.7%
49.3%
50.0%
100.0%
31.0%
31.0%
69.0%

1.00 years
Variance CV  Runoff
(hm3/yr)? - miyr
0.00E+00 0.00 0.158
6.12E-05 0.20 0.711
0.00E+00 0.00 0.158
6.12E-05 0.02 0.173
1.95E-04 0.04 0.155
1.95E-04 0.04 0.155
1.33E-04 0.30

Outflow & Reservoir Concentrations

Load Variance Conc
(ka/yr)®>  %Total cv ma/m3
0.00E+00 0.00 368.7
6.81E-01 100.0% 0.50 42.2
0.00E+00 0.00
0.00E+00 0.00 368.7
6.81E-01 100.0% 0.00 659.0
5.34E+02 031 2279
5.34E+02 031 2279
5.34E+02 0.14
Nutrient Resid. Time (yrs) 0.1475
Turnover Ratio 6.8
Retention Coef. 0.690

Export
ka/km?/yr
58.40
30.00

58.40
113.70
35.24
35.24
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Ardmore Lake
File:

\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Ardmore Lake\Ardmore Lake 5-25-2016.btb

Predicted & Observed Values Ranked Against CE Model Development Dataset

Segment:

Variable

TOTALP MG/M3
CHL-A  MG/M3
SECCHI M
ORGANICN MG/M3
TP-ORTHO-P MG/M3
HOD-V MG/M3-DAY
MOD-V MG/M3-DAY
ANTILOG PC-1
ANTILOG PC-2
TURBIDITY 1/M
ZMIX * TURBIDITY
ZMIX / SECCHI
CHL-A * SECCHI
CHL-A / TOTALP
FREQ(CHL-a>10) %
FREQ(CHL-a>20) %
FREQ(CHL-a>30) %
FREQ(CHL-a>40) %
FREQ(CHL-a>50) %
FREQ(CHL-a>60) %
CARLSON TSI-P
CARLSON TSI-CHLA
CARLSON TSI-SEC

1 Ardmore Lake
Predicted Values--->

Mean CV  Rank
227.9 0.30 95.8%
83.4 0.29 99.8%
0.6 0.29 22.0%
2065.2 0.29 99.8%
146.3 0.33  95.2%
1577.1 0.21 100.0%
714.9 0.30 100.0%
3191.3 0.55 97.5%
17.9 0.08 97.4%
0.1 0.20 1.1%
0.2 0.23  0.0%
4.0 0.28 37.5%
50.1 0.10 98.8%
0.4 0.36 83.7%
99.9 0.00 99.8%
97.7 0.03 99.8%
91.0 0.08 99.8%
80.9 0.15 99.8%
69.7 0.23  99.8%
58.8 0.31 99.8%
82.4 0.05 95.8%
74.0 0.04 99.8%
67.4 0.06 78.0%

Observed Values—>
Mean cv
227.9
83.4
0.6

3191.7
17.9
0.1
0.2
4.0
50.0
0.4
99.9
97.7
91.0
80.9
69.7
58.8
82.4
74.0
67.4

0.20
0.23
0.12

Rank
95.8%
99.8%
22.0%

97.5%
97.4%

1.1%

0.0%
37.6%
98.8%
83.7%
99.8%
99.8%
99.8%
99.8%
99.8%
99.8%
95.8%
99.8%
78.0%
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Whaletail South

File: \admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail South\Whaletail South 5-25-2016.bth

Description:
Model used to estimate watershed load

Water Quality is the May-Sept average from 2009 through 2015.

Tributary Load from GFLW Modeling with 0.7 drainage.

Global Variables Mean CcVv Model Options Code Description
Averaging Period (yrs) 1 0.0 Conservative Substance 0 NOT COMPUTED
Precipitation (m) 0.7112 0.2 Phosphorus Balance 9 CANF& BACH, GENERAL
Evaporation (m) 0.7 0.3 Nitrogen Balance 0 NOT COMPUTED
Storage Increase (m) 0 0.0 Chlorophyll-a 2 P, LIGHT, T
Secchi Depth 1 VS. CHLA & TURBIDITY
Atmos. Loads (ka/km%yr Mean cv Dispersion 1 FISCHER-NUMERIC
Conserv. Substance 0 0.00 Phosphorus Calibration 1 DECAY RATES
Total P 30 0.50 Nitrogen Calibration 1 DECAY RATES
Total N 1000 0.50 Error Analysis 1 MODEL & DATA
Ortho P 15 0.50 Availability Factors 0 IGNORE
Inorganic N 500 0.50 Mass-Balance Tables 1 USE ESTIMATED CONCS
Output Destination 2 EXCEL WORKSHEET
Segment Morphometry Internal Loads (mg/m2-day)
Outflow Area Depth  Length Mixed Depth (m) Hypol Depth Non-Algal Turb (m™ Conserv. Total P Total N

Seqg Name Segment  Group km? m km Mean cv Mean cv Mean cv Mean cv Mean cv Mean

1  Whaletail South 0 1 0.63 37 11 3.6 0.12 1.69 0 0.08 0.2 0 0 0.835 0 0
Segment Observed Water Quality

Conserv Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean v Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv

1 0 0 49.9 0 0 0 22.6 0 14 0 0 0 0 0 0 0 0
Segment Calibration Factors

Dispersion Rate Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean cv

1 1 0 1 0 1 0 0.96 0 0.93 0 1 1 0 1 0 1 0

160



Tributary Data
Trib  Trib Name
1 Whaletail South

Model Coefficients
Dispersion Rate
Total Phosphorus
Total Nitrogen
Chl-a Model

Secchi Model
Organic N Model
TP-OP Model
HODv Model
MODv Model

Secchi/Chla Slope (m?/mg)

Minimum Qs (m/yr)
Chl-a Flushing Term
Chl-a Temporal CV

Avail. Factor - Total P
Avail. Factor - Ortho P
Avail. Factor - Total N
Avail. Factor - Inorganic N

Seament

Mean
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.025
0.100
1.000
0.620
0.330
1.930
0.590
0.790

Type
1

cv
0.70
0.45
0.55
0.26
0.10
0.12
0.15
0.15
0.22
0.00
0.00
0.00

o O O o

Dr Area Flow (hm®yr)
km? Mean
2.71 0.977

cv
0

Conserv.
Mean
0

cv
0

Total P (ppb)
Mean
29.55

cv
0

Total N (ppb)
Mean
0

cv
0

Ortho P (ppb)
Mean
0

cv
0

Inorganic N (ppb)

Mean cv

0

0
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Whaletail South
File:\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail South\Whaletail South 5-25-2016.btb

Overall Water & Nutrient Balances

Overall Water Balance Averaging Period = 1.00 vyears
Area Flow Variance CV  Runoff
Irb Type Seg Name km? hm%yr  (hm3/yr)? - miyr
1 1 1 Whaletail South 2.71 0.977  0.00E+00 0.00 0.361
PRECIPITATION 0.63 0.448  8.03E-03 020 0.711
TRIBUTARY INFLOW 2.71 0.977  0.00E+00 0.00 0.361
***TOTAL INFLOW 3.34 1.425  8.03E-03 0.06  0.427
ADVECTIVE OUTFLOW 3.34 0.984  2.55E-02 0.16  0.295
***TOTAL OUTFLOW 3.34 0.984  2.55E-02 0.16  0.295
***EVAPORATION 0.441  1.75E-02 0.30
Overall Mass Balance Based Upon Predicted Outflow & Reservoir Concentrations
Component: TOTAL P
Load Load Variance Conc Export
Trb Type Seg Name ka/yr  %Total  (kg/yr)® %Total ~ CV ma/m® ka/km?yr
1 1 1 Whaletail South 28.87 12.0%  0.00E+00 0.00 29.5 10.65
PRECIPITATION 18.90 7.9%  8.93E+01 100.0% 0.50 42.2 30.00
INTERNAL LOAD 192.14 80.1%  0.00E+00 0.00
TRIBUTARY INFLOW 28.87 12.0%  0.00E+00 0.00 29.5 10.65
***TOTAL INFLOW 239.91 100.0%  8.93E+01 100.0% 0.04 1684 71.83
ADVECTIVE OUTFLOW 49.06 20.4%  3.36E+02 0.37 49.9 14.69
***TOTAL OUTFLOW 49.06 20.4%  3.36E+02 0.37 49.9 14.69
***RETENTION 190.85 79.6%  4.04E+02 0.11
Overflow Rate (m/yr) 1.562 Nutrient Resid. Time (yrs) 0.4844
Hydraulic Resid. Time (yrs) 2.3688 Turnover Ratio 2.1
Reservoir Conc (mg/m3) 49.9 Retention Coef. 0.796
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Whaletail South
File: \\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail South\Whaletail South 5-25-2016.btb

Predicted & Observed Values Ranked Against CE Model Development Dataset

Segment: 1 Whaletail South
Predicted Values---> Observed Values—>

Variable Mean CV  Rank Mean CV  Rank
TOTALP MG/M3 49.9 0.35 51.8% 49.9 51.8%
CHL-A  MG/M3 22.6 0.39 87.3% 22.6 87.3%
SECCHI M 1.4 0.35 64.9% 1.4 63.4%
ORGANICN MG/M3 677.7 0.32 75.8%

TP-ORTHO-P MG/M3 38.0 0.43  59.8%

HOD-V MG/M3-DAY 674.7 0.24  99.8%

MOD-V MG/M3-DAY 329.4 0.33  98.7%

ANTILOG PC-1 407.4 0.69 65.1% 419.7 65.9%
ANTILOG PC-2 14.7 0.08 94.3% 14.4 93.8%
TURBIDITY 1/M 0.1 020 1.1% 0.1 020 1.1%
ZMIX * TURBIDITY 0.3 023 0.1% 0.3 023  0.1%
ZMIX / SECCHI 2.5 0.35 13.3% 2.6 0.12 14.4%
CHL-A * SECCHI 32.6 0.11 95.0% 31.6 94.5%
CHL-A / TOTALP 0.5 0.28 90.6% 0.5 90.6%
FREQ(CHL-a>10) % 84.2 0.18 87.3% 84.3 87.3%
FREQ(CHL-a>20) % 45.4 0.54 87.3% 45.5 87.3%
FREQ(CHL-a>30) % 22.1 0.83 87.3% 22.2 87.3%
FREQ(CHL-a>40) % 10.9 1.07 87.3% 10.9 87.3%
FREQ(CHL-a>50) % 5.6 1.26 87.3% 5.6 87.3%
FREQ(CHL-a>60) % 3.0 142 87.3% 3.0 87.3%
CARLSON TSI-P 60.5 0.08 51.8% 60.5 51.8%
CARLSON TSI-CHLA 61.2 0.06 87.3% 61.2 87.3%
CARLSON TSI-SEC 54.7 0.09 35.1% 55.2 36.6%
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Whaletail North

File: \\admn-file-vmO03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail North\Whaletail North 5-23-2016.btb

Description:
Model used to estimate watershed load

Water Quality is the May-Sept average from 2009 through 2015.

Tributary Loads GFLW with 0.7 drainage using 100 cm soil.

Global Variables Mean CV Model Options Code Description
Averaging Period (yrs) 1 0.0 Conservative Substance 0 NOT COMPUTED
Precipitation (m) 0.7112 0.2 Phosphorus Balance 1 2ND ORDER, AVAILP
Evaporation (m) 0.7 0.3 Nitrogen Balance 0 NOT COMPUTED
Storage Increase (m) 0 0.0 Chlorophyll-a 4 P, LINEAR
Secchi Depth 3 VS. TOTALP
Atmos. Loads (ka/kmZyr Mean cVv Dispersion 1 FISCHER-NUMERIC
Conserv. Substance 0 0.00 Phosphorus Calibration 1 DECAY RATES
Total P 30 0.50 Nitrogen Calibration 1 DECAY RATES
Total N 1000 0.50 Error Analysis 1 MODEL & DATA
Ortho P 15 0.50 Availability Factors 0 IGNORE
Inorganic N 500 0.50 Mass-Balance Tables 1 USE ESTIMATED CONCS
Output Destination 2 EXCEL WORKSHEET
Segment Morphometry Internal Loads ( mg/m2-day)
Outflow Area Depth  Length Mixed Depth (m) Hypol Depth Non-Algal Turb (m™, Conserv. Total P Total N

Seg Name Segment Group km~ m km Mean cv Mean cv Mean cv Mean cv Mean cv Mean

1  Whaletail North 0 1 15 1.57 2.01 1.5 0.12 0 0 0.08 0.2 0 0 0.241 0 0
Segment Observed Water Quality

Conserv Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv

1 0 0 71.2 0 0 28.3 0 0.8 0 0 0 0 0 0 0 0 0
Segment Calibration Factors

Dispersion Rate Total P (ppb) Total N (ppb) Chl-a (ppb) Secchi (m) Organic N (ppb) TP - Ortho P (ppb) HOD (ppb/day) MOD (ppb/day)

Seq Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean CV  Mean Ccv

1 1 0 1 0 0 1.42 0 1.1 0 1 0 1 0 1 0 1 0
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Tributary Data

Trib  Trib Name

1  Whaletail North Direct Wat«
2 Upstream Lake (Whaletail S

Model Coefficients
Dispersion Rate

Total Phosphorus

Total Nitrogen

Chl-a Model

Secchi Model

Organic N Model

TP-OP Model

HODv Model

MODv Model
Secchi/Chla Slope (m?/mg)
Minimum Qs (m/yr)
Chl-a Flushing Term
Chl-a Temporal CV

Avail. Factor - Total P
Avail. Factor - Ortho P
Avail. Factor - Total N
Avail. Factor - Inorganic N

Segment
1
1

Type
1
1

cv
0.70
0.45
0.55
0.26
0.10
0.12
0.15
0.15
0.22
0.00
0.00
0.00

o O o

Dr Area
km?
3.72
3.34

Flow (hm®/yr)
Mean
1.234
0.984

C

o o

Conserv.
Mean
0
0

cv
0
0

Total P (ppb)
Mean
111.4
49.9

cv
0
0

Total N (ppb)
Mean
0
0

%

0
0

Ortho P (ppb)
Mean
0
0

Vv

0
0

Inorganic N (ppb)

Mean
0
0

v

0
0
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Whaletail North
File:\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail North\Whaletail North 5-23-2016.btb

Overall Water & Nutrient Balances

Overall Water Balance Averaging Period = 1.00 years
Area Flow Variance CV  Runoff
Trb Type Seqg Name km? hm3yr  (hm3/yr)? - m/yr
1 1 1 Whaletail North Direct W 3.72 1.234  0.00E+00 0.00 0.332
2 1 1 Upstream Lake (Whaletai 3.34 0.984  0.00E+00 0.00 0.295
PRECIPITATION 1.50 1.067  4.55E-02 020 0.711
TRIBUTARY INFLOW 7.06 2.218  0.00E+00 0.00 0.314
***TOTAL INFLOW 8.56 3.285  4.55E-02 0.06 0.384
ADVECTIVE OUTFLOW 8.56 2.235  1.45E-01 0.17 0.261
***TOTAL OUTFLOW 8.56 2.235  1.45E-01 0.17 0.261
***EVAPORATION 1.050  9.92E-02 0.30
Overall Mass Balance Based Upon Predicted Outflow & Reservoir Concentrations
Component: TOTAL P
Load Load Variance Conc Export
Irb Type Seg Name ka/yr  %Total (kalyr)?  %Total cv ma/m® ka/km?/yr
1 1 1 Whaletail North Direct W 137.47 37.8%  0.00E+00 0.00 1114 36.95
2 1 1 Upstream Lake (Whaletai 49.10 13.5%  0.00E+00 0.00 49.9 14.70
PRECIPITATION 45.00 12.4%  5.06E+02 100.0% 0.50 42.2 30.00
INTERNAL LOAD 132.04 36.3%  0.00E+00 0.00
TRIBUTARY INFLOW 186.57 51.3%  0.00E+00 0.00 84.1 26.43
***TOTAL INFLOW 363.61 100.0%  5.06E+02 100.0% 0.06  110.7 42.48
ADVECTIVE OUTFLOW 159.13 43.8%  7.97E+02 0.18 71.2 18.59
***TOTAL OUTFLOW 159.13 43.8%  7.97E+02 0.18 71.2 18.59
***RETENTION 204.48 56.2%  1.02E+03 0.16
Overflow Rate (m/yr) 1.490 Nutrient Resid. Time (yrs) 0.4612
Hydraulic Resid. Time (yrs) 1.0538 Turnover Ratio 2.2
Reservoir Conc (mg/m3) 71.2 Retention Coef. 0.562
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Whaletail North
File:

\\admn-file-vm03\users$\101782\Documents\BATHTUB\Pioneer and Sarah Creek\Whaletail North\Whaletail North 5-23-2016.btb

Predicted & Observed Values Ranked Against CE Model Development Dataset

Segment:

Variable

TOTALP MG/M3
CHL-A  MG/M3
SECCHI M
ORGANICN MG/M3
TP-ORTHO-P MG/M3
ANTILOG PC-1
ANTILOG PC-2
TURBIDITY 1/M
ZMIX * TURBIDITY
ZMIX / SECCHI
CHL-A * SECCHI
CHL-A / TOTALP
FREQ(CHL-a>10) %
FREQ(CHL-a>20) %
FREQ(CHL-a>30) %
FREQ(CHL-a>40) %
FREQ(CHL-a>50) %
FREQ(CHL-a>60) %
CARLSON TSI-P
CARLSON TSI-CHLA
CARLSON TSI-SEC

1 Whaletail North
Predicted Values--->

Mean CV  Rank
71.2 0.19 67.0%
28.3 0.32  92.4%
0.8 0.18 32.5%
808.5 0.29 85.2%
48.2 0.37 69.1%
912.4 0.41 84.2%
10.5 0.19 82.3%
0.1 0.20 1.1%
0.1 023  0.0%
2.0 0.21 6.3%
21.7 0.28 85.6%
0.4 0.26 86.7%
914 0.09 92.4%
59.9 0.33  92.4%
343 0.56 92.4%
19.3 0.75 92.4%
11.0 0.90 92.4%
6.4 1.04 92.4%
65.7 0.04 67.0%
63.4 0.05 92.4%
63.9 0.04 67.5%

Observed Values-—->
Mean cv
71.2
28.3
0.8

875.3
10.8
0.1
0.1
1.9
22.6
0.4
91.4
59.9
343
19.3
11.0
6.4
65.7
63.4
63.2

0.20
0.23
0.12

Rank
67.0%
92.4%
34.6%

83.4%
84.0%

1.1%

0.0%

5.4%
87.0%
86.7%
92.4%
92.4%
92.4%
92.4%
92.4%
92.4%
67.0%
92.4%
65.4%
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Appendix D: Point-Intercept Aquatic Vegetation
Survey Data
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Point-Intercept Survey
Methods

Pointinterceptsurveys were conducted to assess the plant community foreach impaired lake within the
Pioneerand Sarah Creek TMDL. A point-sampling grid was developed for each lake using geo-spatial
analysis techniques. The number of points and the distance between point-grid transects were adjusted
accordingly to ensure an accurate assessment of the plant community. Each point was sampled by
tossinga double-sided rake and assigning arake density value ranging from zero (no plants present) to
five (rake completely covered by a plant species) foreach plantspecies observed. Rake densities are
often subjectively based onthe percentrake coverage fora particularspecies. The point-intercept data
were summarized and analyzed forthe percentfrequency of occurrence for each plant species. In cases
when a lake had a significantamount of CLPW, the point-intercept rake density datawere importedinto
ArcMap for further spatial analysis. The Spatial analyst extension was used to perform Kriging analysis
on the CLPW pointinterceptrake density datatointerpolatethe areabetweenthe sampling points. The
Kriging analysis raster was used for calculating the surface of CLPW with different rake densities.

169



Peter Lake

Peter Lake

#  Survey Points 30m

% Ltoraia Point-Intercept
SIS, Aquatic Vegetation Survey
’ Peter Lake Water Resources Department

Created by: BW
Map Created: 04/15/2016
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Peter Lake

Max Depth | Vegetated Num.berof Percer?tage of Percentage of Average Su bme.rsed
Max Points Points . Number of Species
of Depth Number . . Points . .
Depth . Sampled with | Sampled with . Native Richness
Year | Month | Day Submerged Range of Points . : Sampled with
Sampled Native Native Submersed (Number of
PlantGrowth | Sampled Sampled Submersed
(m) Submersed Submersed . Taxa per Submerged
(m) (m) : i Vegetation ) i
Vegetation Vegetation Sample Point Species)
2013 7 12 10 10 0.3-10.0 103 82 79.6 79.6 2 10
2013 9 13 9.8 6.5 0.3-6.5 109 76 69.7 69.7 1.4 8
2015 6 24 9.5 6.3 0.4-6.3 92 66 71.7 71.7 141 10
2015 9 15 10.8 5.5 0.1-5.5 109 73 66.9 66.9 0.91 6
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Spurzem Lake

Spurzem Lake
Point-Intercept Aquatic Vegetation Survey

®  Survey Points 38 m

S5 Littoral Area
Water Resoures Department

Treated by: BV
’ Spurzem Lake Map Created: 04/12/2016
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Spurzem Lake

Max Depth | Vegetated Numperof Perce thage of Percentage of Average Su bmgrsed
Max Points Points . Number of Species
of Depth Number . . Points . .
Depth . Sampled with | Sampled with . Native Richness
Year | Month | Day Submerged Range of Points . ) Sampled with
Sampled Native Native Submersed (Number of
PlantGrowth | Sampled Sampled Submersed
(m) (m) (m) Submersed Submersed Vegetation Taxa per Submerged
Vegetation Vegetation g Sample Point Species)
2006 6 1 N/A N/A N/A 160 0 0 46 0 1
2006 10 2 N/A N/A N/A 160 1 1 3 0.01 2
2007 6 13 N/A N/A N/A 160 2 1 8 0.01 2
2008 5 23 8.3 1.8 0.6-1.8 160 1 1 6 0.01 2
2008 9 5 9.2 1.1 0.3-1.1 160 12 8 8 0.09 3
2009 6 4 N/A N/A N/A 160 12 8 32 0.09 4
2013 6 21 9 3.8 0.4-3.8 160 27 17 61 0.19 6
2013 8 9 7.7 2.1 0.4-7.7 160 14 9 9 0.09 2
2014 6 11 9.4 2.6 0.5-9.4 160 6 4 50 0.04 4
2014 8 20 8.5 2.3 0.4-8.5 160 29 19 20 0.29 4
2015 6 19 8.4 4 0.4-84 160 95 59 64 0.91 5
2015 8 20 10.9 3.1 0.4-10.9 160 89 56 56 0.88 2
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Spurzem Lake

Curly-leaf Pondweed 2009
—— ngh -3 Water Rescurces Department
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2 spuzem Lake
CLP Rake Density 2014
- High - &

— Low -0

Spurzem Lake
Curly-leaf Pondweed 2014

Water Resources Department
Created by: BW
Mep Created: 04/12/2016

ThrecRivers

PARK DISTRICT

Thiamaz i 2 seewlatien of fats fee

wledigea o nd 2
afing B fact HRak the
= & comatant akste of

178




Spurzem Lake
Curly-leaf Pondweed 2015
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A Water Resources Department
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Half Moon Lake

Half Moon Lake

Point-Intercept Aquatic Vegetation Survey

#®  Survey Points 30.5 m

’ Littoral Area
Water Resources Department

Created by: BV
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Half Moon Lake

Numberof | Percentage Average
Max Depth . . Percentage
Vegetated Points of Points ) Number of
Max of Number of Points . .
Depth Sampled Sampled Native Submersed Species
Depth | Submerged of . . Sampled .
Year | Month | Day Range . with with . Submersed | Richness(Number of
Sampled Plant Points . . with .
Sampled Native Native Taxa per Submerged Species)
(m) Growth Sampled Submersed
(m) (m) Submersed | Submersed Vegetation Sample
Vegetation | Vegetation g Point

2006 6 7 N/A N/A N/A 136 41 30.1 34.6 0.53 4
2006 10 15 N/A N/A N/A 136 29 21.3 21.3 0.27 2
2009 6 18 N/A N/A N/A 95 43 45.3 47.4 0.49 3
2009 9 30 N/A N/A N/A 93 34 36.6 36.6 0.36 1
2013 6 20 8.5 2.6 0.6-8.5 93 16 17.2 40.8 0.13 6
2013 8 8 8 1.7 0.6-8.0 93 8 8.6 8.6 0.05 1
2014 6 12 8.2 3.4 1.0-8.2 93 8 7.5 25 0.07 4
2014 8 15 7.9 2.7 1.2-7.9 93 7 7.5 8.6 0.05 4
2015 6 18 N/A N/A N/A 93 22 23.7 41.9 0.21 4
2015 8 26 7 2 0.6-7.0 93 12 12.9 12.9 0.1 3
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Ardmore Lake

§ Littoral Area

’ Ardmore Lake

®  Survey Points 30 m

Ardmore Lake
Point-Intercept

Aquatic Vegetation Survey

Water Resoures Department
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Ardmore Lake

Average
Max Depth | Vegetated Num‘berof Perceqtage Percethage Number of Subme.rsed
Max Points of Points of Points . Species
of Depth Number Native .
Depth . Sampled Sampled Sampled Richness
Year | Month | Day Submerged Range of Points . . . . . Submersed
Sampled with Native | with Native with (Number of
Plant Sampled | Sampled Taxa per
(m) Submersed | Submersed | Submersed Submerged
Growth (m) (m) . . . Sample .
Vegetation Vegetation Vegetation Point Species)
2013 6 28 7.4 4.3 0.6-7.7 60 8 13 13 0.15 2
2013 8 8 6.5 0.4 0.4-6.5 60 10 17 17 0.17 1
2014 6 12 6.6 11 0.5-6.6 60 15 25 27 0.25 2
2014 8 15 6.8 2.5 0.4-6.8 60 3 5 5 0.06 2
2015 6 19 6.4 0.9 0.4-6.4 60 10 10 0.11 2
2015 8 26 6.4 1.1 0.3-6.4 60 3 5 5 0.05 1
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Whaletail Lake — South

*
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Whaletail Lake (South)

Average
Max Depth | Vegetated Num‘berof Perceqtage Percethage Number of Subme.rsed
Max Points of Points of Points . Species
of Depth Number Native .
Depth . Sampled Sampled Sampled Richness
Year | Month | Day Submerged Range of Points . . . . . Submersed
Sampled with Native | with Native with (Number of
Plant Sampled | Sampled Taxa per
(m) Submersed | Submersed | Submersed Submerged
Growth (m) (m) . . . Sample .
Vegetation Vegetation Vegetation Point Species)
2013 7 9 5.2 3.9 0.4-5.2 78 28 36 38 0.56 6
2013 8 20 5.2 2.7 0.4-5.2 78 28 36 41 0.51 7
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Whaletail Lake (North)

Average
Max Depth | Vegetated Num‘berof Perceqtage Percethage Number of Subme.rsed
Max Points of Points of Points . Species
of Depth Number Native .
Depth . Sampled Sampled Sampled Richness
Year | Month | Day Submerged Range of Points . . . . . Submersed
Sampled with Native | with Native with (Number of
Plant Sampled | Sampled Taxa per
(m) Submersed | Submersed | Submersed Submerged
Growth (m) (m) . . . Sample .
Vegetation Vegetation Vegetation Point Species)
2013 7 9 2.7 2.1 0.5-2.7 114 71 62 65 1.07 8
2013 8 21 2.6 2.1 0.5-2.6 114 72 63 71 1.24 9
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Appendix E: Internal Phosphorus Loading and
Sediment Phosphorus Fractionation Reports
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OBJECTIVES

The objectives of this investigation were to determine rates of phosphorus (P) release
from sediments under laboratory-controlled aerobic and anaerobic conditions and to
quantify biologically-labile (i.e., subject to recycling P fractions for sediments collected

from Peter Lake, Minnesota.
APPROACH

Sediment coring stations and gravity coring methodology. Sediment coring stations and
numbers of cores collected for analytical purposes are identified in Table 1. Duplicate
intact sediment cores were collected from two stations (North and South) in Peter Lake
for determination of rates of P release under aerobic and anaerobic conditions. The upper
10-cm layer was sectioned from an additional core to evaluate sediment physical-textural
and chemical characteristics. A gravity sediment coring device (Aquatic Research
Instruments, Hope ID) equipped with an acrylic core liner (6.5-cm ID and 50-cm length)
was used to collect sediment in October, 2016. The core liners, containing both sediment
and overlying water, were immediately sealed using rubber stoppers and stored in a
covered container in a cool location until analysis. Additional lake water was collected
for incubation with the collected sediment. Sediment cores were sectioned within 24
hours of collection. Fresh sediment sections were stored in heavy-duty quart freezer bags

and refrigerated until analysis.

Rates of phosphorus release from sediment. In the laboratory, sediment cores were
carefully drained of overlying water and the upper 10 cm of sediment transferred intact to
a smaller acrylic core liner (6.5-cm dia and 20-cm ht) using a core remover tool. Surface
water collected from the lake was filtered through a glass fiber filter (Gelman A-E), with
300 mL then siphoned onto the sediment contained in the small acrylic core liner without
causing sediment resuspension. Sediment incubation systems consisted of the upper 10-
cm of sediment and filtered overlying water contained in acrylic core liners that were

sealed with rubber stoppers. They were placed in a darkened environmental chamber and

199



incubated at a constant temperature (20 °C). The oxidation-reduction environment in the
overlying water was controlled by gently bubbling air (aerobic) or nitrogen (anaerobic)
through an air stone placed just above the sediment surface in each system. Bubbling
action insured complete mixing of the water column but did not disrupt the sediment.

Duplicate sediment incubation systems were prepared for each condition.

Water samples for soluble reactive P were collected from the center of each system
using an acid-washed syringe and filtered through a 0.45 pm membrane syringe filter
(Nalge). The water volume removed from each system during sampling was replaced by
addition of filtered lake water preadjusted to the proper oxidation-reduction condition.
These volumes were accurately measured for determination of dilution effects. Soluble
reactive P was measured colorimetrically using the ascorbic acid method (APHA 2005).
Rates of P release from the sediment (mg/m? d) were calculated as the linear change in
mass in the overlying water divided by time (days) and the area (m?) of the incubation
core liner. Regression analysis was used to estimate rates over the linear portion of the

data.

Sediment chemistry. A known volume of sediment was dried at 105 °C for determination
of moisture content, wet and dry bulk density, and burned at 500 °C for determination of
loss-on-ignition organic matter content (Avnimelech et al. 2001, Hakanson and Jansson
2002; Table 2). Phosphorus fractionation was conducted according to Hieltjes and
Lijklema (1980), Psenner and Puckso (1988), and Niirnberg (1988) for the determination
of ammonium-chloride-extractable P (loosely-bound P), bicarbonate-dithionite-
extractable P (i.e., iron-bound P), and sodium hydroxide-extractable P (i.e., aluminum-
bound P). A subsample of the sodium hydroxide extract was digested with potassium
persulfate to determine nonreactive sodium hydroxide-extractable P (Psenner and Puckso
1988). Labile organic P was calculated as the difference between reactive and
nonreactive sodium hydroxide-extractable P. Additional sediment was dried to a constant
weight, ground, and digested for analysis of total P using standard methods (Anderson

1976).
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The loosely-bound and iron-bound P fractions are readily mobilized at the sediment-
water interface as a result of anaerobic conditions that lead to desorption of P from
sediment and diffusion into the overlying water column (Mortimer 1971, Bostrém et al.
1982, Bostrom 1984, Niirnberg 1988; Table 3). The sum of the loosely-bound and iron-
bound P fraction represents redox-sensitive P (i.e., the P fraction that is active in P release
under anaerobic and reducing conditions; redox-P). In addition, labile organic P can be
converted to soluble P via bacterial mineralization (Jensen and Andersen 1992) or
hydrolysis of bacterial polyphosphates to soluble phosphate under anaerobic conditions
(Géchter et al. 1988, Gachter and Meyer 1993, Hupfer et al. 1995). The sum of redox-P
and labile organic P collectively represent biologically-labile P. This fraction is active in
recycling pathways that result in exchanges of phosphate from the sediment to the
overlying water column and potential assimilation by algae. In contrast, aluminum-bound

P is more chemically inert and subject to burial rather than recycling (Table 3).

RESULTS AND INTERPRETATION

Sediment phosphorus release rates. As with earlier studies, sediment was very flocculent
with the potential for becoming unconsolidated and separated during incubation,
necessitating placement of fiberglass screen material (i.e., window screen) inside the
acrylic tubes to hold the sediment in place. This phenomenon is not uncommon and may

be due to gas production in sediment during anaerobic metabolism.

Under anaerobic conditions, phosphorus mass and concentration increased linearly in
the overlying water column of duplicate sediment incubation systems (Figure 1). P
concentration increases were slightly higher for sediment cores collected at the south
station in Peter Lake. Mean SRP concentrations in the overlying water column at the end
of the incubation period were moderately high at 0.534 mg/L (+0.091 standard error; SE)
and 0.611 mg/L (£ 0.082 SE; Table 4). Overall, mean anaerobic P release rates were
moderately high and similar at both Peter Lake stations, ranging between 5.29 mg/m? d
and 6.37 mg/m? d for the north and south station, respectively (Table 4). These rates fell

near the median compared to other Minnesota lakes in the metropolitan region (Fig. 2).
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Not surprisingly, soluble phosphorus accumulation in the overlying water column was
lower under aerobic versus anaerobic conditions (Figure 3). However, both P mass and
concentration increased linearly over the 10-day incubation period. Mean P
concentrations at the end of the incubation period were relatively high at 0.129 mg/L (+
0.021 SE) and 0.122 mg/L (+ 0.032 SE; Table 4) for the north and south station
sediments, respectively, and could represent an important available P source for
assimilation by algae. The mean aerobic P release rate was also substantial at 1.25 to 1.44
mg/m? d (Table 4) and fell well above the upper 25% quartile compared to Minnesota
Lakes in the region (Fig. 2).

Sediment characteristics. Moisture contents were high, while wet and dry bulk densities
were very low, in 10-cm sections, indicating very flocculent, high porosity (i.e., volume

of interstitial spaces in the sediment column) sediment characteristics (Table 5). Organic
matter content was also moderately high at 24% and 29% for north and south station

sediments, respectively (Table 95).

Total P concentrations in the upper 10-cm sediment layer were relatively high at both
stations due to high concentrations of iron-bound P and aluminum-bound P (Table 6 and
7). The biologically-labile P fraction (i.e., sum of loosely-bound, iron-bound, and labile
organic P) was dominated by iron-bound P at ~ 72% (Table 6 and Fig. 4). In addition,
loosely-bound, iron-bound, labile organic, and aluminum-bound P concentrations fell
above the upper 25% quartile compared to other Minnesota Lakes in the metropolitan
region (Fig. 5). In particular, loosely-bound P, which reflects porewater P, was unusually
high relative to other Minnesota lakes at ~ 0.190 mg/g. [ron-bound P, which has been
empirically related to anaerobic P flux (Niirnberg 1988), was very high at ~ 1.41 to 1.99
mg/g. For Peter Lake, however, anaerobic P flux was low relative to iron-bound P. This
pattern may have been related to other factors such as potentially high aluminum (Al)
concentrations in the sediment. Although not measured for this study, high Al can play a
role in sequestering P under anaerobic conditions. Because aluminum-bound P was also

high in Peter Lake sediments, it follows that Al concentrations may also be high.
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Table 1. Station sediment sampling locations and numbers of
sediment cores collected for determination of rates of
phosphorus (P) flux under aerobic or anaerobic conditions and
biologically-labile P fractions.

Station location P Flux P fractions
Aerobic Anaerobic upper 10 cm
North 2 2 1
South 2 2 1
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Table 2. Sediment physical-textural characteristics and phosphorus
species variable list.

Category Variable

Physical-textural Moisture content

Wet and dry sediment bulk density

organic matter content

Phosphorus species Loosely-bound P

Iron-bound P

Labile organic P

Aluminum-bound P

Total P
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Table 3. Sediment sequential phosphorus (P) fractionation scheme, extractants used, and definitions of recycling potential.

Variable

Loosely-bound P

Iron-bound P

Labile organic P

Aluminum-bound P

Extractant

1 M Ammonium Chloride

0.11 M Sodium Bicarbonate-dithionate

Persulfate digestion of the NaOH extraction

0.1 N Sodium Hydroxide

Recycling Potential

Biologically Iabile; Soluble P in interstitial water and adsorbed to
CaCOg; Recycled via direct diffusion, eH and pH reactions, and
equilibrium processes

Biologically labile; P adsorbed to iron oxyhydroxides (Fe(OOH);
Recycled via eH and pH reactions and equilibrium processes

Biologically labile; Recycled via bacterial mineralization of organic
P and mobilization of polyphosphates stored in cells

Biologically refractory; Al-P minerals with a low solubility product
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Table 4. Mean (1 standard error in parentheses; n = 2) rates of phosphorus (P) release under
aerobic and anaerobic conditions and mean P concentration (n = 2) in the overlying water

column near the end of the incubation period for intact sediment cores collected in Peter Lake,
MN.

Sediment P release rate

Station Aerobic Anaerobic

(mg/m? d) (mg/L) (mg/m? d) (mg/L)

North 1.44 (0.16) 0.129 (0.021) 5.29 (1.22) 0.534 (0.091)

South 1.25 (0.35) 0.122 (0.032) 6.37 (0.74) 0.611 (0.082)
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Table 5. Textural characteristics in the upper sediment layer for sediment cores collected in
various lakes in Peter Lake, MN.

Moisture Content Wet Bulk Density Dry Bulk Density Organic Matter
Lake
(%) (g/cm®) (g/lcm®) (%)
North 93.8 1.030 0.064 24.0

South 94.9 1.023 0.053 29.1
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Anaerobic Conditions
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Figure 1. Changes in soluble reactive phosphorus mass (upper panels) and concentration (lower panels) in the overlying water
column under anaerobic conditions versus time for sediment cores collected from Peter Lake.

211



100

¥ __ _I_ ~ South
: ‘ Pl
- L ]
g ’\
— <
S North
NE 13
~ E
]3] _
g 0.1 —
(D) =
) ]
m -
m -
0.01
0.001

1 i

Oxic P Release Anoxic P Release

Redox condition

Figure 2. Box and whisker plot comparing the aerobic (i.e., oxic) and anaerobic (i.e., anoxic) phosphorus (P) release rate measured
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Aerobic Conditions
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Figure 3. Changes in soluble reactive phosphorus mass (upper panels) and concentration (lower panels) in the overlying water
column under aerobic conditions versus time for sediment cores collected from Peter Lake.
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OBJECTIVES

The objectives of these investigations were to examine rates of phosphorus (P) release,
sediment chemistry, and the aluminum sulfate dosage required to sequester mobile P
fractions in the upper sediment layer that are contributing to internal P loading in
Ardmore, Half Moon, and Spurzum Lake of the Pioneer Creek watershed, Hennepin
County, Minnesota . The specific outcomes and deliverables of this research were to,

1. determine rates of P release from intact sediment cores under laboratory-
controlled temperature and redox (i.e., aerobic and anaerobic) conditions,

2. examine spatial and vertical variations in biologically-labile (i.e., subject to
recycling via Eh, pH, and bacterially-mediated reactions in the sediment; loosely-
bound, iron-bound, and labile organic P) P fractions that are potentially active in
sediment internal P loading,

3. estimate aluminum sulfate (as aluminum; Al) dosage for binding redox-sensitive
P (i.e., the loosely-bound and iron-bound P fractions) in the upper sediment layer
of , and,

4. provide a cost estimate for Al treatment based on susceptible areas in these lakes.

APPROACH

Sediment coring stations and gravity coring methodology

Sediment coring stations and numbers of cores collected for analytical purposes are
identified in Table 1. Duplicate intact sediment cores were collected from one central
station in Ardmore and Half Moon Lake and from the east and west lobe of Spurzem
Lake for determination of rates of P release under aerobic and anaerobic conditions.
Additional sediment cores collected at these stations were sectioned vertically over the
upper 10-cm layer to evaluate variations in sediment physical-textural and chemical

characteristics for Al dosage estimation. Cores were sectioned at 1-cm intervals over the
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first 6 cm and at 2-cm intervals between 6 and 10 cm. Additional cores collected at these
same lake stations were also analyzed for mean sediment characteristics over the upper

10-cm layer.

A gravity sediment coring device (Aquatic Research Instruments, Hope ID) equipped
with an acrylic core liner (6.5-cm ID and 50-cm length) was used to collect sediment in
October, 2014. The core liners, containing both sediment and overlying water, were
immediately sealed using rubber stoppers and stored in a covered container in a cool
location until analysis. Additional lake water was collected for incubation with the
collected sediment. Sediment cores were sectioned within 24 hours of collection. Fresh
sediment sections were stored in heavy-duty quart freezer bags and refrigerated until
analysis.

Rates of phosphorus release from sediment

In the laboratory, sediment cores were carefully drained of overlying water and the
upper 10 cm of sediment transferred intact to a smaller acrylic core liner (6.5-cm dia and
20-cm ht) using a core remover tool. Surface water collected from each lake was filtered
through a glass fiber filter (Gelman A-E), with 300 mL then siphoned onto the sediment
contained in the small acrylic core liner without causing sediment resuspension. Sediment
incubation systems consisted of the upper 10-cm of sediment and filtered overlying water
contained in acrylic core liners that were sealed with rubber stoppers. They were placed
in a darkened environmental chamber and incubated at a constant temperature (20 °C).
The oxidation-reduction environment in the overlying water was controlled by gently
bubbling air (aerobic) or nitrogen (anaerobic) through an air stone placed just above the
sediment surface in each system. Bubbling action insured complete mixing of the water
column but did not disrupt the sediment. Duplicate sediment incubation systems were

prepared for each condition.

Water samples for soluble reactive P were collected from the center of each system

using an acid-washed syringe and filtered through a 0.45 pum membrane syringe filter
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(Nalge). The water volume removed from each system during sampling was replaced by
addition of filtered lake water preadjusted to the proper oxidation-reduction condition.
These volumes were accurately measured for determination of dilution effects. Soluble
reactive P was measured colorimetrically using the ascorbic acid method (APHA 2005).
Rates of P release from the sediment (mg/m? d) were calculated as the linear change in
mass in the overlying water divided by time (days) and the area (m?) of the incubation
core liner. Regression analysis was used to estimate rates over the linear portion of the
data.

Sediment chemistry

A known volume of sediment was dried at 105 °C for determination of moisture
content, wet and dry bulk density, and burned at 500 °C for determination of loss-on-
ignition organic matter content (Avnimelech et al. 2001, Hakanson and Jansson 2002;
Table 2). Phosphorus fractionation was conducted according to Hieltjes and Lijklema
(1980), Psenner and Puckso (1988), and Nirnberg (1988) for the determination of
ammonium-chloride-extractable P (loosely-bound P), bicarbonate-dithionite-extractable P
(i.e., iron-bound P), and sodium hydroxide-extractable P (i.e., aluminum-bound P). A
subsample of the sodium hydroxide extract was digested with potassium persulfate to
determine nonreactive sodium hydroxide-extractable P (Psenner and Puckso 1988).
Labile organic P was calculated as the difference between reactive and nonreactive
sodium hydroxide-extractable P. Additional sediment was dried to a constant weight,

ground, and digested for analysis of total P using standard methods (Anderson 1976).

The loosely-bound and iron-bound P fractions are readily mobilized at the sediment-
water interface as a result of anaerobic conditions that lead to desorption of P from
sediment and diffusion into the overlying water column (Mortimer 1971, Bostrém et al.
1982, Bostrom 1984, Nirnberg 1988; Table 3). The sum of the loosely-bound and iron-
bound P fraction represents redox-sensitive P (i.e., the P fraction that is active in P release
under anaerobic and reducing conditions; redox-P). In addition, labile organic P can be

converted to soluble P via bacterial mineralization (Jensen and Andersen 1992) or

219



hydrolysis of bacterial polyphosphates to soluble phosphate under anaerobic conditions
(Géchter et al. 1988, Gachter and Meyer 1993, Hupfer et al. 1995). The sum of redox-P
and labile organic P collectively represent biologically-labile P. This fraction is active in
recycling pathways that result in exchanges of phosphate from the sediment to the
overlying water column and potential assimilation by algae. In contrast, aluminum-bound

P is more chemically inert and subject to burial rather than recycling (Table 3).

Al dosage determination

Mixed sediment from the upper 10-cm section was subjected to a range of aluminum
sulfate (as Al) concentrations to determine the dosage required to inactivate the redox-P
fraction (Rydin and Welch 1999). Alum (as aluminum sulfate; Al2(SOs)s -18 H20) was
combined with 0.1 M sodium bicarbonate (NaHCO3) to a concentration of 0.7 g Al/L to
form an aluminum hydroxide (Al(OH)3) floc. Aliquots of this solution, diluted to a final
volume of 10 mL with distilled water, were added to centrifuge tubes containing the
equivalent of 0.025 g dry weight (DW) of fresh sediment to obtain Al concentrations
ranging from 0 (i.e., control) to ~ 50 mg Al/g DW sediment. The assay tubes were shaken
for a minimum of 2 hours at 20 °C in a darkened environmental chamber, centrifuged at
500 g to concentrate the sediment, and decanted for redox-P determination (see Sediment

chemistry above).

Al dosage was estimated as the concentration (g/m?) required to bind at least 90% of
the redox-P. The dry mass concentration of redox-P (mg/g) was converted to an areal
concentration (g/m2) as,

Redox-P (g/m?) = Redox-P (mg/g) - p (g/cm®) - 6 - h (m) - 1,000,000 (cm3/m?3) - 0.001 (g/mg) 1)
where, p is sediment bulk density (g/cm?), € is the percentage of sediment solids (100 —

percent moisture content; dimensionless), and h is sediment thickness (m). The Al

concentration (g/m?) was estimated as,
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Al (g/m?) = Redox-P (g/m?) - Al:Pgow 2)

where, Al:Pgoy is the binding ratio required to adsorb at least 90% of the redox-P in the

sediment.

Maximum allowable Al dosage based on alkalinity and pH

Addition of aluminum sulfate to a lake leads to hydrolysis and the liberation of
hydrogen ions which lowers the pH of the water column. Since Al toxicity to the biota
can occur if the pH falls below ~4, maintaining a pH > 6.0 as a margin of safety should
also be considered in dose determination (Cooke et al. 2005). For situations where
alkalinity is low or the required dosage exceeds the maximum allowable dosage to
maintain pH > 6.0, a buffered aluminum sulfate-sodium aluminate treatment will be
needed to maintain pH near neutrality. Surface water collected from each lake was
analyzed for total alkalinity and pH according to APHA (2005). A titration procedure was
used to determine the maximum allowable dosage of aluminum sulfate that can be added
and yet maintain pH above 6.0 (Cooke et al. 2005). A 1.25 g Al/L solution of Al2(SO4)3
-18 H20 was used as the titrant: 1.0 mL additions to 500 mL of lake water were each
equivalent to 2.5 mg Al/L. Lake water was titrated with the Al solution until an endpoint
of pH 6 was reached. The total volume (mL) of Al solution needed to titrate lake water to
pH 6 was multiplied by 2.5 mg Al/L to estimate the maximum allowable concentration.
This calculation was then compared with estimates based on sediment redox-P to ensure
that the latter was at or below the maximum allowable dosage. Caution needs to be used
because a vertical alkalinity and pH profile over the entire vertical water column needs to

be estimated in order to more accurately evaluate the maximum allowable dosage.
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RESULTS AND INTERPRETATION

Sediment phosphorus release rates

Sediment cores collected from all lakes were very flocculent. In addition, sediment
collected from Ardmore Lake contained benthic algae at the sediment-water interface
(Figure 1). Sediment material in Spurzem Lake incubation systems became
unconsolidated and portions floated into the overlying water column, necessitating
restarting the incubation process after placement of fiberglass screen material (i.e.,
window screen) inside the acrylic tubes to hold the sediment in place. This phenomenon
is not uncommon and may be due to gas production in sediment during anaerobic

metabolism.

Under anaerobic conditions, phosphorus mass and concentration increased rapidly and
linearly in the overlying water column of duplicate sediment incubation systems (Figure
2). Mean SRP concentrations in the overlying water column at the end of the incubation
period were high at 2.329 mg/L (+0.125 standard error; SE), 0.684 mg/L (+0.137 SE),
1.585 mg/L (£0.266 SE), and 0.670 mg/L (x0.237 SE) for Ardmore, Half Moon, and
Spurzem Lake stations 1 and 2, respectively (Table 4).

Overall, mean anaerobic P release rates were relatively high for lake sediments in the
Pioneer Creek watershed (Table 4). The mean rate was greatest for Ardmore Lake
sediment at 21.3 mg/m? d (+2.3 SE; Figure 3). Sediment cores collected from Spurzem 1
also exhibited a very high anaerobic P release rate of 19.1 mg/m? d (+3.0 SE). Half Moon
Lake and Spurzem 2 sediments exhibited lower rates compared to the other stations
(Figure 3). Nevertheless, these ranges reflected rates measured in eutrophic to
hypereutrophic lake systems (Nurnberg 1988). When compared to linear regression
relationships developed between iron-bound P or redox-P versus the anaerobic P release
rate, Pioneer Creek watershed lakes either fell within or above the overall range of values

(Figure 4; Nurnberg 1988), suggesting that iron-phosphorus chemistry was playing a role
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in anaerobic P release. Ardmore lake sediments were an exception to this general pattern;
the anaerobic P release rate was much higher relative to the iron-bound P concentration.
This discrepancy may have reflected additional P solubilization or leaching from benthic
algal mats that might have decomposed during anaerobic incubation in a dark

environment.

Soluble phosphorus accumulation in the overlying water column was lower under
aerobic versus anaerobic conditions for all lake stations (Figure 2). However, significant
P increases were observed over the course of the incubation period, suggest a strong
potential for internal P loading contributions from sediments under aerobic conditions. P
concentrations at the end of the incubation period were relatively high at 0.185 mg/L to
0.332 mg/L (Table 4). Mean rates of P release under aerobic conditions were also
substantial, ranging between 1.4 mg/m? d for sediment cores collected from Spurzem 2
and 4.2 to 5.7 mg/m? d for Ardmore, Half Moon, and Spurzem 1 sediment (Table 4).
These aerobic P release rate ranges were moderately high and could represent an
important available P source for assimilation by algae. However, mechanisms explaining
these patterns are not exactly known. Diffusive flux out of aerobic sediment could be
occurring as a result of a low sediment Fe:P ratio (i.e., insufficient iron oxyhydroxide to
bind P; Jensen et al. 1992). Some breakdown and leaching of soluble P from
decomposing benthic algal mats in the incubation systems may also be occurring.

Sediment characteristics

Moisture contents were high, while wet and dry bulk densities low, in 10-cm sections,
indicating very flocculent, high porosity (i.e., volume of interstitial spaces in the sediment
column) sediment characteristics (Table 5 and Figure 5). In particular, moisture content
exceeded ~95% for Half Moon and Spurzem 2 sediment sections. Organic matter
contents were high, ranging between 21% and 54% (Table 5 and Figure 5).

Vertical patterns in sediment physical-textural characteristics indicated that moisture

content was greater than or equal to 95% in the upper 5 cm to 6 cm of Ardmore, Half
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Moon, and Spurzem 1 sediment (Figure 6), suggesting the potential for an Al floc to sink
into the surface sediments to sequester P. Although moisture content was slightly lower
in Spurzem 2 sediments, values exceeded 93% over the upper 6 cm. Moisture content
declined, while wet and dry bulk density increased, at deeper depths in the sediment due
to probable compaction. Organic matter content was relatively uniform with sediment

depth for all lake sediments (Figure 6).

For all lake stations, total P concentrations in the upper 10-cm sediment layer were
relatively high (Table 6 and Figure 7). Redox-P (i.e., the sum of the loosely-bound and
iron-bound P fractions) accounted for 27% to 49%, while biologically-labile P (i.e., the
sum of redox-P and labile organic P fractions) represented 63% to greater than 75% of
this total P (Table 6 and Figure 7). Thus, much of the total P was composed of forms that
could be recycled to the overlying water column. Iron-bound P accounted for greater than
90% of the redox-P and concentrations were greatest in Half Moon and Spurzem 1
sediments (Table 7 and Figure 7). In particular, the iron-bound P concentration was
unusually high at ~1.60 mg/g in Spurzem 1 sediments. Loosely-bound P concentrations
were low relative to other biologically-labile P fractions. This fraction reflects P in the
porewater and P that is loosely-adsorbed onto calcium carbonates and is typically the
lowest in concentration compared to the other P fractions. Notably, however, loosely-
bound P concentrations were highest in Spurzem 1 sediments at 0.13 mg/g (Table 7). In
general, redox-P, composed primarily of the iron-bound fraction, represented ~ 53%
(range = 43% to 64%), and labile organic P accounted for ~ 47% (range = 36% to 58%),

of the biologically-labile P in the upper 10-cm sediment layer.

Vertically in the sediment column, P fractions were approximately homogeneous with
sediment depth for Ardmore and Spurzem 1 (Figure 8). In Half Moon Lake sediments,
iron-bound P concentrations exhibited a peak in the upper 1-cm section, declined to
uniform concentrations between 2 and 5 cm, and increased again at the 7-cm depth
(Figure 8). In contrast, iron-bound P concentrations were very high, exceeding 2 mg/g, in
the upper 3-cm layer of east basin sediments collected in Spurzem Lake (Figure 8).

Concentrations declined below this depth but were high compared to iron-bound P
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concentrations in the other lakes. Although much lower in concentration compared to
iron-bound P, labile organic P exhibited a similar peak in the upper sediment of Spurzem

1 sediments.

Aluminum sulfate dosage and cost

For sediment assay tubes subjected to a range of Al concentrations, the redox-P
concentration declined exponentially as a function of increasing Al concentration, due to
binding onto the AI(OH)s floc (Figure 9). Exposure to relatively low concentrations of Al
(~ < 10 mg/g sediment dry mass) usually resulted in binding of greater than 50% of the
redox-P. However, much more Al was needed to bind and sequester at least 90% or more
of the redox- P because other constituents in the sediment (organic compounds and other
anions) were also competing with PO.* for the same binding sites. The measured Al:Pggs
binding ratio (i.e., parts of Al required to bind one part of redox-sensitive P) ranged
between 18:1 and 65:1 and fell within ranges measured for lake sediment in the regional
area (Figure 10).

The Al dosage required to sequester redox-P for various sediment thicknesses is
shown in Table 8. The redox-P concentration in Table 8 represents the sediment depth-
integrated average for each sediment layer. These averages were relatively constant for
Ardmore, Half Moon, and Spurzem 2 sediments because redox-P concentrations were
uniform over the 10-cm sediment column. For Spurzem 1 sediments, the depth-
integrated average redox-P concentration declined with increasing layer thickness,
reflecting the vertical trend in redox-P. The Al:Pgoy ratio was estimated for each depth-
integrated redox P average using the regression relationships shown in Figure 10 to

account for vertical variations in the redox-P concentration.

Al dosage can be based on sequestration of excess redox-P in the surface sediments.
Sediments in eutrophic lakes often exhibit a distinct peak in redox-P concentration near
the surface and lower, more uniform, concentrations deeper in the sediment column. This

vertical pattern has been attributed to accumulation of redox-P in excess of diagenesis
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and burial (Carey and Rydin 2011, Rydin et al. 2011, Malmaeus et al. 2012). Since this
excess redox-P layer drives internal P loading, it should be targeted for inactivation by
Al. However, a distinct peak in excess redox-P was only observed in the Spurzem 1
sediment core; other lake sediments did not exhibit this vertical pattern. Since the excess
redox-P layer was ~ 6 to 8-cm thick in the Spurzem 1 sediment core, this thickness range
might be considered for all lakes. Because sediment wet and dry bulk densities are very
low in the upper 8 cm layer, the formed Al floc will have a higher probability of rapidly
sinking through these porous layers to scavenge redox-P. Al dosages needed to scavenge
redox-P in the upper 8-cm were 105 g/m? for Ardmore, 86 g/m? for Half Moon, 130 g/m?

for the west basin and 95 g/m? for the east basin of Spurzem Lake (Table 8).

Recent lake Al dosage estimates have ranged between ~ 95 g Al/m? and ~145 g Al/m?
(Table 9). These more recent Al dosage ranges are generally higher compared to
historical ranges (Huser 2012) because they were targeted toward inactivation of the
excess P pool in the sediment. The proposed Al dosages to treat the upper 8-cm sediment
layer of each lake in the present study generally fell within these recent ranges.

Treatment areas in each lake were based on the extent of summer hypolimnetic anoxia
and basin slope. Hypolimnetic anoxia occurred between early May and late October,
2014, and extended to the 2-m depth (i.e., within the lower metalimnion) in Ardmore
Lake (Figure 11). Because the littoral slope was relatively steep between the 6 ft and ~ 15
ft contours (Figure 12), the Al floc would be susceptible to sediment focusing and
transport to the deep basin. Sediments in this region are probably characteristic of those
found in lake erosional zones; course-grained, nutrient-poor, and exhibiting much lower
anaerobic P release rates than sediments located in the deeper accumulation zone. Basin
slope tends to lessen at depths greater than 15 ft, at least in the northern portion of the
lake. Based on these observations, sediments located at depths greater than 4 m were
considered for Al treatment in Ardmore Lake (Table 11). Similarly, hypolimnetic anoxia
was established between mid-May and early November, 2014, and extended to ~ the 3-m
depth in Half Moon Lake (Figure 13). Half Moon Lake has three distinct basins

containing sediment exposed to summer anoxic conditions that should be treated with Al
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(Figure 14). The 5-m contour (i.e., 16 ft) was chosen for Al treatment in this lake to
inactivate sediment P in each sub-basin. Finally, hypolimnetic anoxic conditions occurred
between mid-May and later September, 2014, in Spurzem Lake (Figure 15). Anoxia
extended to the 4-m depth between June and August. Al application that included the
steep slope between the 20- and 30-ft contours in the west basin would likely result in
transport to depth greater than 30 ft (Figure 16). Thus, application should be confined to
the 7-m contour (~ 23 to 25 ft) in this region of the lake. For the east basin, treatment
should be confined to the 4-m contour (~ 15-16 ft).

Al dosage and cost scenarios for each lake are shown in Table 10. Total cost,
including a generic setup fee of $7,000 (i.e., costs associated with travel and per diem to
the site, transport of alum, application and boat operation) varied between ~ $20,000 for
Ardmore Lake, $34,900 for Half Moon Lake, and and $52,100 for Spurzem Lake.
Treatment of the west and east basins of Spurzem Lake cost $25,700 and $26,400,

respectively.

Total alkalinities at the time of sediment core sampling were moderately high at ~130
to 140 mg CaCOs/L (Ardmore = 138 mg/L, Half Moon = 127 mg/L, Spurzem = 130
mg/L), suggesting sufficient buffering capacity for regulating pH during alum
application. Al binding of P is most efficient within a pH range of 6 to 8. As pH declines
below 6, Al becomes increasingly soluble (as AI**) and toxic to biota. The maximum
allowable Al dosage that could be applied and yet maintain pH at or above 6, determined
via jar tests (Cooke et al. 2005), was high at 19 to 21 mg Al/L (Table 11). While actual
Al dosage was below the maximum allowable dose for Half Moon and the west basin of
Spurzem Lake, it slightly exceeded the maximum allowable dose for Ardmore Lake and
the east basin of Spurzem Lake. However, potential pH issues can be avoided with
multiple, lower Al dose applications (see below). Cooke et al. (2005) reported that
treatment longevity (i.e., years of successful P control) generally coincided with Al
dosages greater than ~ 12 to 18 g/m? for stratified lakes (range = 11.7 to 30 g/m?; Table
11).
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The objective of an alum application is to have the AI(OH)s floc sink through the
upper 8-cm sediment layer and bind the redox-sensitive P that is contributing to internal P
loading and algal bloom development. In order to meet these objectives, the Al floc
needs to be denser than the upper sediment layer and sink through that layer relatively
quickly (i.e., within 3 months or less). Recent research has suggested that Al(OH)3
binding efficiency for P decreases significantly (i.e., > 75% decrease) if it has not been
exposed to and reacted with sediment redox-sensitive P within 90 days, due to changes in
crystalline structure in the absence of adsorbed P (de Vicente et al. 2008a). Furthermore,
as binding sites on the AI(OH)3 floc become saturated with redox-sensitive P, additional
P diffusing into the alum layer from deeper sediments over time can become re-adsorbed
to Fe~(OOH) (i.e., redox-sensitive P; Lewandowski et al. 2003), eventually diffuse out of
the sediment under anaerobic and reducing conditions, and again become an important

internal P loading source years after alum treatment.

One current unknown is the exact AI(OH)s floc density after application, reaction with
water, and deposition to the sediment. However, preliminary indications are that Al floc
density is very low during the first 6 to 12 months after application (W.F. James, personal
observation). Thus, surface sediment wet bulk density should ideally be very low and
moisture content high, on the order of 95% or greater, in order to promote sinking and
exposure of the Al floc to redox-sensitive P. Since Ardmore, Half Moon, and Spurzem
sediments exhibited very high moisture contents and low wet bulk densities, the Al floc

should sink through and react with redox-P in the upper sediment layers.

To date, there is no universally accepted and proven alum application strategy to
maximize P binding effectiveness and longevity. Although there have been instances of
multiple applications over a period of years (Lewandowski et al. 2003), generally, lake Al
treatments in the upper midwestern United States have been one-time applications. In
addition to the density and sinking concerns identified above, input of new sediment from
the watershed can accrete over the AI(OH)s floc over time, reducing treatment
effectiveness and longevity (Lewandowski et al. 2003, Cooke et al. 2005). As mentioned

earlier, upward diffusion of P through the alum layer from deeper sediments can
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eventually lead to P flux into the overlying water column, depending on the extent of
binding site saturation by P on the Al(OH)z floc. Although the Al(OH)s floc continues to
adsorb P for years (Lewandowski et al. 2003), its P binding efficiency apparently
decreases over time (de Vicente et al. 2008a). If the AI(OH)s floc does not entirely sink
through the excess P layer and, instead, stabilizes on top of sediments with high redox-
sensitive P concentration, upward P diffusion from deeper sediment layers could
eventually overwhelm the capacity of the AI(OH)s floc to bind this additional sediment P
source. De Vicente et al. (2008b) suggested that smaller doses spread out over several
years might maintain higher P binding efficiencies. More research is clearly needed to
develop effective application strategies to maximize internal P loading reduction and

extend Al treatment success and longevity.

Finally, Al dosage and treatment areas were assessed to control P release from anaerobic
profundal sediments in each lake. Possible aerobic and anaerobic P release from shallow
sediments might be considered before decisions are made to treat the lakes. Shallow
sediments may be a factor in the P budget of each lake if they are fine-grained, soft muds
with high moisture content. At a minimum, littoral sediment samples could be analyzed
for basic physical-textural characteristics and redox-P as a screening assessment of the

potential for P contributions to the epilimnion of each lake.
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Table 1. Lake and station sediment sampling locations and numbers of sediment cores collected for
determination of rates of phosphorus (P) flux under aerobic or anaerobic conditions, biologically-labile P
fractions (see Table 2), and aluminum sulfate (Al) dosage.

Lake Station location P Flux P fractions Al dosage
Aerobic Anaerobic upper 10 cm Vertical
profiles
Ardmore Central 2 2 1 1 1
Half Moon East 2 2 1 1 1
Spurzem 1 West 2 2 1 1 1
Spurzem 2 East 2 2 1 1 1
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Table 2. Sediment physical-textural characteristics, phosphorus species,
and metals variable list.

Category Variable

Physical-textural Moisture content

Wet and dry sediment bulk density

organic matter content

Phosphorus species Loosely-bound P

Iron-bound P

Labile organic P

Aluminum-bound P

Total P
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Table 3. Sediment sequential phosphorus (P) fractionation scheme, extractants used, and definitions of recycling potential.

Variable

Extractant

Recycling Potential

Loosely-bound P

Iron-bound P

Labile organic P

Aluminum-bound P

1 M Ammonium Chloride

0.11 M Sodium Bicarbonate-dithionate

Persulfate digestion of the NaOH extraction

0.1 N Sodium Hydroxide

Biologically labile; Soluble P in interstitial water and adsorbed to
CaCOs; Recycled via direct diffusion, eH and pH reactions, and
equilibrium processes

Biologically labile; P adsorbed to iron oxyhydroxides (Fe(OOH);
Recycled via eH and pH reactions and equilibrium processes

Biologically labile; Recycled via bacterial mineralization of organic
P and mobilization of polyphosphates stored in cells

Biologically refractory; Al-P minerals with a low solubility product
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Table 4. Mean (1 standard error in parentheses; n = 2) rates of phosphorus (P) release under
aerobic and anaerobic conditions and mean P concentration (n = 2) in the overlying water
column near the end of the incubation period for intact sediment cores collected in various
lakes in the Pioneer Creek Watershed area.

Sediment P release rate

Lake Aerobic Anaerobic
(mg/m? d) (mg/L) (mg/m? d) (mg/L)
Ardmore 4.37 (1.83) 0.332 (0.079) 21.3 (2.3) 2.329 (0.125)
Half Moon 5.68 (0.45) 0.185 (0.033) 9.5 (1.4) 0.684 (0.137)
Spurzem 1 4.22 (2.93) 0.276 (0.048) 19.1 (3.0) 1.585 (0.266)
Spurzem 2 1.37 (0.08) 0.241 (0.001) 6.0 (3.5) 0.670 (0.237)
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Table 5. Textural characteristics in the upper sediment layer for sediment cores collected in
various lakes in the Pioneer Creek Watershed area.

Moisture Content

Wet Bulk Density

Dry Bulk Density

Organic Matter

Lake
(%) (g/em?) (g/cm?) (%)
Ardmore 93.5 1.028 0.068 31.4
Half Moon 96.1 1.011 0.040 54.4
Spurzem 1 94.8 1.018 0.054 44.2
Spurzem 2 93.4 1.021 0.069 48.8
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Table 6. Concentrations of sediment total phosphorus (P), redox-sensitive P (Redox P; the sum of the loosely-
bound and iron-bound P fraction) and biologically-labile P (Bio-labile P; the sum of redox-P and labile organic P),
in the upper 10-cm sediment layer for various lakes in the Pioneer Creek Watershed area. DW = dry mass.

Total P Redox P Bio-labile P
Lake
(mg/g DW) (mg/g DW) (% total P) (mg/g DW) (% total P)
Ardmore 1.341 0.487 36.3% 0.941 70.2%
Half Moon 2.074 0.818 39.4% 1.542 74.4%
Spurzem 1 3.262 1.598 49.0% 2.509 76.9%
Spurzem 2 1.280 0.346 27.0% 0.814 63.6%

Table 7. Concentrations of biologically labile and refractory P in the upper 10-cm sediment layer for various lakes
in the Pioneer Creek Watershed area. DW = dry mass, FW = fresh mass.

Lake Loosely-bound P Iron-bound P Iron-bound P Labile organic P Aluminum-bound P
(mg/g DW) (mg/g DW) (ug/g FW) (mg/g DW) (mg/g DW)
Ardmore 0.023 0.464 30 0.454 0.144
Half Moon 0.043 0.775 30 0.724 0.226
Spurzem 1 0.130 1.468 77 0.911 0.445
Spurzem 2 0.032 0.314 21 0.468 0.102
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Table 8. Mean redox-sensitive phosphorus (P), the estimated aluminum:phosphorus (Al:P) binding ratio, and the areal Al dosage estimate versus sediment thickness for various lakes in
the Pioneer Creek watershed area.

Ardmore Half Moon Spurzem 1 Spurzem 2
Sediment Redox-P  Estimated Al dose |[Sediment Redox-P Estimated Al dose [Sediment Redox-P Estimated Al dose [Sediment Redox-P Estimated Al dose
thickness Al:P ratio® thickness Al:P ratio® thickness Al:P ratio* thickness Al:P ratio*
(cm) (mg/g) (@/m® (cm) (mg/g) (@/m?) (cm) (mglg) (@/m?) (cm) (mg/g) (@/m?)
2 0.404 53.6 20 2 0.382 55.6 17 2 2.428 17.5 32 2 0.245 73.5 22
4 0.427 51.9 46 4 0.307 63.7 36 4 1.958 20.0 68 4 0.235 75.3 44
6 0.463 49.3 73 6 0.315 62.8 57 6 1.480 23.8 97 6 0.223 77.8 68
8 0.452 50.0 105 8 0.388 55.0 86 8 1.236 26.6 130 8 0.210 80.8 95
10 0.424 52.1 148 10 0.378 55.9 113 10 1.229 26.8 168 10 0.206 81.8 125

!Based on regression relationships shown in Figure 10
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Table 9. Recent alum (as Al) dosages for various lakes.

Lake Al Dose Reference
(gAIm?)
Ardmore! 105 Present study
Half Moon* 86
Spurzem?* 95 to 130
Bald Eagle, MN 100 (unpubl. data)
Black Hawk, MN 145 (unpubl. data)
Tiefwarensee, Germany 137 Wauer et al. (2009)
East Alaska, WI 132 Hoyman (2012)
Half Moon, W12 115 James (2011)
Susser See, Germany 100 Lewandowski et al. (2003)
Green, WA 94 Dugopolski et al. (2008)

'Over the upper 8-cm sediment layer

2West and east arm dosages were 150 and 75 g/m?, respectively
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Table 10. Approximate cost scenario to treat the upper 8-cm sediment layer in each lake with

aluminum sulfate.

Variable Ardmore  Half Moon Spurzem
West basin East basin Total
Treatment area (acres) 4.37 11.44 6.02 8.52 13.37
Treatment depth (m) 4 5 7 4 6
Treatment depth (ft) 13 16 23 13 20
Al dosage (g/m?) 105 86 130 95 95 to 130
Alum ($) $13,000 $27,859 $22,173 $22,925 $45,098
Setup ($) $7,000 $7,000 $3,500 $3,500 $7,000
r r
Total ($) $20,000 $34,859 $25,673 $26,425 $52,098
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Table 11. A comparison of the maximum allowable Al dose, based on a titration assay and nomograph estimate presented in
(Cooke et al. 2005) and the the areal sediment redox-P based Al dosage conwerted to a concentration. Al dosages and
longevity for other unstratified and stratified lakes are from Cooke et al (2005). Numbers on parentheses denote percent

reductions in lake total phosphorus. Longevity = as of publication of Cooke et al. (2005).

Lake Al Dose Obsened Longevity
(g AlIm®) (vears)
Ardmore Maximum allowable 20
Actual 23
Half Moon Maximum allowable 19
Actual 15
Spurzem west basin Maximum allowable 21
Actual 17
Spurzem east basin Maximum allowable 21
Actual 21
Unstratified lakes Long Kitsap County 5.5 11(30%)
Pickerel 7.3 <1
Long Thurston County North 7.7 >8 (56%)
Pattison North 7.7 7 (29%)
Wapato 7.8 <1
Erie 10.9 >8 (75%)
Campbell 10.9 >8 (46%)
Stratified lakes Eau Galle 4.5 <2
Morey 11.7 8 (60%)
Cochnewagon 18 6 (not reported)
Dollar 20.9 18 (68%)
Annabessacook 25 13 (41%)
West Twin 26 18 (66%)
Irondoquoit Bay 28.7 5 (24%)
Kezar 30 9 (37%)

242




Figure 1. Ardmore Lake sediment incubation system.
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Figure 2. Changes in soluble reactive phosphorus mass and concentration in the
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conditions versus time for sediment cores collected from lakes in the Pioneer Creek
watershed.
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Figure 6. Vertical variations in moisture content, wet and dry bulk density, and organic
matter content for sediment cores collected from lakes in the Pioneer Creek watershed.
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or adsorbed to the aluminum (Al) floc (lower panel) as a function of increasing Al
concentration for Half Moon Lake sediment assays.
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Figure 11. Seasonal and vertical variations in temperature (upper panel) and dissolved
oxygen (lower panel) in Ardmore Lake during the summer of 2014. The white contour in
the lower panel denotes the extent of hypolimnetic anoxia (DO < 1 mg/L). The

transparent blue horizontal bar represents the proposed depth contour for alum
treatment.
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Figure 12. Bathymetry of Ardmore Lake.
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Figure 13. Seasonal and vertical variations in temperature (upper panel) and dissolved
oxygen (lower panel) in Half Moon Lake during the summer of 2014. The white contour
area in the lower panel denotes the extent of hypolimnetic anoxia (DO < 1 mg/L). The

transparent blue horizontal bar represents the proposed depth contour for alum
treatment.

255



Depth (meters)

[Joo0-113
[ 114 -193
“"\_ contour_Stt I 194 -268
B 269 -3.59
il :s-453

Bl s -547
il ss-633
Bl c-717
Il 7 -807
I s 0s-922

Half Moon Lake
Bathymetry H

Water Resources Department A

Qreated by: Brian Mach
Msp Created: 02/10/2014

Figure 14. Bathymetry of Half Moon Lake.
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Figure 15. Seasonal and vertical variations in temperature (upper panel) and dissolved
oxygen (lower panel) in Spurzem Lake during the summer of 2014. The white contour
area in the lower panel denotes the extent of hypolimnetic anoxia (DO < 1 mg/L). The

transparent blue horizontal bar represents the proposed depth contour for alum
treatment.
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Figure 16. Bathymetry of Spurzem Lake.
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OBJECTIVES

The objectives of this investigation were to determine rates of phosphorus (P) release
from sediments under laboratory-controlled aerobic and anaerobic conditions and to
quantify biologically-labile (i.e., subject to recycling P fractions for sediments collected

from Whaletail Lake, Minnesota.

APPROACH

Sediment coring stations and gravity coring methodology. Sediment coring stations and
numbers of cores collected for analytical purposes are identified in Table 1. Duplicate
intact sediment cores were collected from three stations in Whaletail Lake for
determination of rates of P release under aerobic and anaerobic conditions (Figure 1).
The upper 10-cm layer was sectioned from an additional core to evaluate sediment
physical-textural and chemical characteristics. A gravity sediment coring device (Aquatic
Research Instruments, Hope ID) equipped with an acrylic core liner (6.5-cm ID and 50-
cm length) was used to collect sediment in October, 2014. The core liners, containing
both sediment and overlying water, were immediately sealed using rubber stoppers and
stored in a covered container in a cool location until analysis. Additional lake water was
collected for incubation with the collected sediment. Sediment cores were sectioned
within 24 hours of collection. Fresh sediment sections were stored in heavy-duty quart

freezer bags and refrigerated until analysis.

Rates of phosphorus release from sediment. In the laboratory, sediment cores were
carefully drained of overlying water and the upper 10 cm of sediment transferred intact to
a smaller acrylic core liner (6.5-cm dia and 20-cm ht) using a core remover tool. Surface
water collected from the lake was filtered through a glass fiber filter (Gelman A-E), with
300 mL then siphoned onto the sediment contained in the small acrylic core liner without
causing sediment resuspension. Sediment incubation systems consisted of the upper 10-
cm of sediment and filtered overlying water contained in acrylic core liners that were

sealed with rubber stoppers. They were placed in a darkened environmental chamber and
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incubated at a constant temperature (20 °C). The oxidation-reduction environment in the
overlying water was controlled by gently bubbling air (aerobic) or nitrogen (anaerobic)
through an air stone placed just above the sediment surface in each system. Bubbling
action insured complete mixing of the water column but did not disrupt the sediment.

Duplicate sediment incubation systems were prepared for each condition.

Water samples for soluble reactive P were collected from the center of each system
using an acid-washed syringe and filtered through a 0.45 pm membrane syringe filter
(Nalge). The water volume removed from each system during sampling was replaced by
addition of filtered lake water preadjusted to the proper oxidation-reduction condition.
These volumes were accurately measured for determination of dilution effects. Soluble
reactive P was measured colorimetrically using the ascorbic acid method (APHA 2005).
Rates of P release from the sediment (mg/m? d) were calculated as the linear change in
mass in the overlying water divided by time (days) and the area (m?) of the incubation
core liner. Regression analysis was used to estimate rates over the linear portion of the
data.

Sediment chemistry. A known volume of sediment was dried at 105 °C for determination
of moisture content, wet and dry bulk density, and burned at 500 °C for determination of
loss-on-ignition organic matter content (Avnimelech et al. 2001, Hakanson and Jansson
2002; Table 2). Phosphorus fractionation was conducted according to Hieltjes and
Lijklema (1980), Psenner and Puckso (1988), and Niirnberg (1988) for the determination
of ammonium-chloride-extractable P (loosely-bound P), bicarbonate-dithionite-
extractable P (i.e., iron-bound P), and sodium hydroxide-extractable P (i.e., aluminum-
bound P). A subsample of the sodium hydroxide extract was digested with potassium
persulfate to determine nonreactive sodium hydroxide-extractable P (Psenner and Puckso
1988). Labile organic P was calculated as the difference between reactive and
nonreactive sodium hydroxide-extractable P. Additional sediment was dried to a constant
weight, ground, and digested for analysis of total P using standard methods (Anderson
1976).
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The loosely-bound and iron-bound P fractions are readily mobilized at the sediment-
water interface as a result of anaerobic conditions that lead to desorption of P from
sediment and diffusion into the overlying water column (Mortimer 1971, Bostrém et al.
1982, Bostrom 1984, Nirnberg 1988; Table 3). The sum of the loosely-bound and iron-
bound P fraction represents redox-sensitive P (i.e., the P fraction that is active in P release
under anaerobic and reducing conditions; redox-P). In addition, labile organic P can be
converted to soluble P via bacterial mineralization (Jensen and Andersen 1992) or
hydrolysis of bacterial polyphosphates to soluble phosphate under anaerobic conditions
(Géchter et al. 1988, Gachter and Meyer 1993, Hupfer et al. 1995). The sum of redox-P
and labile organic P collectively represent biologically-labile P. This fraction is active in
recycling pathways that result in exchanges of phosphate from the sediment to the
overlying water column and potential assimilation by algae. In contrast, aluminum-bound

P is more chemically inert and subject to burial rather than recycling (Table 3).

RESULTS AND INTERPRETATION

Sediment phosphorus release rates. Sediment contained in some of the incubation
systems (primarily WTL-N2 and WTL-S) became unconsolidated and portions floated
into the overlying water column, necessitating restarting the incubation process after
placement of fiberglass screen material (i.e., window screen) inside the acrylic tubes to
hold the sediment in place. This phenomenon is not uncommon and may be due to gas

production in sediment during anaerobic metabolism.

Under anaerobic conditions, phosphorus mass and concentration increased linearly in
the overlying water column of duplicate sediment incubation systems (Figure 2). P
concentration increases were greatest in WTL-S sediment incubation systems and much
more moderate in the WTL-N1 and WTL-N2 systems. Mean SRP concentrations in the
overlying water column at the end of the incubation period were high in WTL-S at 0.684
mg/L (£0.007 standard error; SE; Table 4). In contrast, mean final SRP concentrations
were low in WTL-N1 and WTL-N2 systems at only 0.037 mg/L (£0.037 SE) and 0.026
mg/L (£0.026 SE), respectively (Table 4). High variability in the means of these latter
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systems resulted from overlying water column P accumulation in one of the duplicates
and negligible to undetectable P accumulation in the other duplicate (Figure 2). Overall,
mean anaerobic P release rates were greatest for WTL-S sediments and minor for
sediments located in the north basin of the lake (Table 4).

Soluble phosphorus accumulation in the overlying water column was lower under
aerobic versus anaerobic conditions (Figure 2). Significant P increases occurred in the
overlying water column of WTL-S, compared to only minor to negligible increases in
north basin sediment incubation systems. Mean P concentrations at the end of the
incubation period were relatively high for WTL-S at 0.052 mg/L (£ 0.023 SE; Table 4),
and could represent an important available P source for assimilation by algae. The mean
aerobic P release rate was also substantial for WTL-S at 1.0 mg/m? d (Table 4).
Sediments collected from WTL-N1 exhibited a very moderate to low mean P
concentration at the end of the incubation period (0.024 mg/L + 0.007 SE) and a
moderate aerobic P release rate of 0.37 mg/m? d (x0.05 SE). Although generally low, this
mean aerobic P release rate was equivalent to the mean anaerobic P release rate for WTL-
N1 sediment. By comparison, the mean aerobic P release rate was essentially
undetectable for WTL-N2 sediments.

Sediment characteristics. Moisture contents were high, while wet and dry bulk densities
were very low, in 10-cm sections, indicating very flocculent, high porosity (i.e., volume
of interstitial spaces in the sediment column) sediment characteristics (Table 5). In
particular, wet bulk densities for sediments located in the north basin approached 1.0
g/cm? in conjunction with very high organic matter contents ranging between 69% and
77%. Organic matter content was also relatively high in WTL-S sediments at ~40%
(Table 5).

Total P concentrations in the upper 10-cm sediment layer were moderate to
moderately high (Table 6). WTL-S sediments exhibited the greatest total P concentration
at 1.9 mg/g. For north basin sediments, total P ranged between 0.98 mg/g and 1.23 mg/g.

Redox-P (i.e., the sum of the loosely-bound and iron-bound P fractions) accounted for a
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relatively small fraction of the sediment total P in north basin sediments at 11% to 14%,
reflecting low anaerobic P release rates measured at these stations. Redox-P accounted
for much more of the total P in WTL-S sediments at 37%. Biologically-labile P (i.e., the
sum of redox-P and labile organic P fractions) represented 52% to 66% of the total P
(Table 6). Labile organic P accounted for 44% to nearly 80% of the biologically-labile P.
In particular, it was the overwhelmingly dominant P fraction in north basin sediments,
again coinciding with very high organic matter content. Iron-bound P concentrations
were relatively low in the north basin, representing only ~ 15% of the biologically-labile
P pool (Table 7). The iron-bound P concentration was much higher in south basin

sediment (Table 7), coinciding with a high anaerobic P release rate (Table 4).

Summary. Internal P loading potential under both aerobic and anaerobic conditions was
greatest for the south basin of the lake. Results further suggested that internal P loading
contributions by north basin sediments were probably negligible. These patterns were
consistent with north-south basin differences in the sediment P pools. South basin
sediments exhibited much higher concentrations of total P, loosely-bound P, and iron-
bound P, reflecting higher laboratory-measured P release rates. In contrast, iron-bound P
and redox-P concentrations were very low in north basin sediments and biologically-
labile P was dominated by organic P fractions. This pattern coincided with very high
organic matter content in the north basin sediments, as it accounted for 70% to 77% of
the sediment composition. Laboratory-derived aerobic and anaerobic P release rates were
very low in the north basin of the lake, reflecting low redox-P and sediment composed

primarily of organic matter.
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Table 1. Station sediment sampling locations and numbers of
sediment cores collected for determination of rates of
phosphorus (P) flux under aerobic or anaerobic conditions and
biologically-labile P fractions (see Table 2).

Station location P Flux P fractions
Aerobic Anaerobic upper 10 cm
North basin 1 (WTL-N1) 2 2 1
North basin 2 (WTL-N2) 2 2 1
South basin (WTL-S) 2 2 1
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Table 2. Sediment physical-textural characteristics, phosphorus species,
and metals variable list.

Category Variable

Physical-textural Moisture content

Wet and dry sediment bulk density

organic matter content

Phosphorus species Loosely-bound P

Iron-bound P

Labile organic P

Aluminum-bound P

Total P
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Table 3. Sediment sequential phosphorus (P) fractionation scheme, extractants used, and definitions of recycling potential.

Variable

Extractant

Recycling Potential

Loosely-bound P

Iron-bound P

Labile organic P

Aluminum-bound P

1 M Ammonium Chloride

0.11 M Sodium Bicarbonate-dithionate

Persulfate digestion of the NaOH extraction

0.1 N Sodium Hydroxide

Biologically labile; Soluble P in interstitial water and adsorbed to
CaCOs; Recycled via direct diffusion, eH and pH reactions, and
equilibrium processes

Biologically labile; P adsorbed to iron oxyhydroxides (Fe(OOH);
Recycled via eH and pH reactions and equilibrium processes

Biologically labile; Recycled via bacterial mineralization of organic
P and mobilization of polyphosphates stored in cells

Biologically refractory; Al-P minerals with a low solubility product
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Table 4. Mean (1 standard error in parentheses; n = 2) rates of phosphorus (P) release under
aerobic and anaerobic conditions and mean P concentration (n = 2) in the overlying water
column near the end of the incubation period for intact sediment cores collected from various
stations in Whaletail Lake.

Sediment P release rate
Station Aerobic Anaerobic
(mg/m? d) (mglL) (mg/m? d) (mglL)
Whaletail North 1 0.37 (0.05) 0.024 (0.007) 0.29 (0.29) 0.037 (0.037)
Whaletail North 2 0.03 (0.01) < 0.005 0.23 (0.26) 0.026 (0.026)
Whaletail South 1.00 (0.01) 0.052 (0.023) 5.0 (0.1) 0.684 (0.007)
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Table 5. Textural characteristics in the upper sediment layer for sediment cores collected from
various stations in Whaletail Lake.

Moisture Content Wet Bulk Density Dry Bulk Density Organic Matter
Station
(%) (@/cm®) (g/cm®) (%)
Whaletail North 1 94.8 1.007 0.053 77.1
Whaletail North 2 96.4 1.007 0.037 69.1
Whaletail South 94.9 1.019 0.053 39.6
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Table 6. Concentrations of sediment total phosphorus (P), redox-sensitive P (Redox P; the sum of the loosely-
bound and iron-bound P fraction) and biologically-labile P (Bio-labile P; the sum of redox-P and labile organic P),
in the upper 10-cm sediment layer from various stations in Whaletail Lake. DW = dry mass.

Total P Redox P Bio-labile P
Lake
(mg/g DW) (mg/g DW) (% total P) (mg/g DW) (% total P)
Whaletail North 1 0.977 0.105 10.8% 0.510 52.2%
Whaletail North 2 1.232 0.168 13.6% 0.744 60.4%
Whaletail South 1.929 0.708 36.7% 1.272 66.0%

Table 7. Concentrations of biologically labile and refractory P in the upper 10-cm sediment layer for sediment
cores collected from various stations in Whaletail Lake. DW = dry mass, FW = fresh mass.

Lake Loosely-bound P Iron-bound P Iron-bound P Labile organic P Aluminum-bound P
(mg/g DW) (mg/g DW) (ug/g FW) (mg/g DW) (mg/g DW)
Whaletail North 1 0.026 0.079 4 0.405 0.092
Whaletail North 2 0.046 0.122 4 0.576 0.132
Whaletail South 0.105 0.603 31 0.564 0.170
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Whaletail North 2
Whaletail North 1

Whaletail South

Figure 1. Sediment sampling station locations in Whaletail Lake.
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Figure 2. Changes in soluble reactive phosphorus mass and concentration in the
overlying water column under anaerobic (upper panels) and aerobic (lower panels)
conditions versus time for sediment cores collected from Whaletail Lake.
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Appendix F: Pioneer-Sarah Creek Watershed TMDL Implementation Cost

Estimate

Project Element Description

Average Unit Cost Range

Total Cost Range

10 small urban stormwater retro-fit projects!

$30,000 - $60,000/project

$300,000 - $600,000

10 wetland restoration projects?

$40,000 - $80,000/project

$400,000 - $800,000

6 livestock feedlot/pastureimprovement projects?

$25,000-$50,000/project

$150,000 - $300,000

3,500 feetof row crop field buffers?

$10-$20/foot

$35,000 - $70,000

50 development reviews for compliance w/ PSCWMC standards?

$200-$400/review

$10,000 - $20,000

Curly-leaf pondweed control in lakes (3 lakes/160ac. for 7 years)?

$200-$300/ac/yr

$224,000 - $336,000

Immobilization of phosphorus release from enriched lake sediments
(5lakes/270 ac.)?

$2,000-$3,000/ac

$540,000 - $810,000

3 Common carp assessmentand removal projects

$50,000 - $100,000/ effort

$150,000 - $300,000

20 septicsystem upgrades?

$4,000 - $8,000/system

$80,000 - $160,000

Urban/rural-agricultural education efforts (20years)?

$10,000-$20,000/year

$200,000 - $400,000

Sub-total

$2,089,000 - $3,796,000

20% contingency

$417,800 - $759,200

TOTAL $2,506,800 - $4,555,200
! Appliesto permitted sources
2 Appliesto non-permitted source

3 Appliestoboth permitted and non-permitted sources
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