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Executive Summary

L ake Pepin was assessed for “nutrient impairment” as a part of the 2002 303(d) assessment. Since
numeric lake eutrophication criteria were not available at that time, ecoregion-based numeric
trandators were used to interpret the narrative standards that referred to excess algal growth and
associated impairment. Lake Pepin was assessed based on the following data collected between June
through September from 1991-2000: total phosphorus (TP) =198 (+4) ug/L (n=160), chlorophyll-a
(Chl-a) = 25 (+1) pug/L (n=158), and Secchi= 1.0 (£0.3) m (n= 240). Since there were no specific
translators for the ecoregion where L ake Pepin was located (Driftless Areq), tranglators from the
adjacent two ecoregions that comprise much of Pepin’s watershed were used in the assessment. Based
on the assessment Lake Pepin’s TP was well above the North Central Hardwoods Forest (CHF) and
Western Corn Belt Plains (WCP) thresholds, while chlorophyll-a and Secchi exceeded CHF
thresholds. As aresult, Pepin was placed on Minnesota s 2002 303(d) list. Though Lake Pepinisa
natura lake, its characteristics are reservoir-like and as such, it is presumed to require site-specific
criteria, as noted in guidance.

A central task of the Lake Pepin Total Maximum Daily Load (TMDL) is development of site-specific
criteriafor chlorophyll a (Chl-a), transparency and phosphorus concentration that provides adequate
protection of aguatic recreational use. Thistask has evolved over time as more knowledge has been
gained on Lake Pepin and its interrel ationship with upstream navigation pools and the major
tributaries that drive the overall system. Recognizing the complexities and linkages of Pepin, upstream
navigational pools and mgjor tributaries the Lake Pepin TMDL Science Advisory Panel (SAP)
recommended that MPCA develop eutrophication standards for Lake Pepin and Pools1-8. The SAP
further acknowledged that these waterbodies differ sufficiently from typical lakes and riversto
warrant site specific standards. They recommended that Lake Pepin eutrophication standards should
be integrated into the statewide river eutrophication criteria development. A detailed analysis of river
and navigational pool datawas conducted in support of this request (Heiskary and Wasley 2010b) and
that effort complements and builds on analysis presented in this current report, which will focus on
Lake Pepin. Likewise, detailed analysis, conducted as a part of the South Metro Mississippi turbidity
TMDL (which includes upper Lake Pepin), demonstrated that suspended sediment is a primary limiter
of Secchi transparency in Pepin and that TM DL was selected as the primary basis for addressing
Secchi transparency.

The recently promulgated |ake eutrophication standards allow for the devel opment of site specific
criteriafor reservoirs as noted in Minnesota Rules Chapter 7050 (2008)
(https:.//www.revisor.leg.state.mn.us/rules/21d=7050.0222 ). Minnesota' s “Lake Nutrient TMDL
Protocols and Submittal Requirements’ (MPCA 2007) provides a framework for establishing a site-
specific water quality standard and pertinent information that should be considered (e.g. pp 79-83;
http://www.pca.state.mn.us/publications/wg-iw1-10.pdf ).

This current report was prepared in support of the development of site-specific eutrophication criteria
for Lake Pepin. The report includes:

e Basic background information on Lake Pepin and previous efforts to establish goals for the
lake;

e Anup-to-date analysis of datafor the lake, which focuses on the 22 years of data (1985-2006)
used in the development of the Upper Mississippi River-Lake Pepin (UMR-LP) model and
recent data that has been collected by the Long Term Resource Monitoring Program
(LTRMP) for the period 2006-2009;


https://www.revisor.leg.state.mn.us/rules/?id=7050.0222
http://www.pca.state.mn.us/publications/wq-iw1-10.pdf

e Analysisof datafrom recent low-average flow years to further describe relationships between
the Mississippi River and upper and lower segments of Lake Pepin;

e Review of model predictions for various years and reduction scenarios that contribute to
criteria development; and

e Summary of proposed site specific criteriafor Lake Pepin.

This report and two reports that describe criteria setting for the navigation pools and major river
inflows to the Mississippi river above Lake Pepin (Heiskary and Wasley 2010) and statewide river
eutrophication criteria development (Heiskary et al. 2010) provide the technical basis for Lake Pepin’s
site specific criteria. Based on all three reports TP and Chl-a criteria of 100 pg/L and 28 pg/L,
respectively, are proposed for Lake Pepin. These criteria provide protection of aquatic recreational
uses for Lake Pepin and the downstream pools and should be applicable over the range of flows for
which the criteria were devel oped.

The Lake Pepin criterianeed to be considered in a Mississippi River context in the following manner:
it isthrough phosphorus and chlorophyll reductions upstream of Lake Pepin, in specific watersheds
(Lower Minnesota River, Crow River, Sauk, etc) that the Lake Pepin criteriaare most likely to be
achieved. The proposed Lake Pepin criteria should not be used in isolation to imply that P reductions
anywhere upstream of the lake will have the desired impact. The main biological activity affecting

L ake Pepin trophic status is not taking place in the lake, but upstream of it. In particular, reductions
upstream of the MCES' s WWTPs will be needed to achieve the desired standards. The Lake Pepin
criteriaare not stand-alone goals to be pursued in isolation. Rather, they belong to a set of goals
(criteria) for the Mississippi River system, which, if pursued systematically in unison, will achieve the
desired results.



Background

Lake Pepin is a natural lake on the Mississippi River. The lake formed about 10,000 years ago behind
an alluvial fan of the Chippewa River, which dammed the Mississippi after outflow from Glacia Lake
Agassiz was diverted northward and ceased to scour sediments deposited by the Mississippi’s
tributaries (Wright et al. 1998). It has a surface area of about 40 square miles and a mean depth of 18
feet (Table 1). Pepinis characterized by two somewhat distinct segments (Figure 1). The upper
(inflow) segment accounts for about 40% of the lake by area (~10,700 acres) but only about 28% by
volume because it is very shallow (mean depth ~12 feet) and is more “river-like” in nature. The lower
segment is somewhat deeper (mean depth ~22 feet) and accounts for about 72% of the lake by volume
and is more “lake-like” as compared to the upper segment.

Lake Pepin’s watershed is about 48,634 square miles and includes the Upper Mississippi, St. Croix
and Minnesota Rivers and drains about 48 percent of Minnesota and a portion of Wisconsin (Figure
3a). Thisresultsin awatershed-to-lake ratio of about 1,225:1. This large watershed area promotes
short water residence times that range from six to 47 days, with an average of 16 days. Because of its
shallowness, residence time in the upper segment is very short, often less than 2-3 days, which limits
its ability to process (sediment) phosphorus from the river.

The ecoregion reference lakes provide a basis for placing Lake Pepin’s morphometric and watershed
characterigtics in perspective (Table 1). With a surface area of amost 40 mi“ it is over 40 times larger
than the typical lake in the CHF and WCP ecoregions and is over twice as large as the largest
reference lake (16 mi?). Lake Pepin’s mean and maximum depth are similar to the typical range for
the CHF lakes but because of its large surface area, its volume is much greater. The most significant
factor that differentiatesit from the reference lakes is its huge watershed and subsequently large
watershed-to-lake ratio (Table 1), which is much larger than the mean and maximum watershed-to-
lake ratios for all reference lakes (8:1 and 56:1 respectively; Heiskary and Wilson 2008). Pepin’s
large watershed: |ake ratio resultsin extremely short water residence times (measured in days) as
compared to the reference lakes (and other glacia lakesin Minnesota), which are measured in years.
Extremely large watershed: lake ratios and short water residence time result in high water and nutrient
loading rates, rapid flushing, and reduced sedimentation — all of which influence algal growth and the
processing of phosphorus.

Thereatively large surface area, fetch, and moderate depth of Pepin (Table 1) often prevent
stratification throughout the summer. High flows in May and June effectively “flush out” any cool
water in the hypolimnion that could allow for stronger stratification. For example, a series of dissolved
oxygen and temperature profilesin summers 1990 and 1991 indicated no distinct thermal stratification
and minimal difference in surface and bottom water temperature on all monitoring dates (Heiskary
and Vavricka 1993). The net result of the limited to ephemeral stratification of Pepin is a deeper
mixed layer, which suppresses algal growth. Thus Pepin mixes like a shallow lake yet has the depth of
what we consider adeep lake. Thisis another reason that Pepin requires a site specific standard.

L ake Pepin’ s watershed drains from several ecoregions (Figure 2b). Water quantity and quality vary
among these regions (Table 2). Thisindicates that a single ecoregion cannot be used to characterize
Lake Pepin or its watershed, since the water it receivesis essentially a“blending” of water from these
very diverse watersheds.



Figure 1. Lake Pepin map. Upper and lower segments and LTRMP sites noted.
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Figure 2. Lake Pepin watershed: percent composition by a) basin and b) ecoregion.
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Table 1. Lake Pepin morphometric and watershed characteristics as compared to interquartile range
for CHF (n=38) & WCP (n=12) ecoregion reference lakes.

Parameter Pepin CHF (25™-75") WCP (25"-75")
Surface area (mi®) 39.7 0.62-1.38 0.43-0.59
Mean depth (ft) 17.7 21-26 8-11
Maximum depth (ft) 56 43-73 10-27
Mixing depth (ft) ~8-9
Maximum width (mi) 1-2 -- --
Maximum fetch (mi) ~11.8 -- --
Length (mi) 20.8 -- --
Volume (acre-ft) 448,340 49,027 — 142,090 7,547 — 22,152
Watershed Area (mi?) 48,634 4-12 2-3
Watershed: lake surface area 1,225:1 6-9 4 -7
Mean Hydraulic Retention Time 0.04 year 9.3 years 4.8 years
(16 days) (mean) (mean)
(Heiskary & (Heiskary & Wilson

Vavricka 1993) 2008)

Table 2. Lake Pepin watershed ecoregion composition. Estimated areal composition, flow
contribution, and 25" percentile stream TP based on typical, minimally-impacted streams for each
ecoregion (streams without major upstream point sources; McCollor and Heiskary, 1993). Estimated
“modern-day background” TP for Lake Pepin based on simplified ecoregion area and flow-based
estimates.

Region Area % Flow % TP area- flow-
ug/L based based

NLF 31% 42% 30 9 13
CHF 32% 38% 70 22 27
WCP 22% 16% 210 46 34
NGP 13% 4% 160 21 6
Mean 99 79

There have been several efforts to develop site specific goals for Lake Pepin (e.g. Heiskary and
Walker 1995) as a part of along-term effort to address eutrophication concernsin Lake Pepin and to
provide targets for modeling. Central to these efforts was characterizing the relative role of nutrients,
water residence time, and elevated turbidity upon chlorophyll-a production and transparency. A
chlorophyll-a summer mean goal of 30 pg/L was proposed in the mid-1990s by the Phosphorus
Cooperators Group as part of an extensive interagency collaborative effort to address eutrophication
concernsin Lake Pepin (Heiskary 1993 and Metropolitan Council 2002). The summer-mean goa was
designed to minimize the frequency of “nuisance algal conditions (>40 ug/L)” and “severe nuisance
algal conditions (>60 ug/L)” in Lake Pepin. Because water residence time partially controls the
production of algal biomass and composition in Lake Pepin, it was also important to associate the
chlorophyll-a goa with a particular flow range (Heiskary and Walker 1995). A summer-mean flow of
4,578 cfs corresponding to the 120-day, 50 year low flow was recommended as the lower flow limit
and aflow of 20,000 cfs as the upper flow limit for applying the goal. A summer-mean flow of 20,000
cfs provides aresidence time of about 11 days that is within the 8-14 days, which is often cited as the
minimum needed to allow for full algal response to nutrientsin lakes. At shorter water residence
times, phytoplankton is removed from the system before a standing crop reaches the level determined
by the concentration of the limiting nutrient (Pridmore and McBride 1984). Based on flow records
compiled since 1928, flows below 4,578 cfs have less than a two percent frequency of occurrence. A
compilation of the various work conducted by the Phosphorus Cooperators Group may be found in
Metropolitan Council (2002).



Empirical Data Analysis
Flow and Water Residence Time

Because of its large watershed to surface arearatio (Table 1) water loading is high relative to the
volume of the lake resulting in very short water residence time (T,,; Figure 3a). Based on long-term
flow records a flow duration curve can be created that describes the frequency of specific flow
intervals (Figure 3b). A summary of specific flow intervals and the percent of time these flows are
exceeded based on data from the long-term (80-year; 1928-2007) record and the recent (30-year;
1978-2007) record is presented in Table 4a. Flow duration interval (inverse of percent exceedance)
and residence time can be combined to describe the percent of time Lake Pepin is more “river-like”
than “lake-like” (Figure 4). Based on Figure 4 Pepinis “lake-like” about 25% of the summers of
record and “river-like” about 40% of the summers, with the in-between summers best described as
“reservoir-like.” Summer 2006, arelatively low flow summer, corresponds to ~75" 9% flow duration
interval (implies 75% of summers have a shorter residence time) based on the long-term record and
~90™ percentile (~1-in-ten-year low flow summer) based on the recent record.

Water residence time isaprimary basis for differentiating rivers from reservoirs (MPCA 2007). This
is generally assessed based on the one-in-ten-year low flow summer of record; however neither
MPCA guidance nor rule language specifies the actual length of record that should be used. In most
instances, the entire period of record is used to determine if the water body of concern has the required
14-day residencetime. In thisinstance, Lake Pepin isalake regardless of the period of record that is
considered; however the period of record isimportant for defining the range of flows over which the
lake exhibits “lake or reservoir-like” characteristics (Figure 4) and the flow that defines one-in-ten
year low flow. Both of these factors are important in developing the TMDL. For the Lake Pepin
nutrient-impairment TMDL there are valid arguments for using either period of record. For example,
the recent record ignores the “history” in the long-term record and potentially embodies a smaller
range in flows. However the following suggests that the recent record may be a more appropriate one
for developing the TMDL.:
1. Therecent 30-year record isroutinely used by climatologists to represent “ current average.”
2. Thereisadistinct indication that there has been a step change in river flowsin recent
decades both in Minnesota and elsewhere in the U.S. (McCabe and Wolock, 2002). For the
Lake Pepin TMDL the most pronounced change is increased spring/early summer (May-
July) flows in the Minnesota River, which have increased the rel ative flow contribution of
the Minnesota River during low flow summers (Table 4b).
3. Severe drought years that were common in the 1930’ s occurred only once in the recent 30-
year period (i.e. 1988).
4. The recent record is more sensitive to climate shifts that may occur (as compared to the long-
term record).
5. NPDES permits for nutrients increasingly focus on the recent record.

Table 3. Summer-mean flow statistics based on long-term (80-year) and recent (30-year) record
(based on USGS June-Sept. readings at Prescott). Most recent year in that flow range noted.

Percent exceedance 95" 90" 75" 50" 25" 10"
Long (1928-2007) 5,296 7,610 10,600 17,595 24,700 31,109
Example year 1932 1961 2006 1967 1997 1984
Recent (1978-2007) 9,330 10,145 16,411 22,358 25,886 31,374
Example year 1989 2006 1982 1994 1995 1984




Table 4. Comparison of 10" percentile flows based on continuous 72-year (1936-2007) and 30-year
(1978-2007) records for three primary tributaries to Pepin.

River 30-year 72-year
Upper Mississippi 4,499 3,688
St. Croix 2,174 2,149
Minnesota 3,236 1,033

Figure 3. Lake Pepin a) residence time and b) flow duration as a function of flow at Prescott.
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Figure 4. Lake Pepin water residence time as a function of flow duration frequency based on total
record (1928-2007). Recent 30-year record noted.
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Tota phosphorus, chlorophyll-aand Secchi: trends and interrel ationships

Modern-day water quality data sets for Lake Pepin date back to the mid 1970s based on data collected
by Metropolitan Council Environmental Services (MCES), Long Term Resource Monitoring Program
(LTRMP iscollected by MDNR at Lake City) and MPCA. Since the mid 1990s L TRMP has been the
principal source of datafor the lake. These three sources of data, as collected from1985-2005, were
used in the development and testing of the UMR-LP model and are used here for purposes of
describing long-term trends in TP, chl-a, and Secchi, interrelationships of these variables, and
relationship to flow. In addition, recent 2006-2009 L TRMP data were used to extend this record. For
this portion of our empirical analysis we will focus on temporal and flow-related trends and variability
in TP, soluble reactive phosphorus (SRP), chlorophyll-a, turbidity and Secchi based on whole lake
summer-mean data.

The summers of 1985-2009 included among the wettest summer of record (1993) and driest summer
of record (1988; Figures 5a, b). The overall summer-mean flow for this 25-year period was 21,749 cfs
and thereis aweak trend toward declining flows for this timeframe (Figure 5a). The transition from
river-like to reservoir-like conditions is near 20,000 cfs, which has a recurrence frequency of 40%
based on the recent 30-year record (Figure 5b). There are several recent summers at or below 20,000
cfs: 1998, 2000, and 2006-2009 (Figure 5a) that will be the focus of more detailed analysis later in this
report.
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Figure 5. Summer-mean flow at Prescott for 1985-2009. Flow duration frequency based on 30-year
record (1978-2007). Summer-mean flow <~20,000 cfs yields Tw of 10-11 days or more.

a.

Summer-mean TP averaged 0.178 mg/L over this 25-year period and a subtle declinein TP is evident
in recent years (Figure 6a). TP ranged from 0.150-0.250 mg/L in the mid 1980s-early 1990’s; whereas
recent measures (2003-2009, excluding 2007) are about 0.150-0.160 mg/L in most summers. Thisis
most likely areflection of TP reductions at the MCES Metro WWTF and a few other facilities that
have reduced TP loading in recent years. In addition declinesin TSS and TP have been observed in
the Minnesota River in this past decade. Improvement in land use practices and/or less precipitation
may be driving this trend.

TP exhibits avery slight relationship with flow (Figure 6b); however thisis confounded to some

degree because of recent temporal declines (Figure 6a) and previous analysis have indicated no
relationship between TP and flow.
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Figure 6. Lake Pepin summer-mean total phosphorus by a) year and b) relative to flow.
a.

L ake Pepin soluble reactive P (SRP; also referred to as dissolved ortho-P or DOP) and the SRP: TP
ratio averaged .075 mg/L and 0.42 respectively over the 25-year timeframe (Figure 7a). A declinein
SRP is evident with values in the mid 1980s-1990' s ranging from about 0.060-0.120 mg/L, whereas
recent SRP is about 0.040-0.060 mg/L (Figure 7a). SRP: TP ratios were typically in the 0.40-0.50
range throughout the 1980s-1990s, while more recent ratios are about 0.30. Thisis afurther reflection
of upstream point source reductions. SRP does not appear to be related to flow (Figure 7b).
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Figure 7. Lake Pepin summer-mean soluble reactive phosphorus (SRP) by a) year and b) flow.
a.

Long-term mean chlorophyll-a (Chl-a) is 24 pug/L, with no trend over time (Figure 8a). Summer-mean
Chl-aranges from about 10 ug/L in 1993 and 1999 to about 45 ug/L in 1988, 2005 and 2006. Chl-ais
highly related to flow (Figure 8b). At flows <20,000-25,000 cfs Chl-ais generally >20 ug/L ; whereas
at flows above this range Chl-aremains <20 ug/L. With the exception of 2005 summer-mean Chl-a
did not exceed 30 ug/L when flow was >20,000 cfs (Figure 8b).

Suspended solids (TSS), comprised of inorganic matter (~soil particles) and various volatile (organic)
components (VSS), such as algae and incompletely dissolved plant matter (e.g. grass, leaves, etc.)
serveto limit light and has a direct influence on Secchi transparency and algal productivity. Megard
(2000 and 2006) has addressed the role of TSS and dissolved organic carbon (DOC) asit limits light
and algal productivity in the Mississippi River and Lake Pepin.

Turbidity, a measure of light scattering from these constituents, is highly correlated with TSS and isa
commonly used measure for estimating the amount of suspended matter and DOC in water. Turbidity
averaged 15.0 NTU, ranged from alow of 5.0 NTU (1988, low flow) to 25.0 NTU (1993, high flow)
and did not exhibit atrend over time for this period of record (Figure 9a). Turbidity in Lake Pepinis
positively correlated with flow (Figure 9b), which is the inverse of the Chl-aand flow relationship
(Figure 8b). At flows <20,000 cfs turbidity remains at or below 15.0 NTU. On alake-wide basis
turbidity remained <25 NTU (statewide standard) over this period of record. Flow (via effect of
residence time and turbulence) and turbidity (vialight limitation) have a direct impact on algal
productivity in Lake Pepin and its tributaries and thisimpact is most pronounced at flows above
~20,000-25,000 cfs (Figure 8b).
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Figure 8. Lake Pepin summer-mean chlorophyll-a by a) year and b) flow.

a.

Secchi transparency has been fairly stable and typically ranges between 0.65-0.80 m as alake-wide
summer-mean (Figure 10a). Thisrange in transparency is not significantly different from that
measured by Galtshoff in the early 1920’s, when mid-summer transparency averaged 0.64 (£0.5) min
late August and early September 1921 (Megard, 2000). Lake-wide Secchi is highly correlated with
flow (Figure 10b). The highest Secchi values are generally found at flows <20,000 cfs and lake-wide
means range from 0.75-0.90 m; whereas at flows>20,000 cfs Secchi typically ranges from 0.65-0.80
m. The lowest Secchi for this period of record occurred during the high flow summer of 1993. Based
on Figures 8b, 9b, and 10b, on alake-wide basis, Secchi is strongly controlled by suspended inorganic
and DOC during average to high flow conditions. However, the relative role and relationship of these
factors (algae, TSS, and turbidity) varies spatially in Lake Pepin as demonstrated in subsequent
analyses.
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Figure 9. Lake Pepin summer-mean turbidity by a) year and b) flow.

a.

Figure 10. Lake Pepin summer-mean Secchi transparency by: a) year and b) flow.

a.
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Spatial patterns: Mississippi River, Upper and Lower Lake Pepin

While we have emphasized trends based on lake-wide means, there are distinct patternsin the trophic
status variables between the upper and lower segment of Lake Pepin and these patterns are generally
more pronounced in low to average flow years (e.g. Heiskary and Vavricka, 1993). Over the recent
10-11 years there have been several summers with flows at or below the 20,000 cfs threshold (1998,
2000, 2006, 2007, 2008 and 2009; Figure 53). LTRMP data for these summers are useful for
describing changesin phosphorus, chlorophyll-a, and Secchi among the inflow (Mississippi River at
RM 786) and upper, lower and outlet of Lake Pepin (Figures 11a-d).

Figure 11. Summer-mean water quality data for recent low flow summers based on LTRMP fixed site
data for inlet (RM 781), upper Lake Pepin (RM 775), lower Lake Pepin (RM 771) and Lake Pepin outlet
(RM 766).

a.
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TP concentrations show minimal change from the inflow to the outlet of Lake Pepin, even though
Pepin is quite efficient at sedimenting soil and algal particles (Figure 11a). The minimal changein TP
longitudinally is the net result of the sedimentation of particulate P and internal recycling, which
resultsinincreased SRP (Figure 11b). As previoudly noted, SRP in recent years is much lower than
earlier years (1998), with the exception of 2007. Chlorophyll-ais quite similar between RM 781 and
the shallow upper segment of Lake Pepin, which implies that much of the algae (chlorophyll-a)
measured in upper Pepin is areflection of algae transported in from Pool 3. Any increasesin
chlorophyll-ain upper Pepin can be attributed to increased light (Figure 11d) as the water spreads
across the upper segment (in contrast to being confined in channel). Chlorophyll-a declines as water
passes through the deeper, lower segment. A deeper mixed layer, increased sedimentation, and light
limitation all contribute to this decline, with depth being the most important factor in the lower
segment. Chlorophyll-a declines further as waters reach the outlet of the lake. Secchi transparency
increases markedly from the river through the lake (Figure 11d). Physical sedimentation of soil and
algae isthe principal mechanism for thisincrease.

L ake Pepin produces less chlorophyll-a per unit TP as compared to typical glacial lakesin Minnesota
(Figure 12). Pepin’s extremely short water residence time (Table 1), deeper mixed layer, and high
turbidity, as compared to the reference lakes, are primary reasons. A regression equation developed
for medium to large rivers (based on datafrom 1999 and 2000), as described in Heiskary and Markus
(2001) actually provides a better fit for the Lake Pepin data; however even that regression exhibits
higher chlorophyll-a per unit TP as compared to observed data for most Lake Pepin summer-means.
Paired TP and Chl-a data from recent low-average flow (<20,000 cfs) summer, where TP is on the
order of 150-160 ug/L, shift closer to the river regression and in some summers fall among the
reference lake data (Figure 12). It should be noted there is no significant relationship between TP and
Chl-a over the range of reported data for Lake Pepin (Figure 12); however recent TP measures are
beginning to approach levels that can lead to P limitation (Heiskary and Wasley 2010).

Figure 12. Total phosphorus vs. chlorophyll-a regressions for lakes and rivers as compared to Lake
Pepin UMR-LP & LTRMP data (1985-2009). Lake regression as noted in Heiskary and Wilson (2008)
and river regression based on 1999 and 2000 river data in Heiskary and Markus (2001).

Alga composition and user perception
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Lake user perception is strongly influenced by the magnitude or intensity of algal blooms (as
measured by chlorophyll-a) and algal forms that comprise the blooms. Blue-green blooms, which are
common in eutrophic glacial 1akes throughout Minnesota, evoke strong negative responses from lake
users. In contrast, diatoms, a dominant algal form in rivers (Heiskary and Markus 2001) and in Lake
Pepin (Figure 13), limit transparency but often will not evoke strong negative responses relative to the
‘physical appearance” or “recreational suitability.” User perception data collected by volunteersin a
MCES and Boundary Area Commission-sponsored effort from 1994-1998 (Force and Macheth, 2002)
and data from 1990 and 1991 provide some insights on lake user responses for Lake Pepin (Heiskary
and Walker 1995).

Figure 13. Summer average algal composition for: a) upper and b) lower Lake Pepin. Reflects
available data used to calibrate RCS model. Flow duration percentile noted.
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Based on the 1994-1998 data, when river flows were in the 18,000-26,000 cfs (T,,=9-12 days) range,
volunteers generally rated algal levels as moderate (2.7 on ascale of 1[“crystal clear”] - 5 [“severely
high algal levels’]) for the upper lake and slightly less (2.3) in the lower lake (Force and Macheth,
2002). These observations corresponded to chlorophyll-a <30 pg/L (upper) and <23 pg/L (lower).
Mean physical condition and recreational suitability ratings peaked at chlorophyll-a of 50-55 pg/L
(Force and Macheth, 2002) and provide context for defining a* severe nuisance” bloom for Lake
Pepin. Algal composition data for these summers (Figure 15) indicated diatoms were dominant most
summers, which is not surprising given the large influx of diatoms from the river and short water
residence time in Pepin. Blue-greens were more prominent in the lower segment of the lake; however
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chlorophyll-a concentrations were lower in that segment as well, which likely contributed to the
perception of “lower” algal levelsin the lower segment of Pepin.

Lake Pepin goal setting efforts in the early 1990’ s focused on Chl-a exceedance frequencies (>30
Mo/L, >40 pg/L, and >60 pg/L) as related to summer-mean Chl-aand flow (Heiskary 1993; Heiskary
and Walker 1995). This effort used available data from 1976-1981, 1998, and 1990-1991 and alog-
normal frequency model (Walker 1985) to relate summer-mean Chl-ato nuisance frequencies. Pepin
data corresponded quite well to this model and it provided a useful tool for helping to identify a
summer-mean Chl-a value that would minimize the frequency of extreme events.

User perception data from 1990 and 1991 and algal composition were used to provide further
perspective on what constitutes severe nuisance blooms for Pepin. Summer 1990, a median flow year
(Tw of ~11 days), was characterized by mean chlorophyll-a of 33 pg/L with 20% of the measures >50
Mo/l (Heiskary and Walker, 1995). Blue-green algae were prominent in July and August (typically
30% or more of the algal population). User perceptions were typically “high algae” (4) and “no
swimming” (4) during that period. In 1991, a high flow summer (T,,= 6 days), chlorophyll-a averaged
19 pg/L and blue-green algae were a minor component (<20%) of the algal community on most dates.
User perception during summer 1991 was routinely “algal green” (3) and “swimming impaired” (3).
No responses of “high algae” or “no swimming” were recorded that summer (Heiskary 1993).

Citizen interviews conducted by the Boundary Area Commission in 1992 provided further insights. In
these interviews residents were asked to make comparisons among conditionsin 1988, 1990 and 1991.
Respondents indicated much more recreational usage in 1990 and 1991 as compared to 1988 and

1989. Further, 52% of 26 respondents indicated 1991 water quality was improved over previous years.

Based on all of the above it was determined that an appropriate Chl-a goal for Pepin should yield an
acceptably low frequency of “nuisance algal conditions’ throughout the mgjority of the summer and
keep perceptions of “no swimming” to aminimum (Heiskary 1993). Chl-alevels of >40 ug/L was
deemed appropriate to describe “nuisance algal conditions’” and >60 pg/L as “ severe nuisance algal
condition” and “no swimming” thresholds for Pepin.

The combined information presented in Force and Macbeth (2002), Heiskary (1993), Heiskary and
Walker (1995) and the recent algal composition data for Pepin (Figure 13) suggests that thresholds for
defining severe nuisance algal conditionsin Pepin are likely higher than what we typically seein
Minnesota' s glacial lakes. Chl-a>30 pg/L is often deemed “severe nuisance”’ conditions for glacial
lakes, while for Pepin it is more often associated with “algal green.” A primary reason isthat algaein
Pepin is most often dominated by diatoms, while typical glacia lakes (with Chl-a>30 ug/) in
Minnesota are often dominated by blue-green algae. The highest level we use, >60 pg/L, as an
indication of “very severe nuisance” and “no swimming” conditions likely applies across al lake
types. Given the previous data analysis, user perceptions and citizen surveys it seems appropriate to
define “severe nuisance algal blooms’ as >50 pg/L. This level is more conservative than the >60
Mo/L, represents a midpoint between the >40 and >60 pg/L levels previously examined (Heiskary
1993), and would seem to have some support from the work of Force and Macbeth (2002).

Long-term trends in phosphorus based on sediment diatom reconstruction

Another valuable tool for assessing long-term trends is the reconstruction of TP based on fossil
diatoms in the sediments of the lake. Background on this approach may be found in Heiskary et al.
(2004) (http://www.pca.state.mn.us/publications/environmental bulletin/index.html ) and an overview
of Lake Pepin project results may be found in MCES (2002). The Science Museum of Minnesota
(Engstrom and Almendinger 2000 and Engstrom et al. 2009) collected and analyzed sediment cores on
Lake Pepin for the purpose of reconstructing historical P concentrations and loads. Thiswork

provided a basis for estimating pre-European TP, similar to MPCA studies noted in Table 3, aswell as
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adetailed record for evaluating changes over time as a function of major changes in the watershed
(Figure 14). Based on comparisons with data from other Minnesota lakes (Table 3) the estimated pre-
European P for Pepin seems reasonable, given its watershed drains multiple ecoregions.

Table 3. Diatom-inferred pre-European phosphorus concentrations for Lake Pepin and lakes from
adjacent ecoregions

Pepin CHF-deep CHF-shallow WCBP-deep WCBP-shallow
30-40 ug/L * 25+3 39+4 47+6 67 +11
# of lakes 35 6 5 6

" Engstrom et al. (2009)

Two different TP reconstructions were produced from the Pepin diatom data (Engstrom and
Almendinger, 2000). Each reconstruction reveals step-wise increases in TP for Lake Pepin (Figure
14). Thefirst major TP increase was associated with initial land clearance for agriculture (c1800-
1900). The next time period (c1900-1960) was characterized by increased land clearance for
agriculture, Metro Area urbanization, population growth, initial wastewater treatment and
establishment of the Lock and Dam system (¢1930). The next time period was marked by the advent
of modern farming, increased commercial fertilizer usage, increased population growth and
centralization of wastewater (M CES 2002).

Based on the two reconstructions Pepin TP reflected these changes for the ¢1900-1960 period: Est. #1
TPranged from: ~110-140 pg/L (averaged 125 pg/L) and Est. #2 ranged from ~ 85-100 pg/L
(averaged 93 ug/L) (Figure 14). Of these two reconstructions Est. #2 was felt to be the more accurate
reconstruction of pre-settlement condition, while Est. #1 corresponds quite well with modern-day TP
(Engstrom et a. 2009). The decades that followed pre-settlement were characterized by a steep
increase in TP, which plateaued in the mid 1990s. The plateau in the c1900-1960 period may be the
most useful for criteria setting as it reflects conditions with the locks and damsin place and land use
patterns that serve as a foundation for modern-day landuse (i.e., modern-day mix of urban and
agricultural land use). Based on Est. #1 and Est. #2 the predicted TP for this period is on the order of
93-125 ug/L.

It isinteresting to note the shift in the diatom flora that occurred from pre-1900 to ¢1920-1940. Over
this time period diatoms exhibited a distinct shift from benthic-dominated (pre-1900) to plankton-
dominated by c1920-1940. While TP did increase after European settlement and land clearance, the
period from c1900-1940 was rather stable and thus the shift from benthic to planktonic was more
likely in response to increased turbidity (suspended sediment), which would be consistent with
increased land clearance during that period of time. By 1940 the proportion of benthic to planktonic
forms was consistent with what is observed in modern-day (Figure 14). Likewise, midsummer Secchi,
as measured by Galtshoff (1924) in 1921 indicated transparency in Pepin was quite low (0.64 m) and
consistent with our modern-day range of transparency (Figure 10a).
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Figure 14. Major diatoms groups and diatom-inferred total phosphorus in Lake Pepin: 1762 — 1996
(Engstrom and Almendinger, 2000). Redrawn from MCES (2002).
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RCA Upper Mississippi River-Lake Pepin (UMR-LP) Model Analysis
Model prediction versus observed data

Limno Tech Inc.’s (LTI) RCA UMR-LP model serves as the primary mechanism for estimating in-
lake response to various pollutant reduction scenarios for the Lake Pepin TMDL. The modé is based
on 22 years of in-lake and watershed data for the period from 1985-2006. A comparison of observed
vs. model-predicted TP, chlorophyll-aand Secchi isuseful prior to evaluating results from various
scenarios (Figure 15a & b). Relatively good agreement is obtained between observed and modeled TP
with amean difference of 0.025 mg/L, which is 14% of the observed mean for the years compared.
Thisis about double the mean standard error of 0.012 mg/L (6% of the observed mean; Figure 5). In
most summers observed TP is higher than modeled TP, with the exception of 1991 avery high flow
summer (33,753 cfs). Observed dissolved ortho phosphorus is higher than modeled as well with a
mean difference of .027 mg/L (29% of observed mean). Redder and DePinto (2009) acknowledge
some model bias, but note that the “ goodness of fit” between model results and datais still very
reasonable (e.g. relative error of 10-20% on alake-wide basis). They go on to explain two model
framework factors that may contribute to the under-prediction of TP in Lake Pepin.

The difference between observed vs. modeled chlorophyll-a averaged 2.1 pg/L (Figure 15b), whichis
8% of the mean observed chlorophyll-afor that period. Thisisabout equal to the mean standard error
of the observed data (2.0 pg/L; Figure 6b). There was no apparent relationship (modeled vs. observed)
relative to flow or year of data. The mean difference between observed and modeled Secchi was 0.09
m, which on a percentage basisis similar to TP (14% of the observed mean). In most summers
observed Secchi was less than modeled (Figure 15c¢) but the mean differenceislessthan 0.1 m.
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Figure 15. Lake Pepin summer-mean observed vs. modeled a) TP b) chlorophyll-a and c¢) Secchi for

1991-2006.
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The RCA model does areasonable job of simulating % blue-greens (Figure 16). Based on
comparisons of observed vs. predicted for the upper segment the model simulates % blue-greens,
within 10% of observed in 8 of 9 summers in the upper segment and 6 of 9 summersin the lower
segment (Figure 16). In the lower segment predicted is less than or equal to observed with the
exception of 1992 where observed is much higher than predicted (Figure 16a). However, this was
based on only a single sample (as was 2005 lower segment) and thus these two summers do not allow
for adequate comparison of observed vs. predicted blue-greens (Figure 16a). Monthly comparisons
provide a more valid assessment of model vs. observed and in general suggest reasonabl e agreement
between model-predicted and observed (Figure 16b). Based on Figures 5 and 16 the relative
percentage of blue-greens does not appear to be strongly influenced by flow (residence time).

Figure 16. Blue-green composition model-predicted vs. observed: a) summer-mean and b) monthly
mean for example years.
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Model scenarios

The UMR-LP model has a scenario-viewer that allows for comparison of 21 scenarios across 22 years
(1985-2006) and arange of flows (Table 4). Projections from these 21 scenarios provide an
opportunity to evaluate the response of Lake Pepin and various control points upstream to variations
in TP, Chl-aand TSS reductions from major tributaries and M CES dischargers to the Mississippi
River. For purposes of bracketing the response of Pepin to varying load reductions model scenarios:
#1 (~current conditions), #11 (~ecoregion-based reduction: 20% reduction in Mississippi, St. Croix,
and Cannon and 50% reduction in Minnesota River TP and TSS), and #15 (~*pre-1900s” reduction of
50% in Mississippi and St. Croix and 80% Minnesota and Cannon Rivers) were used. In each instance
data from three years that represent arange in flow conditions (Eercentiles based on the 22-year data
set): 2006 (24™ percentile), 1998 (53 percentile) and 2002 (89™ percentile) were reviewed.

The scenario viewer provides abasis for evaluating in-lake responses to reductionsin TP, TSS and
Chl-a. Relative to nutrient over-enrichment, important response variables include: summer-mean
chlorophyll-a, nuisance bloom frequency, blue-green algal biomass and Secchi transparency. For this
purpose 21 reduction scenarios were tested across one median flow year (1998) and three low flow
years (1987,1989, and 2006) to demonstrate the range in response anticipated as TP, Chl-aand TSS
loads are reduced.

Summer-mean chlorophyll-a response, expressed as afunction of TP, varies among years (Figure 17).
In addition to TP, residence time (flushing rate), turbidity (light), and chlorophyll-aloads from the
rivers are important factors and contribute to the observed variability. TP reductions over arange from
~200 — 100 pg/L (0.2 —-0.1 mg/L) elicit minimal response in chlorophyll-a. As TP falls below 100
po/L reductionsin chlorophyll-a are evident, with the most marked reductions as TP falls below 70-80
po/L (0.7-0.8 mg/L; Figure 17).

Nuisance bloom frequency is a much more responsive metric by comparison. For the Lake Pepin
TMDL nuisance blooms are defined as the frequency of chlorophyll-a>50 ug/L. Relatively steady
declines occur over the range from ~200-100 pg/L TP (0.2 — 0.1 mg/L; Figure 18). In the initia
scenarios (case 1) nuisance blooms may range from about 8 - 30 days (7 - 25% of summer) dependant
on the particular year (summer). At a TP of 100 pg/L or lower, nuisance bloom frequency falls below
10 days (<10% of summer) in most scenarios tested.

Nuisance bloom frequency and summer-mean chlorophyll-a are closely linked. As summer-mean falls
below 35 pug/L nuisance bloom frequency falls below 15 days and by 28 pg/L falsto 0 days (Figure
19). As TP and chlorophyll-a are reduced the percentage of blue-green algae, as a portion of the
overall algal population, is predicted to decline as well (Figure 20) and measurable reductions are
noted over the range from ~200 — 100 pg/L (0.2 —0.1 mg/L).
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Table 4. RCA Scenario viewer. Overview of load reduction scenarios, variables, draft targets,
temporal approach, and applicable locations.

Scenario Load Reduction UMR/ MR Load | Upper Miss. River Minnesota River St. Croix | Cannon_|[Other Tribs| WWTPs
No. Scenario Reductions Hist | 20% | 50% [ 90% | Hist [ 20%] 50% | 80% [ 90% | Hist [ 20%| Hist [ 50%| Hist |20%| Hist | Permit| Red. | Rem
1 Historical Tributary &
WWTP Loads (none) X X X X X X
2 (none) X X X X X X
)0, )0/
3 Tributary Load 20% / 20% X X X X X X
4 Reductions with 20% / 50% X X X X X X
5 ) 20% / 80% X X X X X X
Permited WWTP
6 Loads 50% / 20% X X X X X X
7 50% / 50% X X X X X X
8 50% / 80% X X X X X X
9 (none) X X X X X X
Tributary Load
10 Reductions with 20% / 20% X X X X X X
11 Reduced WWTP 20% / 50% X X X X X X
12 Loads 20% / 80% X X X X X X
13 50% / 20% X X X X X X
14 50% / 50% X X X X X X
15 50% / 80% X X X X X X
16 Natural Background 90% / 90% M M X X M M
Case
17 . 20% / 50%
Tributary Load ? ° X X X X X x
Reductions with
18 Reduced Pool 2 50% / 80% X X X X X X
Resuspension
19 90% / 90% X X X X X X
i i )0/ ~| )0/
20 Mlnnes_ota River TSS 20% / ~50% X HSPF " Scenario 4" X X X X
Reductions Based on + CE-QUAL-W2
21 HSPF "Scenario 4" 20% / ~50% X X X X X

Figure 17. Change in summer-mean chlorophyll-a as a function of summer-mean total phosphorus.

Response based on 19 TP and TSS reduction scenarios for one median (1998) and three low flow

(1987, 1989, 2006) years. Flow percentile noted is relative to the 22 year data set.
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Figure 18. Change in days with chlorophyll-a >50 pg/L as a function of summer-mean total
phosphorus. Response based on 19 TP and TSS reduction scenarios for one median (1998) and
three low flow (1987, 1989, 2006) years. Flow percentile noted is relative to the 22 year data set.

Figure 19. Change in days with chlorophyll-a >50 pg/L as a function of summer-mean chlorophyll-a.
Response based on 19 TP and TSS reduction scenarios for one median (1998) and three low flow
(1987, 1989, 2006) years. Flow percentile noted is relative to the 22 year data set.
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Figure 20. Blue-green algal biomass as a function of summer-mean TP. Response based on 19 TP
and TSS reduction scenarios for one median (1998) and three low flow (1987, 1989, 2006) years. Flow
percentile noted is for the 22 year data set.

Site Specific Criteriafor Lake Pepin

Development of water quality goals for Lake Pepin date to the early 1990’ s when the Phosphorus
Cooperators Group conducted extensive research on Lake Pepin and actively pursued this question.
That work and recent efforts, in support of the Lake Pepin TMDL and devel opment of the UMR-LP
model, has resulted in arange of goals being discussed and/or adopted (as was the case with the
Phosphorus Cooperators Group and Chl-a goal of 30 pg/L; Heiskary 1993). Table 6 summarizes those
goals and related data for Lake Pepin. Considerations used in previous efforts provide a genera
framework for our current need to adopt site specific criteriafor the lake. Since that time we have the
benefit of over 15 more years of data collection, sediment diatom reconstruction, and numerous other
projects (MCES 2002) that advance our knowledge of Lake Pepin. Various modeling efforts ranging
from simple empirical models (BATHTUB; Heiskary and Walker, 1995), mechanistic models
(Advanced Eutrophication Model of the Upper Mississippi River; MCES, 2002) and now LTI’s
UMR-LP model have further advanced our knowledge on how L ake Pepin responds to changes in
flow, turbidity and nutrient loading.

Ecoregion-based lake eutrophication criteria promulgated in 2008 provide some context for Lake
Pepin site specific criteria (Table 7). More important than the actual criteriais the approach used in
their derivation, given the unique nature of Lake Pepin. Heiskary and Wilson (2008) describe the
weight-of-evidence approach that considers user perceptions, nuisance bloom frequency, ecological
endpoints and interrelationships among TP, chlorophyll-a and Secchi. Pepin can a so benefit from
recent efforts to draft eutrophication criteriafor Minnesota srivers (Heiskary et al. 2010).

Recognizing the complexities and linkages of Pepin, upstream navigational pools and mgjor tributaries
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the Lake Pepin TMDL Science Advisory Panel recommended that MPCA develop eutrophication
standards for Lake Pepin and Pools1-8, further acknowledging these waterbodies differ sufficiently
from typical lakes and rivers to warrant site specific standards. The SAP recommended further that
L ake Pepin eutrophication standards should be integrated into the statewide river eutrophication
criteria devel opment.

Table 6. Lake Pepin 303(d) listing, current and historical values and draft criteria ranges.

2002 303(d) Recent 2009 means Criteria & %oal Diatom-inferred
listing ! 10-year ranges P from ¢1900-
mean ? 1960 *
TP pg/L 198 171 152 80-120 ~110-140
Chl-a pg/L 25 30 32 28-32 -
1. 1991-2000
2. 2000-2009

3. Represents draft values discussed or proposed at various pointsin overall process.
4. Estimate #1 (Engstrom and Almendinger 2000)

Table 7. Minnesota’s lake eutrophication criteria and related metrics for adjacent ecoregions and
Lake Pepin site specific criteria.

Ecoregion — lake type (use classification™) TP (ug/L) Chl-a % nuisance %blue-green
blooms? biomass &
impact
CHF — Aguatic Rec. Use — Deep (Class 2B) 40 14 0-5% moderate
WCP&NGP — Aquatic Rec. Use - Shallow 90 30 30-45% moderate-high
(Class 2B)
Lake Pepin 100 28 0-8% 8-16%

low-moderate

! Aquatic life and recreation use class as defined in Minn. R. 7050.0140, subp. 3 and Minn. R. 7050.0222 (Minnesota
Rules Chapter 7050 2008). Class 2A is used for waters supporting a cold water fishery and refers specifically to lakes
that support natural populations of lake trout. Stream trout refersto all other designated (managed) trout lakes. Class 2B
is designation for waters supporting cool or warm water fishery and is the default classification for the majority of
Minnesota’s lakes.

2 Defined as >30 pg/L for CHF and WCP ecoregions and >50 pg/L for Pepin; % of summer based on Heiskary and
Wilson (2005) & Figures 18 & 19 and Table 8 this document.

The LTI UMR-LP model for Lake Pepin provides a basis for predicting in-lake response that result
from current and future loading scenarios as demonstrated in Figures 17-20 and can help guide
establishment of criteriafor Pepin and upstream waters. For this purpose two model runs were used to
evaluate potential in-lake endpoints and required upstream conditions under low-average flow (Table
84a) and all summers (Table 8b). These model runs, as they inform criteria selection for Pepin, are
addressed in this report while implications for upstream pools and tributaries are addressed in
Heiskary and Wasley (2010).
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Table 8. LTI UMR-LP model runs for: a) average to low flow summers used in model development
and testing: 1987, 1990, 1992, 1998, 2000 and 2006 and b) all years: 1985-2006. All results are
modeled, see footnotes for scenario details. Model details available in LTI (2008).

a) average-low flow

Total phosphorus
upper lower overall outlet

Scen. St. Croix Minn LD1 LD2 LD3 LP LP LP LP
2 0.036 0.293 0.118 0.227 0.175 0.161 0.160 0.160 0.167
4 0.029 0.145 0.095 0.173 0.133 0.120 0.113 0.116 0.114
17 0.029 0.145 0.095 0.127 0.102 0.095 0.093 0.094 0.096
20 0.029 0.147 0.094 0.163 0.127 0.117 0.115 0.116 0.120
21 0.029 0.140 0.094 0.124 0.100 0.096 0.098 0.097 0.103

Chlorophyll-a (mean)
upper lower overall outlet

Scen. St.Croix Minn LD1 LD2 LD3 LP LP LP LP
2 15 64 51 44 35 39 28 33 20
4 12 32 41 38 32 37 28 32 21
17 12 32 41 36 30 33 25 29 19
20 12 48 41 41 34 40 30 34 22
21 12 48 41 39 32 36 28 31 21

Chl-a Days > 50
upper lower overall outlet

Scen. St.Croix Minn LD1 = LD2 LD3 LP LP LP LP
2 1 64 54 41 13 28 5 10 0
4 0 21 30 31 12 27 3 8 0
17 0 21 30 26 4 9 0 0 0
20 0 43 30 25 7 22 4 7 0
21 0 43 30 20 7 9 1 2 0
b) all years

Total phosphorus
upper lower overall outlet

Scen. St.Croix Minn LD1 LD2 LD3 LP LP LP LP
2 0.045 0285 0.110 0.215 0.170 0.158 0.152 0.154 0.155
4 0.036 0.141 0.088 0.161 0.126 0.116 0.110 0.112 0.110
17 0.036 0.141 0.088 0.122 0.100 0.095 0.092 0.093 0.093
20 0.036 0.148 0.088 0.152 0.121 0.113 0.109 0.111 0.111
21 0.036 0.139 0.088 0.120 0.099 0.095 0.093 0.094 0.096
Chlorophyll-a
upper lower overall outlet
Scen. St. Croix Minn LD1 LD2 LD3 LP LP LP LP
2 13 45 38 34 27 31 23 26 17
4 11 22 31 29 25 29 22 25 17
17 11 22 31 28 23 26 20 23 16
20 11 40 31 35 29 33 25 28 19
21 11 40 31 34 27 30 24 26 18

Days > Chl-a 50
upper lower overall outlet

Scen. St. Croix Minn LD1 LD2 LD3 LP LP LP LP
2 2 38 29 19 6 16 2 4 0
4 0 8 14 16 5 17 1 3 0
17 0 8 14 13 2 7 0 0 0
20 0 35 14 18 5 14 2 3 0
21 0 35 14 14 4 9 1 1 0

Scen 02, Historical tributary loads, Direct point sources at permitted (AWWDF x 1.0 mg/L);

Scen 04, Direct point sources at permitted (AWWDF x 1.0 mg/L), Cannon and Minnesota 50% reduction for TP, TSS
and chl-a, St.Croix and Upper Miss 20% reduction for TP, TSS and chlorophyll-a;

Scen 17, Direct point sources at reduced (AWWDF x 0.3 mg/L), Nonpoint same as 04;

Scen 20, Same as 04 but MN River response based on HSPF model for Lower MN (see Larson 2010 for HSPF details)
Scen 21, Same as 17 but MN River response based on HSPF model for Lower MN
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Flow range for application of criteria — Flow directly influences residence time (Figure 3) and plays a
significant role in Chl-a production in Pepin (Figure 8) and the overall system (Heiskary and Wasley
2010). Previous efforts to establish Chl-a goals emphasized summers of low-average when Pepin
exhibited more “lake-like” conditions (Figure 4). While low-average flow summers remain an
important focus in our modeling and data analysis (e.g. Figures 17-20 and Table 8) criteria should be
applicable across all summers to ensure aquatic recreational uses are protected in all years. Thisissue
becomes even more acute as we seek to harmonize river, pool and Pepin standards, since river criteria
will be applicable across all summers and assessed data from both low flow and high flow summers
will be used to make 303(d) assessments (Heiskary et al. 2010). With thisin mind, criteriafor Pepin
will be applied across all summers with assessments focusing on summer-means based on the most
recent 10 years, asisthe casein other 303(d) assessments.

Total phosphorus— A criterion of 100 pg/L is proposed for Lake Pepin. Several factors suggest that
100 pg/L, while avery aggressive goal for Lake Pepin, may be arealistic target to use as a site
specific criterion. A summary follows.

1. Based on sediment-diatom inferred TP (Figurel4) 100 pg/L is above pre-European TP,
however pre-European P has not been the primary basis for establishing Minnesota' s lake
eutrophication criteria (Tables 3 and 7). A value of 100 pg/L iswell within Pepin’s range of
diatom-inferred TP for c1900-1960 (Est. #1 & #2, Figure 14). Thisis an important time
period asit included: establishment of the lock and dam system, major land clearance for
agriculture, initial urbanization of the seven county metropolitan area, centralization of
municipal wastewater and can serve as somewhat of a“modern-day” benchmark. Mississippi
River water-quality was not pristine during this time period; however it can be argued that
excess sediment loads from land clearance and organic material from untreated wastewater
were the primary factors impairing water quality and aquatic life uses during this era based on
accounts by Anfinson (2003). A similar timeframe was used by the St. Croix Basin Water
Resources Planning Team when proposing water quality goals for Lake St. Croix “....The
subcommittee determined that the third management option (c1940s) would be a reasonable
goal in improving the water-resource conditionsin Lake St. Croix (Davis 2004).”

2. Inashort residence time system, like Pepin, inflow TP strongly influencesin-lake TP (e.g.
Figure 11a and Table 8). Based on data from typical streams (without major point sources) for
each of the contributing ecoregions (Table 2), 100 pug/L isin the range of an ecoregion-based
estimate of inflow TP (80-100 pg/L), which further suggests that while it is an aggressive
goal it isin the range of what might be anticipated within the context of the ecoregions
drained by the lake.

3. Limiting the frequency of nuisance blooms isimportant to achieving aquatic recreational uses
in lakes. Summer-mean TP of 100 pg/L limits the frequency of blooms >50ug/L to <10 days
per summer under most scenarios (equates to <10% of summer; Figure 18). Model runs for
scenarios with overall Pepin TP near 100 pg/L indicate frequencies <2 days based on low-
average flow and all summers (Table 8). A TP of 100 pg/L also should keep % blue-greens to
15% or less over most years/scenarios (Figure 20). Summer-mean Chl-awill not decrease
substantially at 100 pug/L as compared to current levels (Table 6). However, the likelihood of
reduced summer-mean Chl-aincreases at 100 pg/L as compared to TP in the 150-200 pg/L
range (Figure 17).

4. A summer-mean of 100 pug/L should be protective of downstream navigational pools 5-8 as
well (Heiskary and Wasley 2010).

5. The State of Wisconsin promulgated TP standards for rivers and |akes. EPA approved the
standards in December 2010. The Wisconsin standard for medium to large rivers, which
would include the Mississippi River, is 100 pg/L (State of Wisconsin Natural Resources
Board 2010). Sullivan (WDNR 2010, persona communication) and Baumann (WDNR 2010,
personal communication) indicate thisis Wisconsin’s intended criteria for Pepin aswell.

33



Chlorophyll-a— A criterion of 28 pg/L, measured as alake-wide summer average for all years, is
proposed for Lake Pepin. Lake Pepin chlorophyll-a concentrations vary as a function of river flow
(flushing rate), turbidity (light limitation viainorganic suspended solids and dissolved organic
carbon), river-borne chlorophyll-a (algag), and TP. Thisisin contrast to typical glacial lakesin
Minnesota where chlorophyll-a can be routinely predicted based on in-lake TP (Figure 12) and where
river-borne algae is considered an insignificant source. During high flow summers flushing rate and
turbidity are the primary limiters of the amount of chlorophyll-a (algae) produced in Pepin and
upstream. During average to low flow summers flushing rate and turbidity decline in significance,
while river-borne algae and TP increase in significance. All of these factors can contribute in some
degree to the variability in chlorophyll-a response even when years of somewhat similar flow are
considered (Figure 19).

1. The28 pg/L summer-mean goa was proposed at the onset of the Pepin TMDL model
development as adesirabletarget (LTI 2007). It relates back to the 30 pg/L goa proposed by
the Phosphorus Cooperators Group, which was to be applied between aflow range of 4,578
cfs (as measured at Prescott) to 20,000 cfs and desire to minimize nuisance blooms.
Achieving 28 pg/L or lower across the range of all flows (years) should help assure that 30
Mo/L isachieved in low to average flow years (Table 8).

2. The UMR-LP model predicts that nuisance blooms (Chl-a>50 pg/L) are unlikely to occur
when summer-mean Chl-ais at or below 28 pg/L based on four summers and flow ranges
tested (Table 8 and Figure 19).

3. Force and Macbeth (2002) in their conclusion of their user perception study note ... “With a
mean concentration of 34.1 ug/L for samples taken when recreational suitability was rated as
3 (swimming and aesthetic enjoyment slightly impaired because of algae levels), it appears
that the water quality goal of less than 30 pg/L was a good approximation of acceptable water
quality in Lake Pepin based on volunteers’ ratings of recreational suitability.”

4. Achieving 28 ug/L as awhole-lake average in Pepin ensures low Chl-a at the outlet of Pepin
(Table 8) and should be protective of aguatic recreational usesin downstream Pools 5-8.

Evaluating Lake Pepin for attainment of site specific criteria - Since the LTRMP fixed site network
was the primary data set used to support the listing of Lake Pepin and site specific criteria
development it is anticipated this sampling program will be the primary mechanism for ng
progress on the TMDL. Thisimplies data collection will continue at the four fixed sites, with onein
the upper segment and three in lower segment aong the thalweg of the lake (Figure 1).

The lake will be assessed for compliance with the site specific criteria as a part of the 303(d)
assessment process. Consistent with that process the most recent 10 years of datawill be averaged and
compared to the site specific criteria. One exception to the use of the complete 10 year record would
beif asignificant trend (e.g. Pepin TP falls below criterion) was noted that could be associated with
specific point and nonpoint source reductions that were conducted as a part of TMDL implementation.
In that instance, a shorter record (a minimum of two-three summers) could be used to assess
compliance with the criteria. This exception is consistent with the 303(d) assessment guidance and
TMDL (MPCA 2007). MPCA would not delist due to consecutive drought years in the Minnesota
River Basin.

Additional considerations for assessing Lake Pepin are river flow and residence time. Site specific
eutrophication standards for reservoirs are intended to be protective over the range of flows where the
reservoir exhibits adeguate residence time to be considered “lake or reservoir-like” but above critical
low flow periods (defined as the one-in ten year 122 day Q). This calculation is critical to determine
if ariverine lake isindeed alake (>14 day residence time) or more ariver (<14 day residence time).
The empirical data (e.g. Figures 4, 9 and 13) and LimnoTech modeling has confirmed that T, >11-14
daysisindeed areasonable threshold where L ake Pepin begins to exhibit more “reservoir or lake-like”
characteristics. However, because aquatic recreation uses are reguired to be met in al years and



criteriafor Pepin should a so be protective of downstream waters (Pools 5-8 in thisinstance) the
proposed criteria are intended to be applied over all summers, rather than specifically low-average
flow summers. As such, the TP (100 pg/L) and Chl-a criteria (28 pug/L) are established to provide
protection of agquatic recreational uses for Lake Pepin and the downstream pools and should be
applicable over the range of flows from which the criteria were devel oped.

While emphasis has been placed on meeting aquatic recreational uses these criteria should be
protective of aquatic life uses as well. Recent MDNR fishery assessments for Pepin and Pool 4
indicate a healthy and robust fishery (Dietermann 2009). Meerbeek (2009) notes ... “They have
found submerged aquatic vegetation to be scarce in and above Lake Pepin and along the main and
secondary channels; however since 2004 LTRMP biologists have documented increasing trends of
percent frequency of occurrence of submersed floating-leaf and emergent vegetation in upper and
lower Pool 4. The isolated and contiguous backwaters below Pepin are generally rich in submerged
species.” Achieving the TP and Chl-a criteriaand reductionsin TSS (turbidity TMDL) should serve to
further improve habitat and support aguatic life uses.
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