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Abstract
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Ecoregion-based phosphorus “criteria” that reflect the diversity of lake condition, varying from deep pristine lakes in 
the north to shallow hypereutrophic lakes in the south, were developed by the Minnesota Pollution Control Agency 
(MPCA) in the late 1980s. Since then the criteria, including several refinements, have been widely used for local, 
state, and federal lake watershed management efforts in Minnesota. More recently, the criteria have been used to 
define thresholds for Clean Water Act Section 303(d) listing of nutrient-impaired lakes and are being advanced as 
lake standards to protect a wide diversity of beneficial uses. This paper summarizes the evolution of these criteria and 
describes data and research used in their development. A weight-of-evidence approach describes how this informa-
tion was used to refine the criteria values.
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Minnesota has a diverse lake resource ranging from its 
northern boreal forests with cold/cool water fisheries to 
very productive shallow water lakes of the predominantly 
agricultural south. As such, substantial geographic patterns 
in lake water quality, morphometry, fisheries, and even user 
perceptions of what constitutes acceptable water quality are 
evident. Understanding of these regional patterns advanced 
substantially with the introduction of United States Envi-
ronmental Protection Agency’s (USEPA) aquatic ecoregion 
framework in the mid-1980s that ultimately became a founda-
tion for organizing and communicating lake and watershed 
management information in Minnesota. This manuscript 
describes Minnesota’s approach to developing nutrient cri-
teria to provide a potential framework for states, provinces, 
or other entities that may need to develop eutrophication 
criteria to manage their lakes.

A single total phosphorus (TP) value could not be adopted 
as a statewide criterion for lake protection in Minnesota due 
to regional differences and diversity of lake types (Heiskary 
et al. 1987). Rather, a methodology was needed for develop-
ing phosphorus (P) criteria on a regional and lake/watershed 
specific basis. The methodology for establishing P criteria in 
Minnesota considered the following (Heiskary and Walker 
1988):

1) P impacts on lake condition (as measured by chlorophyll 
a, bloom frequency, transparency, and hypolimnetic 
oxygen depletion)

2) impacts on lake users (e.g., aesthetics, recreation, fisher-
ies, water supply)

3) linkages of watershed mass-balance and associated goal 
setting approaches.

An important first step of the criteria-setting process requires 
the definition of “most sensitive uses” of lakes. A sensitive 
use of a lake is defined as a beneficial use (or uses) that can 
be affected or even lost as a result of an increase in the trophic 
status of the lake, such as coldwater fisheries and aquatic 
recreational use (e.g., swimming). In a coldwater fishery, 
increased nutrient loading results in a reduction of oxygen 
in the hypolimnion, and die-offs of coldwater species may 
occur as these populations are driven into warmer metalim-
netic and epilimnetic waters. For aquatic recreational use, 
excess P stimulates algal growth that can lead to frequent 
and severe nuisance blooms and reduced transparency that 
will limit use of the resource. Most sensitive uses have been 
identified for each region and appropriate TP, chlorophyll a 
(Chl-a) and Secchi disk transparency (referred to as Secchi 
hereafter) criteria, deemed to be protective of that use, are 
defined (Table 1). These criteria are ecoregion-based and 
reflect several considerations, including: regional patterns in 
lake condition; detailed information from ecoregion reference 
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lakes; background trophic status based on sediment diatom 
reconstruction of TP; interrelationships among TP, Chl-a, 
Secchi and nuisance algal bloom frequency; lake morphom-
etry; lake-user perception; and lake ecology (including fishery 
composition and rooted macrophyte extent and diversity).

The following sections of the manuscript describe how the 
criteria are derived:

• Methods and Database Development section describes 
the data used to develop the criteria.

• Results section describes regional patterns, interrela-
tionships among important parameters (e.g., TP, Chl-a, 
Secchi, nuisance bloom frequency) and factors such as 
fishery composition, macrophyte diversity, and user 
perception that were essential to identifying criteria 
thresholds.

• Discussion section describes how these patterns, data-
bases, and interrelationships are used in a weight-of-evi-
dence approach to select criteria values. An ecoregion-
specific example provides details on how this was done 
for one of the ecoregions.

Methods and database 
development
Several databases are referred to in this report. Brief descrip-
tions are presented for the four primary databases: assess-
ment, reference, diatom-inferred phosphorus and USEPA 
criteria. Each database is important to the overall assessment 
of Minnesota lakes and criteria development efforts. Water 
quality data from all databases may be found in STORET. 

Relevant field and laboratory methods and quality assurance 
information, which applies to the three Minnesota databases, 
are summarized.

Field and laboratory methods
Water quality data were collected during the summer (Jun to 
Sep). Sampling stations were typically located at mid-lake 
at the greatest lake depth. Surface samples were generally 
collected with a 2-m long, 3.2 cm i.d. PVC tube that inte-
grates a 2-L sample from the upper 2 m of the lake. Field 
measurements routinely include Secchi transparency, dis-
solved oxygen (DO), and temperature profiles, and subjec-
tive measures of the physical appearance and recreational 
suitability of the lake.

The Minnesota Department of Health (MDH) laboratory 
analyzed samples collected by the Minnesota Pollution Con-
trol Agency (MPCA). Total P and total Kjeldahl nitrogen 
(TKN) samples were acid-preserved at the time of collection. 
Chlorophyll a samples were chilled and kept in the dark 
immediately after collection. Samples were filtered through 
0.45-µm diameter glass fiber filters within 8 hr of collection 
and kept frozen until analyzed. Samples were analyzed by 
spectrophotometer and corrected for pheophytin. Commonly 
measured analytes, methods, reporting limits, and laboratory 
precision were summarized (Table 2).

Databases

Assessment database

The assessment database includes all Minnesota lake stations 
in STORET with data for one or more of the trophic status 

Table 1.-Minnesota’s lake eutrophication criteria. Criteria are defined by ecoregion for specific lake types and uses (official use 
classification noted). TP and chlorophyll a should remain below these concentrations and Secchi should be not less than this value to 
ensure that the specific use is maintained.

 TP Chl-a Secchi 
Ecoregion – lake type (use classification1) µg/L µg/L meters

NLF – Designated Lake trout (Class 2A) 12 3 4.8

NLF – Designated Stream trout (Class 2B) 20 6 2.5

NLF – Aquatic Rec. Use (Class 2B) 30 9 2.0

CHF – Designated Stream trout (Class 2B) 20 6 2.5

CHF – Aquatic Rec. Use – Deep (Class 2B) 40 14 1.4

CHF – Aquatic Rec. Use – Shallow (Class 2B) 60 20 1.0

WCP&NGP – Aquatic Rec. Use – Deep (Class 2B) 65 22 0.9

WCP&NGP – Aquatic Rec. Use - Shallow (Class 2B) 90 30 0.7

1 Aquatic life and recreation use class as defined in Minn. R. 7050.0140, subp. 3 and Minn. R. 7050.0222 (Minnesota Rules Chapter 7050 2007). 
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 refers to 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.
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variables (TP, Chl-a, or Secchi transparency) and includes 
data for approximately 2,790 lakes, collected during the past 
32 years (1970–2002). The data were collected by the MPCA, 
Metropolitan Council Environmental Services (MCES), Min-
nesota Department of Natural Resources (MDNR), citizen 
volunteers, and numerous other entities. The majority of the 
Secchi and “user perception” data were obtained through 

Table 2.-Minnesota Department of Health laboratory method and precision estimates.

    Difference 
 Reporting EPA method Precision1: as Percent 
Analyte Limit & Units number mean difference of observed

Total Phosphorus 10.0 µg/L 365.2 4.8 µg/L 2.7 %

Total Kjeldahl N 0.1 mg/L 351.2 0.05 mg/L 2.8 %

NO2 + NO3 0.01 mg/L 353.1  

Total Suspended Solids 0.5 mg/L 160.2 2.8 mg/L 9.6 %

Total Suspended Volatile Solids 0.5 mg./L 160.4 -- --

Chlorophyll a 0.16 µg/L 446.0 1.7 µg/L 7.4 %

Pheophytin 0.27 µg/L 446.0 -- --

1 Average of individual means of 10 duplicates and expressed as a % of measured concentrations.

Figure 1.-Minnesota’s ecoregions with reference lake locations 
noted for the four ecoregions that contain 98% of Minnesota’s 
lakes: Northern Lakes and Forests (NLF), North Central 
Hardwoods Forests (CHF), Western Corn Belt Plains (WCP) and 
Northern Glaciated Plains (NGP).

the MPCA’s volunteer Citizen Lake-Monitoring Program 
(CLMP). Summer means and supporting statistics were 
calculated for each trophic state variable. A complete expla-
nation of the process and individual lake data are available 
on the MCPA web site: http://www.pca.state.mn.us/water/
lakequality.html.

Ecoregion reference lake database

The reference lake database and is a subset of the assessment 
database. The aquatic ecoregion framework (Omernik 1987) 
was used as a basis for selecting these lakes and analyzing 
the data. The reference lake database is comprised of ap-
proximately 90 representative and minimally impacted lakes 
distributed among the four ecoregions that contain 98% of 
Minnesota’s lakes by number: predominantly forested North-
ern Lakes and Forests (NLF), the predominantly agricultural 
Western Corn Belt Plains (WCP), and Northern Glaciated 
Plains (NGP), and the transitional ecoregion, the North 
Central Hardwood Forests (CHF) of central Minnesota (Fig. 
1). Maximum depth, surface area, and fishery classification 
were considered in selecting representative lakes for each 
ecoregion (details in Heiskary and Wilson 1989, 2005).

Diatom-inferred phosphorus database

The diatom-inferred phosphorus database was developed 
based on lake-sediment core, diatom-inferred TP data as 
derived from three separate, but related, studies:

• “55 Lakes Study” included lakes from the NLF (20), ur-
banized portion of CHF (20), rural portion of CHF (10), 
and WCP (5) ecoregions. Surface and deep (1–2 m) cores 
were taken from all lakes. Core-sections corresponding 
to circa 1750, 1800, 1970, and 1993 time-periods were 
used in this analysis. Fossil diatoms were identified and 
enumerated in each of these samples. Predictive models 
were developed based on modern-day water quality 
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(circa 1993) and diatom populations in these lakes. 
The models were then used to predict pre-European 
TP and other water quality parameters. Details on the 
actual reconstruction techniques and models are found 
in Ramstack et al. (2003 and 2004), Heiskary et al. 
(2004), and Heiskary and Swain (2002). Methods used 
in this study are generally applicable to the following 
two studies as well.

• “Southwest Shallow Lakes Study” included about 25 
shallow lakes distributed across the WCP and NGP 
ecoregions. Surface sediments were collected on all lakes 
and deep cores were taken from seven lakes. Details on 
this study may be found in Heiskary et al. (2003).

• “West-Central Shallow Lakes Study” focused on 31 
lakes in west-central Minnesota (primarily in the CHF 
ecoregion). These lakes provided the primary basis for 
characterizing interrelationships among aquatic macro-
phytes, lake trophic status, and related variables. Of the 
31 lakes, six had deep sediment cores collected. Details 
on this study may be found in Heiskary and Lindon 
(2005). Data from these two studies are referred to as 
shallow lakes data.

USEPA criteria development database

The USEPA criteria database is drawn from the USEPA 
(2000a–c) criteria documents. Though much of the data are 
from Minnesota and overlap with the assessment database, 
this database provides larger datasets than available for only 
Minnesota because it contains data from neighboring states 
in the same ecoregion. Data in the criteria documents were 

drawn primarily from STORET for 1990–1999. Statistical 
distributions for various trophic status measurements are 
presented by aggregated ecoregion, level III ecoregions, 
and by season. Compiled statistics for lakes in the level III 
ecoregions for the summer index period served to comple-
ment the Minnesota databases.

Results
Regional patterns
Initial efforts concentrated on defining interrelationships 
among the trophic status variables (TP, total nitrogen [TN], 
Chl-a, and Secchi transparency) and how trophic status 
relationships vary within and among regions. Previous 
publications have addressed patterns in lake trophic status 
in Minnesota (Moyle 1956, Heiskary et al. 1987, Heiskary 
and Wilson 1989). A central theme in these descriptions and 
analysis is an emphasis on the central tendency of the data, 
as indicated by the interquartile (IQ) range (values from 
the 25th to 75th percentile), which is also referred to as the 
“typical range” in the context of this paper.

Regional patterns: trophic status interrelationships

The assessment database provides sufficient information to 
examine general patterns of trophic status (TP, Chl-a, and 
Secchi) and lake morphometry among regions. Northern to 
mid-Minnesota lakes (i.e., NLF and CHF ecoregions) have 
similar morphometry in terms of surface area and maximum 
depth (Table 3). Likewise, the two southern agricultural 
ecoregions, WCP and NGP, exhibit similar morphometry 

Table 3.-Assessment database summary by ecoregion. Percentile values and number of lakes assessed for lake surface area, maximum 
depth and summer-mean total phosphorus by ecoregion.

  Percentile 
Ecoregion Parameter 10 25 50 75 90 N

NLF Area (ha) 22 49 129 347 835 1,809

NLF Depth-max. (m) 10 19 33 54 80 1,519

NLF TP (µg/L) 9 13 21 30 45 863

CHF Area (ha) 22 58 165 400 984 976

CHF Depth-max. (m) 8 16 28 46 68 829

CHF TP (µg/L) 18 28 51 112 229 691

WCP Area (ha) 61 143 322 694 1,776 110

WCP Depth-max. (m) 6 7 10 16 25 87

WCP TP (µg/L) 62 99 159 234 404 89

NGP Area (ha) 108 150 364 658 2,091 38

NGP Depth-max. (m) 5 8 10 15 18 28

NGP TP (µg/L) 54 104 148 194 396 30
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Table 4.-Reference lake database summary. Typical (interquartile) range of summer-mean water quality, lake morphometric or 
watershed characteristic based on the reference lakes for each ecoregion.

  Ecoregion 
Parameter NLF CHF WCP NGP

# of lakes 32 43 16 13

Area (ha) 61 – 208 74 – 297 75 – 168 198 – 258

Depth-mean (m) 2.5 – 10.5 4.8 – 7.9 1.9 – 3.4 1.5 – 1.8

Depth-max. (m) 9.1 – 24.1 13.0 – 22.0 3.0 – 8.2 2.0 – 3.0

Watershed land use
% forested 54 - 81% 6 – 25% 0 – 15% 0 – 1%
% wetland 14 – 31% 14 – 30% 3 – 26% 8 – 26%
% cultivated 0 – 1% 22 – 50% 42 – 75% 60 – 82%
% pasture 0 – 6% 11 – 25% 0 – 7% 5 – 15%

Total P (µg/L) 14 – 27 23 – 50 65 – 150 122 – 160

Chl-a mean (µg/L) 4 – 10 5 – 22 30 – 80 36 – 61

Chl-a max. (µg/L) 10 – 15 7 – 37 60 – 140 66 – 88

Secchi disk (m)   2.4 - 4.6 1.5 – 3.2  0.5 – 1.0 0.4 – 0.8

T.Kjeldahl N(mg/L) 0.4 – 0.75 < 0.60 – 1.2 1.3–2.7 1.8 – 2.3

NO2+NO3-N (mg/L) <0.01 <0.01 0.01 – 0.02 0.01 – 0.1

TN:TP ratio 25:1 – 35:1 25:1 – 35:1 17:1 – 27:1 13:1 – 17:1

Alkalinity (mg/l) 40 – 140 75 –150 125 – 165 160 – 260

Color (Pt-Co Units) 10 – 35 10 – 20 15 – 25 20 – 30

pH (SU) 7.2 – 8.3 8.6 – 8.8 8.2 – 9.0 8.3 – 8.6

Chloride (mg/L) 0.6 – 1.2 4 – 10 13 – 22 11 – 18

T Suspended. Sed. (mg/L) < 1 – 2 2 – 6 7 – 18 10 – 30

Sus. Inorganic Sed. (mg/L) < 1 – 2 1 – 2 3 – 9 5 – 15

Turbidity (NTU) 1– 2 1 – 2 3 – 8 6 –17

Cond. (umhos/cm) 50 – 250 300 – 400 300 – 650 640 – 900

and tend to be larger and much shallower than the NLF and 
CHF lakes. Distinct regional differences in the distribution 
of lake trophic status are evident among some regions (e.g., 
NLF and WCP), while substantial overlap exists among 
others (e.g., WCP and NGP). For example, the typical range 
of TP varies from mesotrophic to mildly eutrophic (13–30 
µg/L) in the NLF, mildly eutrophic to hypereutrophic (28 
to >100 µg/L) in the CHF, and hypereutrophic (>100 µg/L) 
in the WCP and NGP. Regional differences are evident for 
Chl-a and Secchi as well (Table 3).

Regional differences in lake morphometry, watershed land 
use, and water quality are further evident in the reference 
lake data (Table 4). These differences have been described 
in various publications (e.g., Heiskary and Wilson 1989) 
and only a brief overview is offered here. Lakes in the NLF 
ecoregion are moderately deep with watersheds dominated 
by forest and wetland land uses, and trophic status is typically 

oligotrophic to mesotrophic (TP = 14–27 µg/L). Lakes in the 
CHF ecoregion are also moderately deep with watersheds 
characterized by a mosaic of land uses, and trophic status 
is typically mesotrophic to mildly eutrophic range (TP = 
23–50 µg/L). Lakes in the WCP and NGP ecoregions are pre-
dominately shallow with dominant agricultural land use, and 
typical trophic status ranges from eutrophic to hypereutrophic 
(TP = 65–160 µg/L). Inorganic suspended solids (i.e., clay 
and soil particles) are high in these shallow windswept lakes 
and, in addition to algae, contribute to the very low Secchi 
transparency (Table 4). When all factors are considered, two 
very distinct classes (regions) are evident: forest dominated 
(NLF) and agriculture dominated (WCP and NGP). The 
transitional zone (CHF) between these two extremes shares 
characteristics of these two classes but presents management 
problems unique to this ecoregion.
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Initial efforts focused on defining relationships among TP, 
Chl-a, and Secchi transparency using Carlson’s TSI scale 
(Carlson 1977). Following Carlson’s methodology, Minne-
sota-based regressions were developed based on the reference 
lake data (in m and µg/L):

Log10 Chl-a = 1.31 Log10 TP − 0.95  (1) 
R2 = 0.88; n = 108

Log10 Secchi = −0.59 Log10 Chl-a + 0.89 (2) 
R2 = 0.85; n = 108

Log10 Secchi = −0.81 Log10 TP + 1.51  (3) 
R2 = 0.81; n = 108

Comparative studies of freshwater eutrophication strongly 
suggest that efforts to control external nutrient loading to 
lakes tend to achieve similar reductions in their average algal 
biomass (Smith 2003). However, Smith notes that growing 
season average biomass (Chl-a) is probably not consciously 
measured by lake users as a primary index of impairment, 
hence the need to define peak events that occur over the 
summer growing season. The reference lake data provide a 
basis for predicting extreme Chl-a values as a function of 
the summer-mean:

Chl-a (max) = 1.33 Chl-a (mean) + 5.15  (4) 
R2 = 0.89; n = 108

Walker (1984) took this relationship a step further by as-
sociating the mean with the frequency of various classes or 
levels of Chl-a, referred to as “bloom frequency.” An ex-
pansion on this approach examined the interrelationships of 
TP, Chl-a, and transparency (i.e., “lake response”) by using 
cross-tabulation based on about 640 paired TP, Chl-a, and 
Secchi measurements from the reference database (Heiskary 
and Walker 1988). The resulting relationship among TP and 
nuisance-level frequencies of Chl-a (Fig. 2a) provided a 
basis for assessing the “risk” of encountering nuisance level 
frequencies of Chl-a. Nuisance levels were defined based 
on previous work by Walmsley (1984) for South African 
reservoirs and perceptions of Minnesota lake users: Chl-a 
> 10 µg/L = mild bloom; > 20 µg/L = nuisance bloom; > 30 
µg/L = severe nuisance bloom; and > 60 µg/L = very severe 
nuisance bloom. The phrase “nuisance criteria” refers to 
specific Chl-a or transparency levels that result in perceived 
impairment, and these perceptions may vary among states 
and ecoregions. The State of Florida, for example, uses Chl-
a > 40 µg/L as an indication of an algal bloom (Bachmann 
et al. 2003).

Analysis of 170 pairs of TP and Chl-a data from the shallow 
lakes showed a slightly different “bloom frequency” response 
(Fig. 2b) as compared to the reference lakes (Fig. 2a). As TP 
increase from about 50 to 75 µg/L, the frequency of severe 
nuisance blooms increases rather dramatically; however, very 

severe nuisance blooms remain at a relatively low frequency 
(Fig. 2b). A second inflection point occurs as TP increases 
from about 90 µg/L to 120 µg/L, whereby the frequency of 
severe nuisance blooms increases to about 70% of the sum-
mer and very severe nuisance blooms (Chl-a > 60 µg/L) occur 
about 40% of the summer.

Regional patterns: lake morphometry, mixing, and 
trophic status

Previous investigators recognized that lake morphometry, in 
addition to watershed factors, plays an important role in de-
termining lake productivity (Rawson 1952, Riley and Prepas 
1985). These factors must also be considered when devel-
oping lake nutrient criteria because they may influence TP, 
Chl-a, and Secchi relationships; species of fish that may be 
found in the lake; internal nutrient recycling; and/or whether 
primary productivity is expressed primarily through rooted 
submerged vegetation or through phytoplankton.

Figure 2.-Algal bloom frequency as a function of total phosphorus 
(TP) for: (a) reference lakes (based on 641 paired TP and Chl-a 
measurements) and (b) shallow lakes (based on 170 paired 
measurements). Median TP for the interval noted. Four “classes” 
of bloom intensity noted ranging from “mild bloom” (Chl-a > 10 
µg/L) to “very severe nuisance blooms” (Chl-a > 60 µg/L).
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Table 5.-Summer-mean total phosphorus (µg/L) distribution by mixing status and ecoregion. Based on lakes in assessment database 
(Heiskary and Wilson 2005): Dimictic = D, Intermittent = I and Polymictic = P

 Ecoregion:  NLF   CHF   WCP 
 Mixing Status: D I P D I P D I P

Percentile value for [TP]

90% 37 53 57 104 263 344 -- -- 284

75% 29 35 39 58 100 161 101 195 211

50% 20 26 29 39 62 89 69 135 141

25% 13 19 19 25 38 50 39 58 97

10% 9 13 12 19 21 32 25 -- 69

# of lakes (257) (87) (199) (152) (71) (145) (4) (3) (38)

Lake mixing status was determined for the reference lakes 
based on summer oxygen and temperature profiles from 
1985 and 1986. Lakes were classified as dimictic (stratified 
throughout summer), polymictic (well-mixed throughout the 
summer), or intermittent (stratified temporarily throughout 
the summer). In this analysis most dimictic lakes had maxi-
mum depths >10 m, whereas polymictic lakes generally had 
maximum depths <8 m (Heiskary and Wilson 2005). Maxi-
mum depth was used as a basis for estimating mixing status 
for lakes in the assessment database: maximum depth ≥11 
m = dimictic; maximum depth < 8 m = polymictic; and the 
remainder were considered intermittent. Frequency distribu-
tions of summer-mean TP were assembled for lakes in each 
of the three categories to evaluate the influence of mixing 
status (lake morphometry) on lake TP (Table 5). Distinct 
regional patterns are evident in these data.

In the NLF, differences in TP among the three mixing-status 
categories are minimal up to the 75th percentile, while in the 
CHF distinct differences in TP exist among mixing-status 
categories across the entire range. For example, at the 50th 
percentile, polymictic lake TP was two- to three-fold higher 
than the dimictic lakes (Table 5). The TP distribution for 
intermittent mixing lakes was more similar to the polymictic 
lakes than the dimictic lakes, and this class was ultimately 
grouped with the polymictic lakes for criteria setting pur-
poses. Overall, this suggested the need to consider separate 
criteria for deep (dimictic) and shallow (polymictic and 
intermittent) lakes in the CHF and WCP ecoregions.

Regional patterns: eutrophication impacts on fisheries

Relationships among lake morphometry, lake water chemis-
try, and fish yield (Rawson 1952, Ryder 1965, Matusek 1978, 
Hanson and Leggett 1982) have generally shown that more 
nutrient-rich, shallower lakes are typically more biologically 
productive with higher fish yields per unit area than deeper, 
less fertile lakes. In qualitative terms, a range in fish com-

munities is seen along the productivity continuum ranging 
from oligotrophic through hypereutrophic. A broad general 
regional relationship between TP and size and structure of 
the fish community in lakes was demonstrated by Moyle 
(1956). To further delineate the connection between TP and 
fisheries type, approximately 900 lakes of various ecological 
classification were grouped by ecoregion and the range of TP 
for each class was determined from the assessment database 
(Heiskary et al. 1987).

Schupp (1992) advanced a new MDNR ecological classifi-
cation system for Minnesota lakes based on an examination 
of data from 3,029 lakes. This system takes many physical, 
chemical, and morphological variables into consideration 
and results in classifying Minnesota’s lakes into 44 types. 
One of the variables used was Carlson’s TSI, based on 
Secchi transparency. A second division of the lakes was 
made based on an examination of the distribution of percent 
littoral with ≥80% littoral as an approximate separation of 
lakes that frequently winter-kill as compared to those <80% 
that seldom winter-kill.

Schupp (1992) noted distinct relationships among TSI and 
the presence, relative abundance, and size of several fish 
species (Fig. 3a–f). Consistent with previous work, he found 
that when all fish species were considered, a distinct increase 
occurred in pounds of fish as TSI increased and peaked near 
a TSI of about 60–65 (Fig. 3a). The number of fish species 
peaked at a TSI of 40 and remained fairly stable through a 
TSI of 65; thereafter, a distinct decline in number of species 
was noted (Fig. 3b). However, as Bachman et al. (1996) 
note in their work on Florida lakes, piscivorous fish declined 
as a percentage of the total biomass as lakes became more 
productive (Fig. 3c).

Schupp and Wilson (1993) advanced these concepts further 
as they compared relative abundance and presence of vari-
ous fish and water quality (as represented by Secchi-based 
TSI). For example, the coldwater fishes such as lake trout, 
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Figure 3.-Relative fish abundance as compared to Secchi transparency-based lake trophic status (TSI). Derived from an analysis of 
MDNR fisheries records for 3,029 lakes (Schupp 1992). Graphics adapted from Schupp and Wilson (1993) and Schupp unpublished 
data: (a) fish abundance vs. TSI; (b) number of fish species vs. TSI; (c) percent piscivorous fish vs. TSI; (d) percent of lakes with lake 
trout and percent of lakes with carp vs. TSI; (e) percent of lakes with northern pike and percent of lakes with largemouth bass vs. TSI; (f) 
percent of lakes with yellow perch and percent of lakes with walleye vs. TSI.
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whitefish, and cisco, exhibit peak abundance over a TSI range 
of about 30–40 (TP ~ 6–12 µg/L). Lake trout were generally 
not observed above a TSI of about 45 (TP ~ 17 µg/L; Fig. 
3d), while whitefish and cisco are found at TSIs up to about 
55–60 (TP ~ 34–48 µg/L). Sight-feeding piscivores such as 
northern pike and largemouth bass are most abundant at a TSI 
near 40 (Fig. 3e). While northern pike remain abundant over 
a TSI range from 40–60 (Secchi 4.0–1.0 m), largemouth bass 
decline in abundance over that same TSI range. Species such 
as walleye are abundant across a wide TSI range, peaking 
over a TSI range of ~ 40–50 (TP ~ 12–24 µg/L) and are most 
typically found in large mesotrophic lakes, with low clarity 
and few rooted aquatic plants (Schupp and Wilson 1993). 
Walleye relative abundance declines as TSI increases from 
its peak at about 40–50 (Fig. 3f). The relative abundance 
of common carp increases precipitously over a TSI range 
of 60–80 as well, with large (step) increases noted as TSI 
increases from 60–65 (TP~50–70) and again from 70–75 
(TP~100–140; Fig. 3d).

Lake trout and stream trout lakes

The environmental requirements for support of lake trout are 
fairly stringent with respect to DO, temperature, and trophic 
status, as compared to most warm water species. Dillon et al. 
(2003) define the optimal habitat boundary for lake trout as 
the portion of the lake having >6 mg/L DO and temperature 
<10 °C; they acknowledge, however, that some populations 
can be successful at higher temperatures under some circum-
stances. Siesennop (2000), in an assessment of Minnesota 
lake trout lakes, suggests DO concentrations of 6 mg/L and 
temperatures of ≤12 °C as bounds for suitable habitat.

Summer-mean TP, Chl-a, Secchi, and DO and temperature 
profile data were summarized for MDNR-designated lake 
trout lakes from the assessment database. The typical range 
of values was: TP 9–16 µg/L; Chl-a 1.5–3.3 µg/L; and 
Secchi 4.1–5.8 m (n = 31). In addition, late summer DO and 
temperature profiles for 15 lake trout lakes were analyzed to 
determine if there was suitable refuge for lake trout (tempera-
ture 8–15 °C and DO > 5 mg/L). Of 15 lakes evaluated, 73% 
exhibited adequate refuge, 20% were periodically outside this 
range, and one lake did not exhibit adequate refuge based 
on the late summer profiles (Heiskary and Wilson 2005). A 
review of TP and Chl-a data for lakes exhibiting adequate 
refuge suggested that summer-mean TP was generally <15 
µg/L (commonly in the 8–10 µg/L range) and Chl-a averaged 
3 µg/L, with maximum values of 3–4 µg/L or less.

While this analysis does not reveal absolute TP or Chl-a 
thresholds for sustaining lake trout, it suggests that 15 µg/L 
is probably the upper threshold for summer-mean TP. This 
value is consistent with the upper range proposed by Nordin 
(1986) for lake trout lakes in British Columbia and Walker’s 
(1979) analysis that TP exceeding 10–15 µg/L would yield 

anoxic conditions in the hypolimnion prior to fall turnover. 
However, it may be high relative to the oft-recognized limit 
(10 µg/l) between oligotrophic and mesotrophic conditions 
(Nürnberg 1996). Schupp and Wilson (1993) indicate that the 
percent of lakes with lake trout declined below 5% at a TSI 
< 40 (TP = 12 µg/L) (Fig. 3d). Further, it appears that sum-
mer-mean Chl-a should remain below 3 µg/L, and maximum 
values should generally remain below about 4 µg/L to mini-
mize the impact of algae (organic matter) on metalimnetic 
and hypolimnetic DO concentrations. This would be close to 
the oft-recognized limit between oligotrophy and mesotrophy 
(3.5 µg/L; Nürnberg 1996).

Trophic status data for 125 stream trout lakes (i.e., stocked 
trout and splake) was summarized from the assessment 
database. The typical range was TP = 10–21 µg/L; Chl-a = 
1.9–6.3 µg/L; and Secchi = 3.3–5.4 m. Though temperature 
and DO requirements for sustaining stream trout are not quite 
as stringent as lake trout, many of the same principals apply, 
and the typical range of values was used as the primary basis 
for setting nutrient criteria for stream trout lakes.

Regional patterns: shallow lakes

Based on the reference and assessment databases, some 
distinct differences emerge in trophic status and potentials 
of shallow, well-mixed lakes as compared to deep, strati-
fied lakes (Tables 4 and 5). These differences are apparent 
to lake users as well. During public hearings, associated 
with the establishment of MPCA guidance (MPCA 2007) 
for assessing nutrient-impaired lakes for Clean Water Act 
(CWA) Section 303(d) listing, concerns were expressed by 
several respondents that swimming may not be the primary 
use in many of Minnesota’s shallow lakes. Among their 
contentions were: the shallowness of the lakes, highly or-
ganic substrates, and often times over-abundance of rooted 
submergent and emergent plants. Because of these factors, 
several respondents recommended that the MPCA consider 
separate nutrient criteria for shallow lakes that would take 
these factors into account.

These observations prompted further study of shallow lakes. 
Because differences in trophic status were particularly 
marked among deep and shallow lakes of the CHF and WCP 
ecoregions (Table 5) and the high percentage of shallow lakes 
in these regions, further study focused on these regions. For 
purposes of selecting study lakes and rulemaking, shallow 
lakes were defined as (based largely on Schupp 1992) “lakes 
with a maximum depth of 15 feet (4.5 m) or less or where 
80% or more of the lake is littoral (portion of the lake 15 
feet or less).”

The west-central shallow lakes study was based on the con-
cept of “alternative states” as described by Moss et al. (1996), 
Moss (1998) and numerous others, whereby shallow lakes 
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may switch from relatively clear plant-dominated systems 
at low nutrient concentrations to cloudy, algal-dominated 
systems at high nutrient concentrations. While exact thresh-
olds are not frequently noted, several studies suggest inverse 
relationships among macrophyte coverage and phytoplankton 
Chl-a and resuspension of sediment and TP in shallow lakes 
(Portielje and Van der Molen 1999, Madsen et al. 2001, 
Scheffer et al. 2001). Most studies agree that shallow lake 
response to excess nutrient loading is not linear; rather, the 
lake may be stable until a threshold is reached and then an 
alternate stable state is reached. To switch back, one must 
reduce nutrients to a much lower level than it was previ-
ously to some “critical” level. With this in mind, we sought 
to identify thresholds that might minimize the risk of shal-
low lakes shifting from a macrophyte-dominated state to an 
algal-dominated state.

Macrophyte populations were assessed for the lakes and 
metrics reflective of ecological integrity; for example, the 
number of species of submerged aquatic vegetation (SAV), 
number of species of floating-leaf plants, and Floristic Quality 
Index (FQI) were compiled for each lake. These data, when 
combined with trophic status data, provided an opportunity 
to identify potential thresholds for establishing nutrient cri-
teria for shallow lakes (Fig. 4a and 4b). Some fairly distinct 
patterns are evident from this work that suggest that as TP 
increases above 60–90 µg/L, a decline occurs in FQI, SAV, 
and floating-leaf species, and a concomitant increase in algal 
dominance and decrease in transparency (Heiskary and Lin-
don 2005). These and related observations provided a basis 
for defining appropriate TP, Chl-a, and Secchi thresholds 
for shallow lakes.

Figure 4.-Comparison among number of species of submerged 
(solid bar) and floating leaf macrophytes (depicted by “error 
bar”) relative to: (a) summer-mean Secchi transparency and (b) 
summer-mean chlorophyll a based on 27 shallow west-central 
MN lakes. Lakes sorted by summer-mean TP. Submerged plus 
floating-leaf equals total number of macrophyte species present in 
each lake.

Figure 5.-User perception relative to Secchi transparency by 
ecoregion: (a) interquartile range corresponding to perception 
of “no swimming” or “no use.” (drawn from Heiskary and Walker 
1988) and (b) geometric mean Secchi transparency relative to 
user perception of physical appearance (drawn from Smeltzer and 
Heiskary 1990). Number of observations in parenthesis. See Table 
6 for further description of condition ratings.
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Regional patterns: user expectations

Definitions of “acceptable” or “objectionable” lake water 
quality vary regionally (Heiskary and Walker 1988). A lake 
user in a region dominated by oligotrophic lakes would prob-
ably have much higher expectations (e.g., higher transpar-
ency and lower algal levels) as compared with a lake user in 
a region dominated by hypereutrophic lakes. Defining the 
relationship between user expectations and lake water qual-
ity measurements is an important part of the criteria setting 
process. A methodology for deriving this information is 
presented in greater detail in Heiskary and Walker (1988). 
Basically, the methodology involves cross-tabulating water 
quality measurements against observer survey categories 
(Table 6), which provides a basis for calibrating nuisance 
criteria on a statewide and regional basis.

Following their introduction in 1987, user perception surveys 
have become a routine aspect of data collected by citizen 
volunteers in Minnesota and other states (e.g., Vermont 
and New York). Several papers have been published on the 
use of this type of information in criteria development in 
Minnesota (e.g., Heiskary and Walker 1988), comparing 
user perceptions across ecoregions and two states (Smeltzer 
and Heiskary 1990), and a more recent effort to assess user 
perception across several USEPA nutrient ecoregions and 
states (NYFLA 2003). Likewise, the use of user survey data 
as one basis for criteria development has been supported in 
USEPA guidance (USEPA 2000d).

Regional differences in user perception are evident for Min-
nesota. Heiskary and Wilson (1989) noted that lake users in 

the NLF ecoregion have high expectations regarding water 
quality. For example, in 75% of the observations ranked as 
“impaired” or “no swimming” or “high or severe algae,” 
the corresponding Secchi reading was 2.0 m or less (Fig. 
5a). In the CHF ecoregion 75% of the observations in these 
categories were associated with Secchi readings of 1.4 m or 
less, while in the WCP ecoregion 75% of the observations 
in these categories were associated with Secchi readings of 
0.9 m or less. In a more data-intensive effort, Smeltzer and 
Heiskary (1990) examined user perception responses for three 
Minnesota ecoregions (NLF, CHF, and WCP combined with 
the NGP), Vermont’s inland lakes, and Lake Champlain. A 
prominent finding (as it relates to criteria development) was 
that for Minnesota, Secchi values for the NLF were gener-
ally higher for a given response than in the other regions, 
and regional differences were especially pronounced at the 
lower end of the survey scale (i.e., responses of “crystal 
clear” and “beautiful, could not be any nicer”; Figure 5b). 
Differences among regions and survey response were sta-
tistically significant (Smeltzer and Heiskary 1990). Results 
from this study reaffirmed regional patterns noted in earlier 
work (Heiskary and Wilson 1989) and represent one basis 
for establishing criteria.

Regional patterns: sediment diatom-inferred TP

Lake-sediment cores provide a valuable archive of informa-
tion over a historical continuum of water quality and related 
environmental factors. Distinct differences among regions 
were evident in comparisons of pre-European and modern-
day TP concentrations. For the NLF lakes as a group, there 

Table 6.-Lake Observer Survey (Garrison and Smeltzer 1987). Citizen volunteers and monitoring staff use this subjective scale to rank 
recreational suitability and physical condition of the lake at the time and place of the sampling.

A. Please circle the one number that best describes the physical condition of the lake water today:

1. Crystal clear water.

2. Not quite crystal clear, a little algae present/visible.

3. Definite algal green, yellow, or brown color apparent.

4. High algal levels with limited clarity and/or mild odor apparent.

5. Severely high algae levels with one or more of the following: massive floating scums on lake of washed up on shore, strong 
foul odor, or fish kill.

B. Please circle the one number that best describes your opinion on how suitable the lake water is for recreation and aesthetic 
enjoyment today:

1. Beautiful, could not be any nicer.

2. Very minor aesthetic problems; excellent for swimming, boating, enjoyment.

3. Swimming and aesthetic enjoyment slightly impaired because of algae levels.

4. Desire to swim and level of enjoyment of the lake substantially reduced because of algae levels (would not swim, but 
boating is okay).

5. Swimming and aesthetic enjoyment of the lake nearly impossible because of algae levels.
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was no significant difference in pre-European versus mod-
ern-day TP (Fig. 6). However, significant increases in TP 
were noted for the CHF lakes (Fig. 6), and these increases 
exceeded the “natural variability” noted in comparisons with 
pre-European (1750 and 1800) TP concentrations (Ramstack 
et al. 2004). The degree of change in TP among the Twin 
Cities seven county metropolitan (Metro) area CHF lakes 
is significantly correlated with the percent of the watershed 
in urbanized landuse, while those in the rural portion ex-
hibit a significant correlation with the percent of landuse in 
agricultural uses, or inversely the percent in forested uses. 
Increases from pre-European to modern-day for the Metro 
lakes were rather minimal (as a group); however, the rural 
lakes exhibited a significant increase based on comparison of 
means ± standard error. The deeper dimictic WCP lakes also 
did not change significantly across the two time periods (pre-
European and modern-day). No significant associations with 
landuse were noted by Ramstack et al. (2004), presumably 
because of the small sample size (5 lakes) and the predomi-
nately agricultural landuse in these watersheds. However, 
these five lakes had the highest modern-day TP of any of the 
lakes in the 55 Lakes Study and as such were at the fringe of 
the data used to construct the predictive model.

Data from the 55 Lakes Study was pooled with the Southwest 
and West-Central Shallow Lakes Studies to provide a more 
robust estimate of historical shallow lake conditions. The 
resulting 79 lakes model exhibited a significant modern-day 
TP increase relative to pre-European values for shallow lakes 
(Fig. 6). It was also evident that pre-European TP in shallow 
CHF and WCP lakes was higher than their deeper counter-
parts and was a confirmation of the need for development of 
separate shallow lakes criteria.

Discussion
Deriving eutrophication criteria-general 
considerations
Minnesota’s approach to criteria development employs the 
aforementioned databases, research efforts, and associated 
literature review. The approach does not differ substantially 
from that previously described in Heiskary and Walker 
(1988) and Heiskary and Wilson (1989). It is best described 
as a “weight-of-evidence” approach that acknowledges 
differing uses and potentials of lakes (Table 1). Weight of 
evidence, as used in this context, is the collective summary of 
scientific information pertaining to identifiable lake response 
thresholds, linked with the most sensitive beneficial uses, 
attuned to regional and lake-type distinctions, and coupled 
with user perceptions of water quality.

The initial focus of these databases and research findings is 
on the typical (interquartile) range of the data and examples 

for TP (Fig. 7a–c). Secondly, the most sensitive sub-uses 
of lakes in each region are used as a basis for developing 
ecoregion-specific criteria for TP, Chl-a, and Secchi. The 
following considerations and relevant data are considered 
prominently in developing the criteria:

• Typical trophic status range of the reference lake data 
represents a starting point for establishing criteria, with 
an initial focus on TP. Emphasis is placed on the 75th 
percentile of the reference population; however, this is 
not the sole consideration, and the actual percentile may 
vary among regions.

• The typical range for the MPCA and EPA assessment 
databases are considered, focusing on the 25th to 50th 
percentiles.

• Pre-European (diatom-inferred) TP concentrations pro-
vide perspective on pre-settlement natural background 
condition and what might be considered the lowest 
achievable TP for each ecoregion. The 75th percentile 
is used for this purpose.

• Following establishment of some target ranges based on 
TP, the analysis is extended to Chl-a and Secchi, and 
similar comparisons among the reference and assess-
ment databases are made. Linkages among TP, Chl-a, 
and Secchi are made based on lake response regressions 
using, for example, Carlson’s TSI (Carlson, 1977) and 
Eq. 1–3. Further linkages are made to nuisance bloom 
frequency and extreme conditions as it relates to sum-
mer-mean TP (Fig. 2a and 2b) and Chl-a (Eq. 4).

• User perceptions of recreational suitability are paired 
with Secchi transparency and Chl-a to statistically 
define “swimmable” conditions (Fig. 5a and 5b). A 
primary focus is on minimizing the occurrence of con-

Figure 6.-Mean diatom-inferred total phosphorus. Comparison 
of pre-European (pre-E) vs. modern-day by ecoregion. Standard 
error of the mean and number of lakes for each group noted. 
Means are not significantly different when mean ± standard error 
overlap with another mean ± standard error.
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Figure 7.-Comparison of summer-mean total phosphorus 
interquartile ranges for: diatom-inferred pre-European (pre-E), 
reference, and assessment databases for (a) Northern Lakes and 
Forests (NLF), (b) North Central Hardwoods Forests (CHF) and (c) 
Western Corn Belt Plains (WCP) ecoregions.

ditions characterized as “swimming impaired” or “high 
algae” in the NLF and CHF ecoregions. In the WCP 
and NGP ecoregions, minimizing the occurrence of 
conditions characterized as “no swimming” or “severe 
algal blooms” is the primary emphasis. As thresholds 
are identified, the interrelationships of TP, Chl-a, and 
Secchi are used to further refine proposed criteria ranges 
as a part of the weight-of-evidence approach.

• For MDNR-designated lake trout lakes, data from as-
sessed lakes and interrelationships among TP, Chl-a, 
Secchi, and hypolimnetic oxygen depletion (HOD) are 
the primary bases for criteria development. For MDNR-
designated stream trout lakes HOD is not as significant 
of a concern, and data from assessed stream trout lakes 
is a primary basis for criteria establishment, with a fo-
cus on values near the 75th percentile. As for other fish 
populations, established relationships among lake TSI 
and select species provide a further basis for refining 
criteria ranges (Fig. 3a–f).

• Shallow lake criteria are developed for the CHF and 
WCP ecoregions with an emphasis on ecological end-
points in contrast to swimmable-use endpoints, which is 
a primary focus in deep lakes. Linkages among trophic 
status measures and rooted macrophyte metrics are a 
primary basis for recommending criteria ranges (Fig. 
4a and 4b).

Ecoregion-specific criteria development: North Central 
Hardwood Forests

An ecoregion example can be used to demonstrate the above 
process and employment of considerations. The CHF ecore-
gion was chosen for its diversity of “most sensitive uses,” 
including stream trout lakes, aquatic recreational use, and 
shallow lakes (Table 1).

Fisheries: stream trout lakes

The CHF ecoregion contains no natural lake trout lakes and 
very few stream trout lakes. Criteria recommendations for 
stream trout lakes relied heavily on an analysis of pooled 
data from stream trout lakes in the NLF and CHF ecoregions. 
The initial focus was on the distribution of TP values from 
these lakes, and the 75th percentile was chosen as an ap-
propriate level for establishing the criteria. Similar analysis 
was done for Chl-a and Secchi, and their typical ranges were 
noted. Chlorophyll a and Secchi criteria were selected based 
on these distributions and refined to correspond to the TP 
criterion based on interrelationships defined in Eq. 1–3. In 
this instance, there was no ecoregion-based difference in the 
recommended criteria because supporting this use required 
relatively low trophic status, and a case for ecoregion-based 
differences could not be made.

Aquatic recreational use: deep lakes

The MPCA and EPA assessment databases exhibit very 
similar TP and IQ ranges (Fig. 7a), with an overall range 
of 84 and 80 µg/L, respectively. This large range is a func-
tion of the heterogeneity of the lakes in this region (e.g., 
morphometry, watershed characteristics, and anthropogenic 
impacts). The reference database exhibits a much smaller IQ 
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range (27 µg/L) than the assessment database. Comparison 
of the 25th percentile for the MPCA and EPA assessment 
and the 75th percentile for the reference databases (Fig. 
7b) suggests an appropriate TP criteria level is between 20 
and 28 µg/L (25th percentile assessment) and 50 µg/L (75th 
percentile reference). Further, the 25th percentiles for the 
reference and assessment databases correspond to about the 
75th percentile for the “deep” pre-European diatom-inferred 
TP concentrations.

Based on the above, 40 µg/L was recommended as the TP 
criteria for deep recreational lakes. At or below 40 µg/L, 
“severe nuisance blooms” should occur less than 5% of the 
summer and “nuisance blooms” should occur less than 20% 
of the summer (Fig. 2a.). Secchi transparency should remain 
greater than 1.0 m over 90% of the summer (Heiskary and 
Walker 1988) and minimize the likelihood of conditions 
deemed “no swimming” or “high algae” (Fig. 5a and 5b). 
Also as TP increases above about 40–50 µg/L (TSIs of about 
55–60), the number of piscivores start to decline, and rela-
tive abundance of carp and black bullhead tend to increase 
(Fig. 3c and 3d).

Aquatic recreational use: shallow lakes

The CHF ecoregion has a large number of shallow lakes that 
represent a significant percentage of total lakes in the region 
(~40%; Heiskary and Wilson 2005). Healthy shallow lakes 
are often characterized by diverse populations of macrophytes 
over much of the basin. As such, maintaining adequate trans-
parency to allow establishment of rooted macrophytes over 
much of the basin, minimizing the occurrence of nuisance 
algal blooms, and keeping TP concentrations below a range 
that promotes excessive algal growth are all important consid-
erations for setting base eutrophication criteria. Of these three 
variables, transparency may be the most important. In turn, 
transparency can be directly related to TP and Chl-a (Eq. 2 
and 3), although several biotic factors, such as dominance of 
benthivorous (e.g., carp and bullhead) or planktivorous fish, 
and abiotic factors, such as suspended sediments, lake depth, 
wind erosion, and resuspension, may also influence transpar-
ency and the ability of the lake to support macrophytes.

Transparency should remain above about 0.7 m and ideally 
1.0 m or greater to minimize the likelihood of a reduced 
number of SAV and floating-leaf species (≤10 species; 
Fig. 4a) or low Floristic Quality Index (FQI; Heiskary and 
Lindon 2005). A summer-mean transparency of 0.7–1.0 m 
should allow SAV colonization to a depth of about 1.5–2.0 
m based on equations developed by Canfield et al. (1985) 
and Chambers and Kalff (1985) and data from the west-
central Minnesota lakes (Heiskary and Lindon 2005). This 
represents an appreciable portion of a typical shallow lake 
where mean depths are often 1–3 m (Heiskary and Lindon 

2005) and should allow for macrophyte dominance over 
much of the lake.

The corresponding TP range to yield a transparency of 
0.7–1.0 m is around 48–68 µg/L based on Carlson’s TSI and 
about 60–80 µg/L based on Eq. 3. Total P concentrations 
>60–80 µg/L are undesirable because the frequency of severe 
nuisance blooms increases substantially (Fig. 2b) and the 
number of macrophyte species declines, which often signals 
a shift to a turbid algal-dominated system (Fig. 4b). Given 
this range of values, and acknowledging that other biotic and 
abiotic factors can be significant in determining whether a 
lake can support a healthy and diverse population of rooted 
macrophytes, we recommended that the criteria be set at the 
conservative end of each range of the aforementioned values 
for summer averages: Secchi of 1.0 m or greater; Chl-a of 
20 µg/L or lower; and TP of 60 µg/L or lower. Maintaining 
values in this range will not absolutely ensure that a shallow 
lake will remain in a plant-dominated state but should reduce 
the risk that the lake will switch to an algal-dominated state, 
which as repeatedly noted in the literature can be difficult to 
reverse once the change has occurred.

Summary
Ecoregion-specific eutrophication criteria have been de-
veloped for Minnesota’s lakes and include criteria for the 
“causative” variable TP and the two “response” variables 
Chl-a and Secchi (Table 1). The criteria were based on de-
tailed analysis of several databases, including assessment, 
reference, diatom-inferred, and USEPA criteria databases. 
Understanding regional patterns and interrelationships among 
TP, Chl-a, and Secchi based on these databases, fisheries 
information, user perception, and other information was 
critical to criteria development. Designated uses of the lakes 
were considered, and appropriate linkages to existing water 
quality standards classifications were made. This approach 
is best described as a “weight-of-evidence” approach and is 
consistent with much of what is shared in USEPA guidance 
(USEPA 2000d).

Following adoption of these criteria into Minnesota’s water 
quality standards, they will serve as the primary basis for as-
sessing the condition of Minnesota’s lakes. One application 
of the criteria will be to determine which lakes have exces-
sive TP and algal concentrations and should be deemed as 
“impaired” as a part of the CWA Section 303(d) impaired 
waters assessment that states are required to conduct. In this 
context a lake must exceed the causative variable (TP) and 
one of the response variables to be deemed “impaired” for 
purposes of 303(d) assessment. More broadly, the criteria 
will provide a basis for improved lake management covering 
the spectrum from prioritizing monitoring efforts, supporting 
lake protection efforts, and establishing meaningful endpoints 
for lake rehabilitation.
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