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Abstract
Understanding regional lake quality patterns is important to lake restoration. It puts specific lake
conditions into perspective, provides a basis for establishing lake quality goals, identifies lakes
most likely to benefit from restoration and forms a framework for assessing restoration success.
We describe two techniques used to characterize regional lake quality patterns. Combining the two
approaches provides an effective means to describe lake regions, management goals and restoration
success. Case examples illustrate the significance of regional lake quality to specific lake
restoration projects.
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INTRODUCTION
Scientific and public interest in lake restoration

chlorophy11.a relationship and Vollenweider' s

owe much to several key events including

(1975) phosphorus loading and residence time

Dillon and Rigler's (1974) phosphorus/

relationships. The passage of the Clean Water
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Act of 1972 with the so called "Clean Lakes"

relative to that of the "special interest lake". It

section, ultimately was responsible for

has become apparent that prediction of the

launching the first formal and orchestrated

effectiveness of lake restoration improves if

movement to protect and improve lake quality

regional lake quality is considered in the

in the U.S. The Clean Lakes Program

evaluation of potential success. Thus, in this

provided federal funds to lake associations for

paper we describe two approaches for

diagnosis and "restoration" efforts.

developing regional lake quality patterns and

Restoration is a misleading term frequently

explain, through the use of case examples, why

envisioned to mean pristine. In practice, a more

they are significant to conservation and

accurate definition is that coined by Sven Bjork

management ("restoration") decisions.

in 1968, to reflect a recreation of conditions in
such a way that acceptable environmental

ECO REGIONS

conditions are reestablished. As a rule this
recreation of acceptable or suitable conditions

One approach for characterizing regional lake

reflects a local or regional perspective relative

quality patterns is to integrate existing surrogate

to uses for which the lake was once suitable

landscape level information pertaining to

before its degradation (Bjork 1994).

surface water quality in a fashion such as
Omemik's ecoregions (1987, 1995). The

Based on the phosphorus limitation

concept of regional variability, while not new

phenomenon in most freshwater lakes,

to limnologists, was formally recognized on a

restoration focused primarily on reducing this

national scale by Omemik's (1987) description

nutrient in the lake to a level that produced

of 76 ecoregions of the conterminous United

more acceptable phytoplankton species

States. Omernik's original ecoregions are

composition and biomass. Many techniques

based on regional similarities in a combination

were employed for this purpose with little

of spatial characteristics that influence aquatic

consideration for regional lake water quality

resource condition, including soils, geology,
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land surface form, climate, potential natural

Figure 1. Location of 1400 state-wide total

vegetation, and land use. These ecoregions,

phosphorus lake sample sites within the four

coupled with data on lake characteristics,

primary ecoregions [Northern Lakes and

provide a basis for delimiting current

Forests (NLF); North Central Hardwood

conditions and expectations for lake quality,

Forests (CHF); Western Com Belt Plains

assessing deviations from the expected,

(WCP); and Northern Glaciated Plains (NGP)]

establishing reasonably attainable conditions,

of Minnesota, USA. See Figure 3 for locator

and estimating the success of restoration

map. (Heiskary et al. 1987).

treatments. Many states are adopting an
ecoregional approach to manage water quality
(Hughes et al. 1994).

Heiskary and Wilson (1989) used Omernik
ecoregions (Figure 1) to define Minnesota lake
management goals based on differences in
regional lake quality. They characterized total
phosphorus by ecoregion from 1,400 lakes
sampled state-wide by various investigators
between 1970 and 1985 (Figure 2A). The

WCP

State itself, monitored 90 reference lakes

considerably from ecoregion to ecoregion. The

between 1985 and 1989 (Figure 2B ), defined

Minnesota Pollution Control Agency uses data

as those lakes minimally affected by point and

from the regional reference lake patterns of

nonpoint sources of pollution and in

water quality to define reasonable goals

watersheds with regionally predominant

expressed in terms of average summer total

landscapes. It is clear from these box-plots that

phosphorus, likelihood of nuisance conditions

lake total phosphorus concentrations differ

(e.g., estimates of algal bloom frequency), and
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Figure 2. Total phosphorus (µg/L) box-plots for 1400 lakes in Minnesota sampled state-wide
between 1970 and 1985 (A), and 90 reference lakes sampled between 1985 and 1989 (B) by
ecoregions. Ninety-five percent confidence interval (Csi) of the median is calculated as:
C8i = ± 1.7(1.251/1.35~) where I= interquartile range and n = number of observations
(redrawn from Heiskary and Wilson 1988, 1989).
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exceedances relative to both lake protection and

reference lakes connotes reasonable cause for

restoration goals. Deviation of non-reference

concern and possible remediation.

lake conditions from the interquartile range
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(Figure 4). Paulsen et al. (1995) demonstrated
that pattern assessment of lakes via a

The ecoregional lake patterns also can be

probability design differs markedly from

characterized with data collected specifically for

results obtained from a much larger hand-

that purpose through a well designed sample

picked data base for the same region. Also,

survey. Sample surveys that incorporate

they found that the hand picked data bases

randomization in the selection of lakes to be

underestimate the proportion of lakes that are

monitored have the advantage of avoiding

eutrophic or hypereutrophic. In addition,

unknown biases that can arise if lakes are

estimates of trophic condition from yearly

selected non-randomly. This design based

probability based sample surveys are much less

approach to selecting lakes for monitoring is

variable than those from annual hand picked

more efficient (requires fewer lakes) than use

samples. The combination of ecoregional

of less focused historical data and has the

delineations with well designed sample surveys

added advantage of providing estimates of the

is an effective way to characterize the regional

statistical confidence with which the regions are

setting within which to evaluate lake protection

characterized (Larsen et al. 1994).

or restoration.

This approach has been used by the

CASE EXAMPLES

Environmental Monitoring and Assessment
Program (EMAP) throughout the Northeastern

The importance of regional lake quality

United States from 1991through 1994 (Figure

patterns, relative to restoration efforts, is

3). For example, there are about 11,089 lakes

illustrated by two examples from Minnesota.

> 1 ha in the NE U.S. Of these, a stratified

Shagawa Lake is located in the northern lakes

random sample of approximately 86 lakes were

and forests ecoregion (Figure 1). Between

selected for monitoring each year for four years

1971 and 1973, average summer total

(fable 1) with results summarized by ecoregion

phosphorus in the lake ranged between 50.8
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Figure 3. Map of the United States showing Minnesota (Figure 1) and ecoregions of the
Northeastern United States with the location of lakes sampled from 1991 through 1994 (EMAP
1991 through 1994 Northeastern Lakes Data Base).

D
D

Coastal/Lowland Plateau

■

New England Upland

Adirondacks

Table 1. Lake size classes, target population (number of lakes) by sire class and number of lakes
sampled by EMAP in the Northeastern United States from 1991 through 1994. Sample lakes were
selected using a stratified random design (EMAP 1991 through 1994 Northeast Lakes Dat:t Base).
Sire Class (ha)

Target Lake Population

Sample Sire

1 - S5
>5 -S20
>10- sso
>50- S500
>500-S5000
>5000
Total

4160
2135
3287
1294
208

30
69
121
85
39
1
345

5
11089
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Figure 4. Total phosphorus (µg/L) for lakes

dynamics in lakes at the time, Shagawa seemed

in ecoregions of the Northeastern United States

to be an excellent candidate to benefit from

[Adirondacks (ADI); New England Uplands

nutrient diversion; actually advanced waste

(NEU) and the Coastal Lowlands and Plateau

treatment. The advanced waste treatment began

(CLP).] The legend in figure 2 applies here.

in 1973 and immediately reduced the total

(EMAP 1991 through 1994 Northeast Lakes

external phosphorus inflow from 6,200 - 7,200

Data Base)

kg/yr to between 900- 1,500 kg/yr, an amount

.

sufficient to reduce the average inflow
phosphorus concentration from 60 - 100 ug/L

80

to less than 20 ug/L (Larsen 1979). In the

~:::l

absence of internal phosphorus supplies,

-;; 60
::,

Shagawa Lake should achieve lake total

0
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phosphorus levels typical of the region.
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However, in-lake total phosphorus remained

0
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0
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high (34.6 - 35.7 ug/L) from 1974 through
1976. Mass balance analyses identified a large
CLP

Ecoregion

seasonal internal pulse of phosphorus from the
sediments that prevented Shagawa Lake from
achieving a regionally expected condition.

and 60.9 ug/L, clearly an anomaly for the

The Fairmont Lakes are located in the

region. Extensive use of nutrient budget and

Western Com Belt Plains (Figure 1). Stefan

lake loading models identified waste treatment

and Hanson (1981) report total phosphorus in

discharge to the lake as exceeding by nearly

surface waters of these lakes to be 30 to 150

four times that of natural inflows (Larsen et al.

ug/L while that in the hypolimnion ranges from

1979). Therefore, given the information at

30 to 1,500 ug/L. Spring snow melt runoff to

hand and our understanding of phosphorus

the lakes typically is 10 to 50 ug/L. By late
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8July total phosphorus runoff rises to 150 to

sediments, algal resistance to copper and shifts

200 ug/L, but occasionally reaches 500 ug/L.

from green to blue-green species,

Clearly, these lakes are among the most

disappearance of macrophytes, shifts from

eutrophic in all of Minnesota. Stefan and

game fish to nongame fish and reductions in

Hanson concluded that the Fairmont Lakes,

macroinvertebrates.

like Shagawa, have significant amounts of

CONCLUSIONS

internal nutrient recycling from the sediments.

A major difference between Shagawa and the

At the time of the Shagawa and Fairmont Lake

Fairmont Lakes is the pattern of lake quality in

projects, the extensive Minnesota data bases

the surrounding region. The phosphorus

did not exist Retrospectively, the Shagawa

concentration in Shagawa Lake is a clear outlier

project was of the right kind, for the right

in a region of otherwise high quality lakes.

reasons given regional lake quality patterns, but

The phosphorus concentration in the Fairmont

produced less than expected results. While

Lakes is among the highest in a region of high

modeling had predicted significant internal

phosphorus concentrations. Consequently, the

nutrient cycling, there was no way of knowing

Fairmont Lakes, are unlikely to ever achieve

what time would be required for recovery. The

the quality of lakes in the Northern Lakes and

Shagawa example, along with others, alerted

Forest ecoregion. Despite this, the Fairmont

the limnological and lake management

Lakes have been subjected to over 60 years of

communities to the importance of internal

well intentioned "restoration efforts", including

phosphorus supplies, even in regions of high

copper sulfate and partial dredging (Hanson

quality lakes.

and Stefan 1984). The result has produced

The Fairmont Lakes projects resulted in

little if any lasting improvement and a host of

frustrations and unrealized expectations, many

adverse side effects including oxygen

of which could have been avoided had regional

depletion, fish kills, copper accumulation in

lake quality data bases been available and
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considered. For example, the location of the

analysis for the Northeastern lakes and

Fairmont Lakes among a population of lakes

preparation of this manuscript was funded by

with very high trophic levels should have

the U.S. Environmental Protection Agency,

alerted lake managers and government officials

National Health and Ecological Effects

to the low potential for substantial recovery.

Research Laboratory at Corvallis, OR, USA.

Among more recent lake restoration efforts,

The manuscript has been subjected to the

two treatment techniques stand out for their

Agency's peer and administrative review and

success. These are phosphorus inactivation

approved for publication. Mention of trade

and dredging (Cooke et al. 1993). However,

names or commercial products does not

even these highly successful techniques are not

constitute endorsement or recommendation of

failsafe. They cannot be implemented without

use.

regard for, and an understanding of regional
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