
Introduction
Edward Birge and Chauncey Juday are usually recognized 
as the founders of limnology in North America. Their 
descriptive studies in the late 1800s and early 1900s focused 
on biology, but also examined the interactions between 
physical, chemical, and biological processes in lakes.

Early studies tended to focus on algal growth because 
that was something that was noticeable to most lake 
users. For example, ice was harvested from Harveys Lake, 
Pennsylvania, in the 1800s and transported to New York 
City for refrigeration; however, by 1895 the ice became so 
green with algae that it was no longer suitable for harvest 
(Petrillo, 1983).

The relationship between in-lake phosphorus concentra-
tions and algal blooms was first quantified in a study of 
lakes in southeastern Wisconsin lakes by Sawyer (1947). 
That classic study found that phosphorus concentrations 
greater than 0.010 mg/L at spring overturn led to algal 
blooms the following summer.

Diversion of sewage from Lake Washington from 1963 to 
1968 provided one of the first demonstrations that eutro-
phication could be reversed by phosphorus removal. 
Edmondson (1970) documented the rapid recovery of the 
lake following diversion of municipal wastewater, leading 
to numerous diversion projects in both North America and 
Europe.

The importance of watersheds came into focus when 
Vollenweider (1968) demonstrated the relationships 
between phosphorus loading, flushing rate, and eutrophi-
cation that the importance of watersheds began to be fully 
appreciated. That led to many additional modeling efforts 
to further refine the response of lakes to changes in nutri-
ent loading. Models have continued to evolve and become 
more complex as computing power increases.

Lake management in the United States began on a large 
scale following the passage of the Clean Water Act in the 
United States in 1972. Section 314 of that act established the 
Clean Lakes Program, which formed the basis for lake and 
watershed management in the United States over the past 
30 years. The Clean Lakes Program provided financial and 

technical assistance to States for restoring publicly-owned 
lakes. The Clean Lakes program provided approximately 
$145 million in grants between 1976, when the program 
was first authorized, and 1994, when funding stopped, for 
lake assessments, diagnostic-feasibility studies, restoration 
projects, and long-term monitoring.

Congress amended the Clean Water Act (CWA) in 1987 
to establish the Nonpoint Source Management Program 
under Section 319 because it recognized the need for great-
er federal leadership to help focus State and local efforts 
on controlling nonpoint sources of pollution. Under sec-
tion 319, States, Territories, and Indian Tribes receive grant 
money which supports a wide variety of activities includ-
ing technical assistance, financial assistance, education, 
training, technology transfer, demonstration projects, and 
monitoring to assess the success of specific nonpoint source 
implementation projects. Since 1999, the U.S. EPA has 
encouraged states to use section 319 funds to fund eligible 
activities that might have been funded in previous years 
under section 314.

These programs elevated lake management to a recognized 
science. Following the success of the Clean Lakes Program, 
several states established lake and watershed management 
programs with similar goals and requirements. Processes 
for planning and carrying out lake and watershed manage-
ment programs were outlined in the Clean Lakes Program 
Guidance Manual (U.S. EPA, 1980).

Two key lessons were learned from the Clean Lakes 
Program (U.S. EPA, 1995):

1. The long-term effectiveness of lake clean-up efforts 
hinge on controlling pollution within the watershed, 
and

2. Local support and involvement are critical for success.

The North American Lake Management Society (NALMS) 
summarized many of the key lessons learned from the 
Clean Lakes Program in the document, Managing Lakes 
and Reservoirs (Holdren et al., 2001). In that document, 
Klessig (2001) proposed the generic planning process 
shown in Figure 1.
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The management plan is typically developed as part of a 
diagnostic-feasibility study. The steps in this study closely 
parallel the steps in the planning process outlined in Figure 
1. The key elements of a typical diagnostic-feasibility study 
are described in the following sections.

Step 1: Determine management objectives
No step is more important in developing and implement-
ing a lake and watershed management project than estab-
lishing a consensus for the desired outcome of the manage-
ment program. Several processes are available to reach a 
consensus on management objectives (Klessig, 2001), and 
no single process is the best for all conditions. The key is to 
find the process that produces the greatest acceptance from 
the majority of stakeholders in a given watershed.

According to the Top 10 Watershed Lessons Learned (U.S. EPA, 
1997), the best management plans have “... clear visions, 
goals, and action items.” Osgood (2001) provided the fol-
lowing definitions for those terms:

Visions - general statements of where the lake community 
wants to go and what it will accomplish over a given time 
span (usually 5 to 10+ years). Visions should be comprehen-
sive enough to capture the thrust of the planning process.

Goals - more specific than visions, breaks into logical piec-
es what is needed to obtain vision, refer to components of 
overall effort, sometimes quantifiable.

Objectives - steps to achieve the goals, describes types 
of management or activities and are quantifiable where 
possible.

Action Items - explain who is going to do what, where, 
and when; they generally articulate how to implement 
the objectives and should be quantified if possible; bench-
marks of existing conditions and/or indicators should be 
developed for action items.

Step 2: Gather existing information.
For many lakes and their drainage basins, there is at least 
some existing information available. For those cases where 
no information exists, at least some basic information will 
need to be collected. Useful information includes:

• Hydrology, geology, soils, land use,

• Chemical and biological characteristics, and

• Affected population.

One of the first steps is to determine the extent of the water-
shed. In many cases, a great deal of information is obtained 
from this step alone because it shows the relationship 
between the lake and potential sources of pollution. Once 
the watershed has been delineated, information on hydrol-
ogy, geology, soils, slopes, and land use can be collected. 
This information often proves useful in identifying critical 
areas with respect to sedimentation and lake filling, stream 
corridor instability, and erosion potential. This information 
is typically obtained from aerial photography, soil surveys, 
topographic maps, satellite imagery, and field surveys, 
with the specific information sources available dependent 
upon the location of the watershed.

A land use map (Figure 2) not only shows watershed uses, 
but also provides information that can be combined with 
nutrient and sediment export coefficients (Reckhow et al., 
1980) to prepare nutrient and sediment budgets for the 
reservoir and serve as the basis for modeling efforts. The 
computation and review of watershed characteristics and 
preparation of the land use maps is most easily accom-
plished through a geographical information system (GIS), 
which integrates computerized mapping and data analysis 
capabilities. Figure 2 shows a typical land use map

The watershed map can also be used to help identify sourc-
es of pollutants and other key watershed features.

Information on the size and economic structure of the pop-
ulation residing near the lake or reservoir and descriptions 

Figure 1. Generic Planning Process
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of public access and transportation to lake access points are 
also required to assist in the evaluation of benefits derived 
from a restoration project. Census data and information 
from local planning agencies usually supply adequate 
information for this facet of the study.

Step 3: Develop a Monitoring Program
A monitoring plan provides data to describe existing lake 
and watershed conditions, fill information gaps, and pro-
vide a basis for modeling. Determining which variables 
need to be measured depends upon the management objec-
tives. Potential lake monitoring variables are listed in Table 
1. Profiles, nutrient concentrations, Secchi depth, chloro-
phyll a, phytoplankton and zooplankton are typically mea-
sured during the monitoring program if eutrophication 
is a key concern. Iron and manganese are often included 
for drinking water reservoirs. Other contaminants, such as 
heavy metals, pesticides, bacteria, and sediment character-
istics can be added depending upon activities occurring in 
the watershed and potential management alternatives.

A watershed monitoring program can be used to assess 
pollutant inputs from point and nonpoint sources and 
help identify potential problem areas. Samples should be 
collected from major tributaries under both wet and dry 
weather conditions. Typical monitoring variables include 
nutrients, suspended solids, and other pollutants of poten-
tial concern.

Step 4: Develop Hydrologic and Pollutant Budgets
Preparation of pollutant budgets is a critical component of 
any diagnostic study. These budgets are used to quantify 
inputs of nutrients and sediments from various sources to 
the lake. The data generated in this task are also used in 
the selection and prioritization process for restoration mea-
sures. The watershed analysis conducted in Step 2 and the 
watershed monitoring program conducted in Step 3 pro-
vide the information needed to develop detailed nutrient 
(nitrogen and phosphorus) and sediment budgets. Land 
use analysis can also provide predictive capability for 
changes in watershed land use conditions.

Known point source pollutant discharges are be identified 
and evaluated in terms of their potential effects on lake 

Figure 2. Lake Pinchet Watershed Land Use.

Dissolved oxygen profiles pH profiles

Temperature profiles Conductivity profiles

Total phosphorus Soluble reactive phosphorus

Nitrate/nitrite nitrogen Ammonia nitrogen

Total nitrogen Total suspended solids

Alkalinity/hardness Iron and manganese

Secchi depth Chlorophyll a

Phytoplankton Zooplankton

Bacteria Fish populations

Metals/pesticides Sediment characteristics

Table 1. Monitoring Parameters for Lake Samples
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water quality. Point sources can include wastewater treat-
ment plants, industrial discharges, and agricultural opera-
tions, such as feed lots.

Nonpoint sources are more difficult to quantify accurately. 
Thorton and Creager (1981) described various nonpoint 
sources of concern and provided methods for measuring 
or estimating the relative importance of those sources. 
Nonpoint sources include natural background loads, as 
well as loading resulting from human activities, such as 
agriculture, logging, mining, and construction.

The results produced from pollutant budget calculations 
describe the relative importance of various sources, includ-
ing runoff, precipitation, and groundwater, on pollutant 
budgets. Once the relative contribution of each component 
of the nutrient and sediment budgets has been established, 
it becomes easier and more meaningful to prepare a resto-
ration plan. Emphasis can then be placed on the expendi-
ture of funds on those sources recognized as significantly 
contributing to pollutant loads.

Step 5: Evaluate Feasible Lake and Watershed 
Management Alternatives

Alternative methods for restoring lake water quality and 
beneficial uses should be evaluated. The alternatives 
analyses should also include potential nonpoint control 
measures within the watershed. Wagner (2001) provided a 
thorough analysis of in-lake control measures and Thorton 
and Creager (2001) discussed watershed management 
alternatives. Those and similar references can be consulted 
to determine which management alternatives are feasible 
for particular lakes and watersheds.

Those alternatives identified as technically feasible war-
rant further evaluations. Those evaluations should include 
potential water quality improvements, environmental 
impacts and estimated cost of implementation. The fea-
sibility of each alternative under consideration should be 
evaluated on the basis of:

• Pollutant Reduction - how substantial will be the 
decreases in pollutant loadings and/or the improve-
ments in water quality that could be expected from 
implementation of the management technique under 
consideration?

• Practicality - can the method be practically implement-
ed for the lake and/or its watershed?

• Effectiveness - based on the scientific literature and 
previous experience, how effective is each method in 
meeting desired management objectives?

• Cost - how does the cost of implementing each tech-
nique under consideration compare to the expected 
returns?

• Environmental Impacts - are there any adverse envi-
ronmental impacts associated with implementation of 
a particular management technique?

Preliminary cost estimates for implementing lake restora-
tion and watershed management alternatives are typically 
developed from various sources, including local experience 
with similar projects, literature and internet surveys, and 
vendor estimates. Costs of relevant management alterna-
tives should be compared to assist in the selection of the 
most cost-effective management program.

Environmental impacts naturally result from any large-
scale activity, even those that are part of a project designed 
to restore natural resources. The magnitude of negative 
environmental impacts resulting from restoration activities 
under consideration must be identified to ensure that ade-
quate mitigation measures are be included to minimize the 
influence of such impacts. Both short-term and long-term 
potential impacts must be identified as part of the environ-
mental evaluation.

Other environmental concerns will also be included in the 
evaluation of restoration alternatives. The presence of sig-
nificant natural areas, threatened and endangered species, 
and similar factors of concern should be considered.

Step 6: Develop a lake and watershed management 
plan

Two keys to developing a successful management plan 
are pursuing feasible alternatives and preparing a realistic 
budget. A budget is necessary to determine which resources 
will be needed to ensure that those resources are obtained. 
Implementing only part of a management plan often leads 
to failure (Osgood, 2001). A good management plan will 
include a detailed description of all recommended man-
agement activities.

In-lake techniques are often included to restore the water 
quality and to control acute problems which impact lake 
recreational uses. In-lake techniques include activities 
such as dredging, aeration and macrophyte control. These 
techniques can frequently provide immediate relief from 
the symptoms of eutrophication or other water quality 
problems. Although these techniques usually provide only 
short-term benefits, they can vastly improve the conditions 
encountered by lake users. This often aids the overall res-
toration plan by helping gain public support for the long-
term plan by enhancing recreation use of the lake while 
the watershed management measures which provide long-
term solutions are being implemented.

The watershed map developed in Step 3 can be used to 
help visualize locations of management activities (Figure 
3). Global positioning systems (GPS) can be used to accu-
rately identify locations of point sources and other problem 
areas. The map also shows the relative positions of pollut-
ant sources and the lake or reservoir, which can be used in 
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modeling efforts to help determine the likelihood of pollut-
ant loadings being attenuated by travel times or uptake by 
other watershed activities.

Step 7: Implement the Management Plan
According to Osgood (2001), an effective management plan 
should answer the question:

Who will do what by when and with what expected result? 
The “who” refers to those individuals who will be investing 
their time and effort into implementing the management 
plan. The “what” refers to management actions that will be 
taken and directed toward a meaningful and measurable 
objective. “When” is important because there is no commit-
ment without a deadline.

To meet these objectives, the management plan should 
a schedule for implementing management techniques. 
The necessity and time required to obtain permits for any 
planned construction activities needs to be included in the 
schedule.

The management plan will include a discussion of the pro-
jected benefits of plan implementation.

Specifying expected results forces an ongoing and criti-
cal evaluation of the management plan. This is essential 
to a long-term effort. The evaluation must be objective 

or measurable, and it requires a willingness to adapt the 
management program to new information.

Step 8 : Evaluate results
Evaluating the effectiveness of a management plan should 
focus on whether or not objectives were met. Evaluations 
can include water quality monitoring, quantification of 
specific construction activities, and surveys of lake users. 
Monitoring programs to evaluate results must include the 
key variables of interest and often are based on the lake and 
watershed monitoring program conducted during Step 3.

Some objectives, such as those that specify a quantity to 
be accomplished by a certain date, are easy to evaluate. 
Examples would include dredging 100,000 m3 of sediment, 
stabilizing 500 m of eroding stream banks in the watershed, 
or conducting a survey of user perceptions of improve-
ments in water quality. Other objectives, such as educating 
the public on measures they can take to reduce runoff, are 
difficult to quantify and thus harder to evaluate. Klessig 
(2001) recommends making a comprehensive evaluation of 
management objectives about every five years.

Failing to attain the expected result does not always repre-
sent a failure of the management program. In some cases 
it can provide an opportunity to make adjustments and 
improvements to the plan (Osgood, 2001).

Figure 3. Pinchot Lake Watershed Areas of Concern
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Step 9: Repeat the Process
Lake and watershed management plans should not be 
static documents. A good plan recognizes the fact that con-
ditions can change, scientific and technological advances 
occur, and human attitudes and values change over time. 
Results from continuing monitoring programs and periodic 
evaluations of the management plan will inevitably lead to 
a new management plan over the course of time.
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