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Preface 

This technical guidance document is based on 
the concept that bioassessment and biocriteria 
programs for lakes and reservoirs are interre
lated and critical components of comprehensive 
water resource protection and management. The 
United States has approximately 40 million 
acres oflakes, ponds, and reservoirs. For the 
decade following the passage of the Clean Water 
Act in 1972, the Nation's lake acreage that 
experienced a decline in water quality was four 
tJmes the acreage that experienced improvement 
(Johnson 1989). Managing, protecting, and 
restoring these waterbodies has been, and will 
continue to be, a challenge requiring the balanc
ing of human and environmental health con
cerns with economic feasibility. 

Our increased understanding of how lake sys
tems function and respond to human activity has 
led to the recognition that environmental protec
tion requires a holistic approach to lake manage
ment and protection. It has been necessary to 
expand our thinking in regard to lake monitoring 
approaches, incorporating biological assessments 
into traditional chemical and physical evalua
tions. 

Section l O l of the Clean Water Act requires 
federal and state governments to "restore and 
maintain the chemical, physical and biological 
Integrity of the Nation's waters." Natural, 
undisturbed aquatic ecosystems have high 
biological integrity, which is defined as "the 
condition of an aquatic community inhabiting 

unimpaired waterbodies of a specified habitat as 
measured by an evaluation of multiple attributes 
of the aquatic biota. Three 
critical components of The goal of this guidance is to 
biological integrity are that 
the biota is (1) the product assist in protecting the 
of the evolutionary process 
for that locality, or site, (2) ecological integrity of the 
inclusive of a broad range 

Nation's lake and reservoir of biological and ecological 
characteristics such as resources. 
taxonomic richness and 
composition, trophic 
structure, and (3) is found in the study biogeo
graphic region." (USEPA 1996a). 

In 1992, the National Research Council of the 
National Academy of Sciences, calling for 
improved assessment programs to more effec
tively target lake restoration efforts, recom
mended the following (NRC 1992): 

'There is a great need for cost-effective, reliable 
indicators of ecosystemftmction, including tlwse 
that wlll reflect long-term change and response 
to stress. Research on indicators should. include 
traditional community and ecosystem measure
ments, paleoecological trend assessments, and 
remote sensing. 

Many natural resource agencies throughout the 
country have begun the process of developing 
and implementing biological assessment and 
criteria programs primarily for rivers and 
streams. This document is part of the effort to 



advance the use of these strategies with regards 
to lakes and reservoirs, thereby fostering the 
development of credible and practical 
bioassessment programs. 

The goal of this guidance is to assist in protect
ing the ecological integrity of the Nation's lake 

and reservoir resources. It 
This document is intended to does not address issues of 

human health assessments 
provide managers and field as these concerns are 

widely discussed in other 
biologists with functional technical documents and 

regulations. This guidance methods and approaches 
was developed through the 

for bioassessment and experience of existing state, 
regional, and national lake 

biocriteria. monitoring programs. 
Several existing lake 

programs are used as case studies and ex
amples throughout the document illustrating 
specific concepts or methods. It is important to 
remember that circumstances vary throughout 
the country and this document cannot specifi
cally address every situation or experience. 

The orientation of this document is toward 
practical decision making rather than research 
and its primary target audiences are state and 
tribal natural resource agencies. It is intended 
to provide managers and field biologists with 
functional methods and approaches that will 
facilitate the implementation of viable lake 
bioassessment and biocriteria programs that 
meet their needs and resources. 

The methods, or protocols, presented here are 
organized in a tiered framework, ranging from 
trophic state surveys to more detailed 
bioassessment, allowing users flexibility in 
designing programs appropriate to their needs 
and resources. Procedures for program design, 
reference condition determination, field 
biosurveys, biocriteria development and data 
analysis are detailed. In addition, the document 
provides information on the application and 
effectiveness of lake bioassessment to existing 
EPA and state/tribal programs such as the 
Clean Lakes Program, 305(b) assessments, 
NPDES permitting, risk assessment, and water
shed management. The appendices of the 
document include a glossary of terms, summa
ries of existing programs and protocols, detailed 
descriptions of biological assemblages, and 
procedures for statistical analysis of biological 
data. 

The following is a summary of the information 
contained in each chapter: 
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Chapter 1: The Protection of Biological 
Integrity 
This chapter introduces biological integrity, 
bioassessment and biocriteria as fundamen
tal considerations in developing and imple
menting lake monitoring programs and 
discusses the relationship between these 
concepts and the Clean Water Act's goal of 
restoring and protecting the Nation's water 
resources. Chapter 1 provides a rationale for 
biomonitoring as an integral component of 
natural resource agency lake management 
and protection programs. 

Chapter 2: Lake Biological Monitoring in 
USEPA. Local, State, Tribal, and Regional 
Protection and Management Programs 
Monitoring is a vital element in natural 
resource protection programs. Chapter 2 
summarizes the relationship of biological 
surveys and biocriteria to various programs 
in the Clean Water Act. The application of 
lake biomonitoring and the development of 
biocriteria in these programs play a critical 
role and can have significant benefits for 
natural resource agencies and their con
stituents. This chapter addresses where and 
how biomonitoring and biocriteria fit into 
these programs. In addition, this chapter 
explores some nonregulatory applications 
and benefits of biomonitoring programs. 

Chapter 3: Overview of Bioassessment 
and Biocriteria 
This chapter provides a sketch of the 
conceptual framework, application and 
approaches of bioassessment and biocriteria 
that are detailed in the remaining chapters. 

Chapter 4: Selection and Characterization 
of Reference Conditions 
Establishing reference conditions, which 
represent the best attainable conditions for 
lakes in a given region, lays the groundwork 
for the development of biomonitoring and 
biocriteria programs. The ecological health 
of a lake, as measured through biosurveys, 
is evaluated through comparison to the 
reference conditions. This chapter recom
mends and details an approach for designat
ing and identifying reference conditions. 

Chapter 5: Habitat Measurement 
The evaluation of habitat provides essential 
clues as to the status of a lake's biological 
organisms. Chapter 5 discusses habitat, 
including both watershed and in-lake 
components, as an element of 
bioassessment programs. 



Chapter 6: Biological Assemblages 
This chapter describes the various biological 
organisms that are surveyed in lake 
bioasscssment programs. Target assemblages 
were chosen primarily based on their ability to 
be sampled and analyzed in a cost-effective way 
and their use in existing programs: 

Chapter 7: Tiered Sampling 
Chapter 7 details an additive tiered approach to 
lake biosurveys that includes evaluation of 
habitat and biological assemblages, or organ
isms. The purpose of the tiered approach is to 
provide natural resource agencies a menu of 
assessment and protocol options that take into 
consideration varying levels of familiarity with 
biosurveys. regional needs, resource limitations, 
and regulatory requirements. 

Chapter 8: Index Development 
The final step toward functional bioassessment 
is the development of an index, comprised of the 
sum of a series of metrics, or measurement 
scores. The total index value of a test site is then 
compared to the index value for the reference 
condition. Chapter 8 provides an overview of 
procedures involved in selecting appropriate 
measurements and determining an index. The 
Tennessee Valley Authority's experience in 
developing metrics and indices is highlighted in 
this chapter as an example. (Appendix E pro
vides more detailed discussions and examples of 
statistical methods used in data analysis.) 

Chapter 9: Quality Assurance 
This chapter discusses the various factors to 
consider in ensuring the reliability of monitoring 
and measurement data. Chapter 9 addresses 
quality assurance and control considerations for 
each step of the process including sampling 
design, field operations, laboratory operations, 
data analysis, and data reporting. 

Chapter 10: Biocriteria Implementation 
Chapter 10 discusses the characteristics of 
biocriteria and details the steps to implement a 
biocriteria program. Biocriteria provide natural 
resource agencies with a mechanism to protect 
the biological integrity of lakes and to establish 
aquatic life-use classifications. Issues of focus in 
this chapter include technical and resource 
considerations. 

Appendix A: Glossary of Terms 

Appendix B: Comparison of Existing Lakes 
Protocols 

Appendix C: Paleolimnological Sampling 

Appendix D: Biological Assemblages 

AppendixE: Statistical Analysis Methods for 
Biological Assessment 

AppendixF: Executive Summaries of State 
Pilot Studies 

Appendix G: Literature Cited 
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In This Chapter ••• 

> The Relationship Between Bioassessment 
and Biocriteria 

> Uses of Bioassessment and Biocriteria 

Chapter 1 

The Protection of Biological 
Integrity 

1 .1 INTRODUCTION 

Biological monitoring is integral to the measure
ment of the total ecological health of a 
waterbody and is becoming increasingly impor
tant in water quality monitoring and assess
ment. Historically, most natural resource 
programs have measured individual pollutants 
in the water column and sediments. Although 
such programs have effectively monitored and 
controlled point source discharges of nutrients 
and contaminants, their efforts to assess total 
ecological integrity, measured by combined 
chemical, physical (including habitat), and 

·-,, ... ,__: . 

Around thecountiy, various agencies use terms .. ." 
differently. .This can feacJ'to confu~/o.ri.when · _ " '. . · 
developing a guli:Jance documen.t lnteridecJ for, · ·. . . 
national use .. Therefore;. for. the purpose~ pf this · '·: 

biological attributes, have been limited. Many 
surface waters have continued to deteriorate 
from nonpoint pollution, habitat modification, 
and other impacts of human activities (Karr 
1991). For example, in the United States, the 
total lake acreage that deteriorated in quality 
from 1972 to 1982 was four times the acreage 
that improved (Johnson 1989). 

This document describes a set of protocols for 
biological assessment of lakes and reservoirs 
relevant to issues of ecological integrity. It is not 
intended to address human health concerns as 
these issues have been addressed in previous 

.. .:;'··,;:.-.. ··:-·.-,;·'::.;:';,'.-. :·-:·.;~: ·. ··• .. •~--· ~:-.. -;.:._,-.· ·.:.·::_..:,_· .· .. · .. · 
measlir~ments of resident biota_ln .. surface_ 
·waters:.- '.~: '.. .. ., . . 

. ' " ' . . . · 
.. ' ·· 131i:,/ag1cal inonltotlng (biomonitoring) is the. use 

document; the folio.wing terms are ·deflnf}d: '· . : :; . . of ii biological entity atfa detector, and .its re~ . 
· · ··• · "' · ,. . - ... ·•:•. -- : . ·,, .,, sponse asa:measure;_to deterrnine·emilronmental 

A bloioglca/ survey (blosurvey) is the prociess ~1 . . . . condlti.ons: toxicity tests and biosurveys are 
collecting and processing representative portions 
of a resident aquatic community to determine the 

. commllnity "sfructlJre· and functidn. -. ' . .. . 

A b/ologlca/ a~ssment (bioassessment) 'is 'an. 
. evaluation of the biological condition of a ·.· 
waterbocly_that uses bfosunieys and other direct 

' · common biomonitbring methods. 
'C •• ' ••.• -cc , ' , • ' 

. ;. . .Bloiogfcal drlteria (b,locrlteria) are numeric:· 
:..,,-: : .::.•values·or narrative ·expressions that describe the 

- refe_r_ense pio[ogic~,I C<>ilditlon of aquaticcommuni~ 
' ties Inhabiting wate~s of a given designated'. . . . _ ·. • 

, , a'cjoatic l~e use., .. 
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guidance documents. The protocols in this 
document are intended for use by local, state, 
tribal, and regional natural resource monitoring 
agencies, and they can be used in the imple
mentation of biological criteria. 

The document includes a general strategy for 
biocriteria development, identifies steps in the 
process, and provides technical guidance on 

how to complete each step, 
using the experience and 

Biologics/ monitoring is 
knowledge of existing state, 
regional, and national Integral to the measure-
surface water programs 

ment of the total ecologi- where appropriate. The 
protocols are tiered to allow 

cal health of a waterbody flexibility in customizing 
individual monitoring 

and Is becoming increas-
programs according to the 

lngly important in water user's own requirements 
and available resources. 

quality monitoring and 
The multiple assemblage 

assessment. and multimetric assess-
ment approach outlined 

here is designed to address elements and 
processes associated with community balance, 
trophic structure, and richness. This guidance 
is not intended to replace existing biological 
assessment or biocriteria programs. Rather, it 
can be used as a tool for developing new pro
grams and/or enhancing current programs. 
Although not designed to "push the envelope" of 
lake bioassessment, this document was devel
oped to provide methods that are technically 
credible, practical, and geared toward the 
genuine needs and resources of natural re
source agencies. 

1 .2 THE CONCEPT OF 
BIOCRITERIA 

Efforts to monitor human effects on waterbodies 
have ranged from 19th century physical obser
vations of sediment and debris movement 
(Caper et al. 1983) to chemical metrics, cur
rently the most commonly employed source of 
water quality criteria (USEPA 1992e). Investiga
tors and resource managers, however, have long 
recognized that water column measurements 
reflect conditions only at the time of sampling. 

As an important supplement to chemical sam
pling, biological measurements can reflect both 
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current conditions and temporal changes in 
waterbodies, including the cumulative effects of 
successive disturbances. However, the develop
ment and widespread use of formal biological 
criteria have lagged behind chemical-specific, 
instream flow, and toxicity-based water quality 
criteria in waterbody management (USEPA 
1985b, USEPA 1985c). Recent recommendations 
on monitoring strategies for aquatic resources 
have emphasized the need to accelerate the 
development of biological sampling as a regular 
part of surface water programs (USEPA 1987b, 
USEPA 1987c). 

Biological criteria are benchmarks for water 
resource protection and J!lanagement decision 
making. Expressed as numeric values or narra
tive expressions, they measure attainment of 
biological integrity. In turn, biological integrity 
describes the most robust aquatic community to 
be expected in a natural condition in a water 
resource relatively unaffected by human activities. 

The development of biocriteria by natural 
resource agencies depends on the assessment of 
conditions at reference sites. Reference sites are 
not necessarily pristine, although they must 
exhibit only minimal impairment relative to the 
overall region of study. Based on biological 
sampling, or surveys, a bioassessment of 
multiple sites is done, resulting in values that 
represent the biological potential for waters in 
the region. The regional biological potential is 
then used to establish biocriteria. Biocriteria 
can then be used as a measuring stick for 
determining the status of test sites. The sites 
can be surveyed, scored, and compared to the 
established biocriteria. 

Biocriteria supported by bioassessment serves 
several purposes in surface water programs. The 
use of biocriteria expands and improves water 
quality standards, helps identify impairment of 
beneficial uses, and helps set program priorities. 
The use of bioassessments to investigate impair
ment, evaluate the severity of problems, ascertain 
the causes of the problems, and determine 
appropriate remedial action is a step-by-step 
process. Decision criteria for ascertaining impair
ment are part of the implementation plan and the 
foundation for establishing biocriteria to deter
mine beneficial use categories and assess subse
quent management efforts. This should be 
followed by continued monitoring, improving the 
resource quality with each cycle. (See Figure 1-1.) 



MONITORING CRITERIA 

Figure 1-1. Interdependence of Environmental 
Monitoring and Environmental Criteria. 

1.3 USES OF 
BIOASSESSMENTS AND 
BIOCRITERIA 

By directly measuring the condition of the water 
resource at a site, surveys and assessments of 
resident biota are an important foundation in 
the derivation and maintenance of biocriteria 
and, thus, are a critical tool for natural resource 
agencies in protecting the quality of water 
resources. Biocriteria, in conjunction with 
surveys of aquatic assemblages, are useful for a 
variety of purposes including: 

• Problem screening and identification, 
through the early detection of problems that 
other methods might fail to uncover or 
might underestimate. 

• Assessing the effectiveness of implemented 
water resource management practices. 

• Determining attainment of designated 
aquatic life uses. 

• Refining aquatic life uses categories. 

• Identifying impact sources. 

Applications of bioassessments and biocriteria 
to specific USEPA, state, local, tribal, and 
regional management programs (such as under 
Clean Water Act sections 303, 305(b), 314, 319) 
are discussed in Chapter 2 of this document. 

The Protection of Biological Integrity 

1 .3. 1 Screening and 
Identifying Problems 

Monitoring of the resident biota can be used to 
identify and rank problem areas for further 
attention and dedication of resources. It can 
also serve as an early warning system to identify 
problems and to ensure against continued 
degradation. 

Biological assessments can be used to establish 
priorities for remedial actions. Screening can be 
done on an individual lake to establish manage
ment priorities. Screening can also be used as a 
tool on a regional or statewide basis to deter
mine programmatic 
priorities. For example, Monitoring of the resident 
regional screening could 
determine whether nutri- biota can be used to identify 

ent controls, sediment and rank problem areas for 
controls, or toxic elimina
tion should have the further attention and 
highest priority for im
proving regional surface dedication of resources. 
water quality. 

1 .3.2 Assessing Effectiveness 
of Management 
Practices 

Bioassessments can be used to track the 
effectiveness of remediation measures. In 
managing nonpoint source pollution, the natu
ral resource agency may initiate cooperative 
land use programs in a given area or install best 
management practices 

(BMPs) to improve the Before-and-after bioas-
water resource. Both 
Nonpoint Source (NPS) sessments compared to 
and Clean Lakes Pro-
grams require monitoring the biocriteria "benchmark'' 
of BMPs. Before-and-after 

make it possible to objecbioassessments compared 
to the biocriteria "bench tively evaluate the relative 
mark" make it possible to 
objectively evaluate the success of management by 
relative success of man
agement by assessing assessing actual biological 

actual biological commu
community changes. nity changes. 

While other management uses of biocriteria 
include reviewing the adequacy of NPDES 
permits, biocriteria are not recommended at this 
time for inclusion as NPDES permit limits. 
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Rather, they are ideal for assessing the ad
equacy of the permit to protect the resident 
biota. This can be done by comparing biosurvey 
results at the test site to the criteria established 
for that waterbody. Failure to meet the criteria 
suggests that the waterbody is not meeting its 
aquatic life use. One possible explanation is that 
the permit is not protective enough for the use 
class. 

Monitoring the status and condition of resident 
communities over time is important to assess 
trends in the quality of the biota, whether to 
guard against further degradation or to measure 
relative improvement as a result of mitigation. 
Several natural resource agencies have estab
lished monitoring stations for conducting 
periodic biosurveys in streams as part of their 
biomonitoring programs. Very few natural 
resource agencies have initiated biological 
assessment for compliance monitoring in lakes. 

1 .3.3 Refining Aquatic Life 
Uses 

Both classification and definition of designated 
uses of lakes and reservoirs are important in the 
planning, development, and use of biocriteria. 
Historical data from existing state efforts such 

as surface water classifica
tion and Clean Lakes Blocrlteria relate directly 
Programs, along with 

to blologlca/ resource additional field efforts, aid 
completion of these key 

condition rather than planning steps. Informa
tion obtained through 

surrogate concentrations biological surveys can be 
used to explicitly describe of particular pollutants. 
each designated use. 

A designated use is a classification designated 
in state water quality standards for each 
waterbody or segment that defines the optimal 
purpose for that waterbody regardless of attain
ment status. The designated uses for lakes and 
reservoirs are usually defined by individual 
natural resource agencies and include such 
uses as drinking water, aquatic life, recreational 
use, industrial use, and agricultural use. 

Use attainability-The potential for a waterbody 
to meet, reach, or develop to its optimal purpose 
or designated use. 

Aquatic life uses-Classifications specified in 
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state water quality standards for each 
waterbody or segment relating to the level of 
protection afforded to the resident biological 
community by the state agency. 

General information on use designation can be 
found in Biological Criteria: National Program 
Guidance for Surface Waters (USEPA 1990a). 
Specific technical guidance for conducting 
use-attainability analyses is provided in Techni
cal Support Manual: Waterbody Surveys and 
Assessments for Conducting Use Attainability 
Analyses (USEPA 1984). 

Designated uses of water bodies are formulated 
on, and in tum influence, the level of protection 
afforded the aquatic resource. Natural resource 
agencies establish standards appropriate to the 
protection of specific designated uses. For 
example, the designation outstanding waters is 
sometimes assigned to waterways which are 
located in undisturbed or minimally influenced 
watersheds and are characterized by aquatic 
communities that are deemed to be as naturally 
occurs (USEPA 1990a). Alternatively, other use 
designations may reflect preexisting land use 
patterns that prevent attainment of the highest 
quality waters. However, an observed downward 
trend does not justify lowered use designation. 

1 .3.4 Determining Attainment 
of Designated Use 

Biological surveys and criteria are fundamental 
tools for assessing aquatic life use impairment. 
State water quality standards exist to define and 
protect designated uses conducive to overall 
water resource enhancement and preservation. 
Current biomonitoring tools used to judge 
nonattainment are not well-formulated in many 
instances. Consequently, many natural resource 
agencies rely exclusively or primarily on 
chemical-specific criteria to evaluate use impair
ment. 

Biocriteria provide the only direct assessment of 
resource condition. and they are sensitive to a 
broader range of human influences on the 
watershed than are chemical criteria alone (Karr 
1991, USEPA 1991b). By including biocriterta, a 
natural resource agency gains a much more 
complete assessment of the condition of the 
water resource. Biocriteria relate directly to 
biological resource condition rather than surro
gate concentrations of particular pollutants. 



The Protection of Biological Integrity 

Cumulative impacts on the biota can be mea
sured, revealing synergistic degradation that may 
occur even though all specific permit conditions 
may be met. Similarly, this measure of the biotic 
community often reveals the sum total of effects 
over the entire year, not just at one point in time. 

1 .3.S Ddentlfylng Causes of 
,Rmpalrment 

The concept of measuring the attributes of 
aquatic communities in unimpacted areas for 
biocriteria was first developed for stream sys
tems (Index of Biotic Integrity [IBI], Karr et al. 
1986; Invertebrate Community Index [ICI), Ohio 
EPA 1987; Rapid Bioassessment Protocol [RBP), 
USEPA 1989b) Observed deviations from the 
unimpacted conditions are assumed to be 
indicative of impairment. Human-induced 
alterations affect biological integrity through 
their effects on five major classes of factors 
important to the aquatic biota (adapted from 
Karr et al. 1986): 

• Energy base. 

• Chemical constituents . 

• Habitat structure . 

• Hydrologic regimen . 

• Biotic interactions. 

These factors influence the aquatic biota and 
can adversely affect elements and processes that 
normally occur in a lake or reservoir. By specifi
cally designing a survey to include all five of 
these elements, it is possible to address causal
ity when a lake fails to meet its biocriteria. Such 
information will assist in diagnosing impaired 

sites and determining management actions, for 
example, distinguishing between impacts from 
toxic substances and disruption of habitat. 

1 .4 OTHER BIOCRITERIA 
REFERENCE DOCUMENTS 

USEPA has developed technical guidance 
documents for implementing biocriteria in 
response to biocriteria development issues 
including legislative authority, steps in develop
ing biocriteria, and the application of biocriteria 
to surface water management (USEPA 1990a). A 
reference guide to the technical literature 
pertaining to biocriteria has been developed to 
provide support interest from natural resource 
agencies (Table 1-1). This reference guide 
contains cross-references to technical papers 
that present concepts, approaches, and proce
dures necessruy to implement habitat evalua
tions and biological surveys in the development 
and use of biocriteria. 

In December 1990, a symposium on biological 
criteria provided a forum for discussing techni
cal issues and guidance for the various 
waterbody types of the Nation's surface waters. 
The proceedings at this conference are pre
sented in USEPA (1991b). The Agency has also 
developed guidance to help natural resource 
agencies initiate narrative biological criteria 
(USEPA 1992e) . 

Recently, the Agency issued a technical guid
ance document/for biocriteria use in streams 
and small rivers (USEPA 1996a). Much of the 
approach and many of the issues addressed by 
the stream document serve as a template for 
developing biocriteria for other waterbody types, 
including lakes. 
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Table 1-1. Biocrlteria reference documents. 

Title 

Biological Criteria: National Program Guidance for 
Surface Waters. 

Biological Assessment Methods, Biocriteria, and 
Biological Indicators: Bibliography of Selected 
Technical, Policy, and Regulatory Literature. 

Blologlcal Criteria: Research and Regulation. 
Proceedings of a Symposium. 

Procedures for Initiating Narrative Biological 
Criteria. 

Document Citation 

USEPA 1990. EPA-440/5-90-004. U.S. 
Environmental Protection Agency, Washington, DC. 

USEPA 1996. EPA-230-B-96-001. Office of Policy, 
Planning, and Evaluation, U.S. Environmental 
Protection Agency, Washington, DC. 

USEPA 1991. EPA-440/5-91-005. U.S. 
Environmental Protection Agency, Office of Water, 
Health and Ecological Criteria Division, 
Washington, DC. 

USEPA 1992. EPA-822-B-92-002. U.S. 
Environmental Protection Agency, Office of Science 
and Technology, Washington, DC. 

Biological Criteria: Technical Guidance for Streams USEPA 1996. EPA-822-B-96-001. U.S. 
and Small Rivers. Environmental Protection Agency, Office of Science 

and Technology, Washington, DC. 

Summary of State Biological Assessment Programs USEPA 1996. EPA-230-R-96-007. Office of Policy, 
for Streams and Rivers. Planning and Evaluation, U.S. Environmental 

Protection Agency, Washington, DC. 
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> Programmatic Applications of Biological Data 

Chapter 2 

Lake Biological Monitoring 
in USEPA, Local, State, Tribal, and Regional Protection 
and Management Programs 

A state monitoring program is the source of data 
for all other state resource management pro
grams. It helps to identify water quality prob
lems, identify waters needing total maximum 
claily loads (TMDLs), quantify loads, verify 
models, and evaluate the effectiveness of point 
and nonpoint source water quality controls. A 
state's monitoring program also serves as the 
backbone of its water quality programs. The 
biological monitoring protocols presented in this 
guidance document will strengthen a state's 
monitoring program. An effective and thorough 
water quality program can help to improve 
reporting (e.g., 305(b) reporting), increase the 
effectiveness of pollution prevention efforts, and 
document the progress of mitigation efforts. 

Biological monitoring and the establishment of 
biocriteria provide scientifically sound and 
detailed descriptions of designated aquatic life 
use for waterbodies. Biocriteria are biological 
benchmarks for measuring the condition of 
aquatic biota. They help determine whether 
water quality goals are attained, set priorities, 
and evaluate the effectiveness of implemented 
controls and management actions. Developing 
and implementing biocriteria for lakes and 
reservoirs is complicated in some states because 

of a high level of human intervention on a 
significant percentage of lakes and reservoirs. 
Many lakes and reservoirs are managed by the 
states for different uses 
(e.g., drinking water, 
recreation, fishing). 
Several lake management 
practices mask natural 
conditions; for example, 
stocking of fish and 
periodic lowering of lake 
levels. In addition, entire 
regions of the country 
have no natural lakes but 
have abundant reservoirs, 
which do not have the 
same attributes as most 
natural lakes. 

This section provides 

suggestions for the 

application of biological 

monitoring and biological 

criteria to lakes and 

reservoirs through existing 

state programs. 

Despite the variability in lake conditions, 
performing biological monitoring and developing 
biocriteria for lakes have important benefits. 
This section provides suggestions for the appli
cation of biological monitoring and biological 
criteria to lakes and reservoirs through existing 
state programs (Table 2-1). 
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Table 2-1. Applications of lakes biological monitoring protocols and biocriteria. 

Program 

Section 305(b) 
Reporting 

Section 314/Clean 
Lakes Program 

Section 319/Nonpoint 
Source Program 

Watershed Protection 
Approach 

TMDLs 

NPDES Permitting 

Biological Monitoring and Assessment 

• Improving data for beneficial use 
assessment. 

• Improving water quality reporting. 

• Assessing status of biological components 
of lake systems. 

• Measuring effects of ongoing restoration 
projects. 

• Measuring success of lake clean-up efforts 
and other mitigation activities. 

• Assessing lake trophic status and trends 
assessing biological trends. 
[Monitoring and sampling needs vary for 
each lake} 

[Clean Lakes Program Regulations 
monitoring components: algal pigments, 
algal genera, cell densities, algal cell 
volumes, limiting nutrients, macrophyte 
coverage, bacteria, and fish flesh analysis] 

• Evaluating nonpoint source impacts and 
sources. 

• Measuring site-specific ecosystem 
response to remediation or mitigation 
activities. 

• Assessing biological resource trends within 
watersheds. 

• Assessing biological resource trends within 
watersheds. 

• Identifying biological assemblage and 
habitat impairments that indicate 
nonattainment of water quality standards. 

• Documenting ecological/water quality 
response as a result of TMDL 
implementation. 

• Priority ranking waterbodies . 

• Measuring improvement or lack of 
improvement of mitigation efforts. 

• Developing protocols that demonstrate 
relationship of biological metrics to effluent 
characteristics. 

Biological Criteria 

• Identifying waters that are 
not achieving their aquatic 
life use support. 

• Defining an understandable 
endpoint in terms of 
"biological health" or 
"biological integrity'' of 
waterbodies." 

• Identifying lakes that are not 
attaining designated use 
(including aquatic life use) 
support. 

• Defining lake biological 
integrity based on a 
reference condition. 

• Identify impairments due to 
toxic substances. 

• Determining effectiveness of 
nonpoint source controls. 

·-
• Setting goals for watershed 

and regional planning. 

• Identifying water 
quality-limited waters that 
require TMDLs. 

• Establishing endpoints for 
TMDL development, i.e., 
measuring success. 

• Performing aquatic life use 
compliance monitoring. 

• Helping to verify that 
NPDES permit limits are 
resulting in achievement of 
state water quality standard. 
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Table 2-1. Applications of lakes biological monitoring protocols and biocriteria (continued). 

Program Biological Monitoring and Assessment 

State Monitoring • Improving water quality reporting. 
Programs • Documenting improvement or lack of 

improvement of mitigation efforts including 
lake clean-up efforts, TMDL application, 
NPDES efforts, nonpoint source pollution 
controls, etc. 

• Problem identification and trend 
assessment. 

• Prioritizing waterbodies . 

Risk Assessment • Providing data needed to estimate 
ecological risk to assessment endpoints. 

Water Quality Criteria • Developing data bases for lake 
and Standards phytoplankton, macroinvertebrates, fish 

plants, and other assemblages. 

• Developing indices that assess lake biota 
compared to reference. 

2. 1 SECTION 30S(B) WATER 
QUALITY ASSESSMENT 

Section 305(b) establishes a process for report
ing information about the quality of the Nation's 
water resources (USEPA 1993c, USEPA 1994f). 
States, the District of Columbia, territories, and 
certain River Basin Commissions have devel
oped programs to monitor surface and ground 
waters and to report the current status of water 
quality biennially to USEPA. Special grants are 
available for Native American groups to provide 
similar assessments of water quality on tribal 
lands. This information is compiled into a 
biennial Nation.al Water Quality Inventory report 
to Congress. The 305(b) reports are a major data 
source helping USEPA to: 

• Determine the status of water quality. (Are 
the designated/beneficial uses being met?) 

• Evaluate the causes of poor water quality 
and the relative contributions of pollution 
sources. 

• Report on the activities under way to assess 
and restore water quality. 

• Determine the effectiveness of control 
programs. 

Biological Criteria 

• Measuring effectiveness of 
controls. 

• Performing watershed 
planning. 

• Performing regional 
planning. 

• Development of an 
assessment or 
measurement endpoint. 

• Identifying waterbodies that 
are not attaining aquatic life 
use support. 

• Refining aquatic life use 
classifications. 

• Developing site-specific 
standards. 

• Determine the workload remaining in 
restoring waters with poor quality and 
protecting threatened waters. 

Use of biological assessment in 305(b) reports 
helps to define an understandable endpoint of 
relevance to society-the 
biological health and 

Section 305(b) establishes 
integrity of waterbodies. 
Many of the better known a process for reporting 
and widely reported 
pollution cleanup success information about the 
stories have involved the 

quality of the Nation's recovery or reappearance 
of valued sport fish and water resources. 
other pollution intolerant 
species to systems from 
which they had disappeared (USEPA 1980b, 
USEPA 1985a). Improved coverage of biological 
integrity issues, based on monitoring protocols 
with clear bioassessment endpoints, will make 
the 305(b) reports more accessible and mean
ingful to many segments of the public. 

The 305(b) process encourages monitoring and 
assessment for all lakes. The Clean Water Act 
Section 314 Clean Lakes Program outlines 
specific assessment or classification information 
for significant publicly owned lakes. Section 
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314(a)(2) of the CWA, as amended by the Water 
Quality Act of 1987, requires the states to 
submit a biennial assessment of their lake water 
quality as part of their 305(b) reports (USEPA 
1993c). The specific elements of the assessment, 
as outlined in section 314(a)(lO)(A-F), constitute 
the minimal requirements for approval and for 
subsequent grant assistance as required by 
section 314(a)(4). Each state report should 
reflect the status of lake water quality in the 
state, restoration/protection efforts, and trends 
in lake water quality. Each state should report 
the total number of significant publicly owned 
lakes and their acreage, the trophic status of 
each lake, control methods, restoration and 
rehabilitation efforts, the number of impaired 
and threatened lakes, acid effects on lakes, toxic 
effects on lakes, trends in lake water quality, 
and a description of the state's water quality 
standards that are applicable to lakes. 

Biological monitoring can provide data that 
could augment several of the 305(b) reporting 
requirements. In particular, the following lake 
assessment activities and reporting require
ments could be enhanced through the use of the 
biological monitoring information: 

• Measuring the success of restoration and 
rehabilitation efforts when measured against 
reference conditions. 

• Measuring the success of Clean Lakes 
Program projects. 

• Developing and using lake water quality 
standards or, if water quality standards 
have not been developed for lakes, develop
ing and using other biological measures to 
determine impaired or threatened status of 
lakes. 

• Identifying lakes and 
States are encouraged to lake acres affected by 

acidity or toxics and 
develop integrated water those with elevated 

levels of toxics. quality strategies that 

• Identifying sources of include lake and reservoir 
acidity and toxic 

management, restoration, pollutants in lakes 
and estimating the 

snd protection activities. number of affected 
lake acres attributed 
to each source. 

• Identifying lake water quality trends, 
including trends in acidity, toxic pollutants, 
and their effects. 

The Waterbody System (WBS) can generate 
many of the tables needed to report the required 
305(b) summru:y data (USEPA 1994f). The 
Waterbody System can record general informa
tion on the types of monitoring protocols used in 
making assessments for specific lakes. Since 
WBS is intended as a data base of assessments, 
it does not have facilities for storing actual 
monitoring data or bioassessment metrics. 
Bioassessment information could, however, be 
entered in WBS comment fields. 

2.2 SECTION 31 4 CLEAN 
LAKES PROGRAM 

Historically, the Clean Lakes Program has been 
active in awarding grants for the study and 
restoration of publicly owned lakes. Under this 
program, states are encouraged to develop 
integrated water quality strategies that include 
lake and reservoir management, restoration, 
and protection activities. 

The Clean Lakes Program regulations (40 CFR 
part 35, subpart H) list the primru:y components 
that could be monitored to characterize the 
biological component of a lake system. including 
algal pigments, algal genera, cell densities, algal 
cell volumes, limiting nutrients, macrophyte 
coverage (by species), bacteriological compo
nents, and fish flesh analysis. The regulations 
do not specifically require monitoring for 
macroinvertebrates. Whether a complete limno
logical investigation or some more focused set of 
investigations should be undertaken depends on 
the status of available baseline data and the 
problems affecting a particular lake. 

Monitoring and sampling needs vru:y from lake 
to lake. For example, a lake program might do a 
more detailed benthic macroinvertebrate survey 
if dredging or restoration work involving the 
disturbance of sediments is planned. Even if 
this survey work is being done for dredging 
purposes only, it can aid in the formulation of 
an on-site reference. The use of a reference 
condition, whether it is developed by historical 
data or through a regional approach, can 
improve Clean Lakes projects by identifying 
biological impairments that were previously 

2-4 



unknown or not adequately documented based 
on chemical and physical monitoring data alone. 
In particular, biological monitoring will provide 
data to help accomplish the following: 

• Determine the success of restoration and 
rehabilitation efforts when measured against 
reference conditions. 

• Better characterize the biological component 
of the lake system. 

• Measure aquatic life use support. 

• Develop and use lake water quality stan
dards, or develop and use other biological 
measurements to determine impairment or 
threatened status of lakes. 

• Develop and update lake management 
plans. 

All of the activities listed above can be partially 
achieved through the use of biological monitor
ing protocols in lake programs. They will lead to 
improved data for assessing beneficial uses and 
for improving both 305(b) and other grant 
reporting requirements. 

2.3 SECTION 31 9 NONPOINT 
SOURCE PROGRAM 

The 1987 Water Quality Act Amendments to the 
Clean Water Act added section 319, which 
established a national program to control 
nonpoint source (NPS) pollution. States assess 
their NPS pollution problems and submit these 
assessments to USEPA. The assessments 
include a list of "navigable waters within th<:: 
state which, without additional action to control 
nonpoint sources of pollution, cannot reason
ably be expected to attain or maintain appli
cable water quality standards or the goals and 
requirements of this Act." Other activities under 
the section 319 process require the identifica
tion of categories and subcategories of NPS 
pollution that contribute to the identification of 
impaired waters, descriptions of the procedures 
for identifying and implementing BMPs, control 
measures for reducing NPS pollution, and 
descriptions of state and local programs used to 
abate NPS pollution. Based on the assessments, 
states have prepared nonpoint source manage
ment programs, and USEPA grants are now 

Lake Biological Monitoring 

available to assist in the implementation of 
approved state programs. 

Biological assessment techniques can improve 
evaluations of nonpoint source pollution con
trols (or the combined effectiveness of current 
point and nonpoint source -----"----------
controls) by comparing States assess their NPS 
biological integrity indica-
tors before and after pollution problems and 
implementation of con

submit these assessments trols. Likewise, biocriteria 
can be used to measure to USEPA. The assessments 
site-specific ecosystem 
response to remediation or include a list of "navigable 
mitigation activities aimed 
at reducing nonpoint waters within the state 

source pollution impacts 
which, without additional or response to pollution 

prevention activities. action to control nonpoint 

Several section 319 sources of pollution, cannot 
projects involve lake 
restoration (USEPA reasonably be expected to 
19940. Currently, 

attain or maintain applicable biocriteria have not been 
developed for these lakes, water quality standards or 
but their use would 
greatly improve the ability the goals and requirements 
of lake managers to focus 
their efforts. By providing of [section 319 of the Clean 
a measuring tool, 
biocriteria can be key in Water Act.]" 
identifying the most 
significant sources of a lake's pollutants. 
Minimum lake monitoring guidance for nonpoint 
source pollution assessment is being developed 
and will include biological protocols for lakes. 

2.4 WATERSHED PROTECTION 
APPROACH 

Since 1991, USEPA has been promoting the 
Watershed Protection Approach as a framework 
for meeting the Nation's remaining water re
source challenges (USEPA 1994k). The agency's 
Office of Water has taken steps to reorient and 
coordinate point source, nonpoint source, lakes, 
wetlands, coastal, ground water, and drinking 
water programs in support of the watershed 
approach. USEPA has also promoted multi
organizational, multi-objective watershed 
management projects across the Nation. 
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The watershed approach is an integrated, 
holistic strategy for more effectively protecting 
and managing surface water and ground water 
resources and achieving broader environmental 
protection objectives using the naturally defined 
hydrologic unit (the watershed) as the integrat
ing management unit. Thus, for a given water
shed, the approach encompasses not only the 
water resource, such as a stream, river, lake, 
estuary, or aquifer, but all the land from which 
water drains to the resource. The watershed 
approach places emphasis on all aspects of 
water resource quality: physical (e.g .. tempera
ture, flow, mixing, habitat); chemical (e.g .. 
conventional and toxic pollutants such as 
nutrients and pesticides); and biological (e.g., 
health and integrity of biotic communities, 
biodiversity). 

The Clean Lakes Program (CLP) has been an 
important model for the Watershed Protection 

Approach and ecosystem 
The watershed approach ls management (USEPA 

1994k). The CLP has 
an integrated, holistic been referred to as the 

quintessential watershed 
strategy for more effec program because it has 

taken a holistic, placetively protecting and 
based approach that uses 
sound science, involves managing surface water 
stock holders, and forms 

and ground water re partnerships for compre
hensive, integrated action 

sources and achieving to protect and restore 
lake resources in the broader environmental 
Nation. A newly devel

protection objectives using oped Clean Lakes Pro
gram framework calls for 

the naturally defined better integration of the 
CLP with nonpoint 

hydro/ogle unit (the source, water quality 
management, permitting. watershed) as the integrat
and other ecosystem 

ing management unit. protection activities. 

2.5 SECTION 3O3(D) 
THE TMDL PROGRAM 

The technical backbone of the Watershed 
Protection Approach is the process for total 
maximum daily loads (TMDL). TMDLs is a tool 
used to achieve applicable water quality stan
dards. The TMDL process quantifies the loading 
capacity of a waterbody for a given stressor and 
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ultimately provides a quantitative scheme for 
allocating loadings (or external inputs) among 
pollutant sources (USEPA 1994c). In doing so, 
the TMDL quantifies the relationships among 
sources, stressors, recommended controls, and 
water quality conditions. For example, a TMDL 
might mathematically show how a specified 
percent reduction of a pollutant is necessary to 
reach the pollutant concentration reflected in a 
water quality standard. 

Section 303(d) of the CWA requires each state to 
establish, in accordance with its priority 
rankings, the total maximum daily load for each 
waterbody or reach identified by the state as 
failing to meet or not expected to meet water 
quality standards after imposition of technology
based controls. 

In addition, TMDLs are vital elements of a 
growing number of state programs. For example, 
as more permits incorporate water quality-based 
effiuent limits, TMDLs are becoming an increas
ingly important component of the point source 
control program. 

TMDLs are suitable for nonchemical as well as 
chemical stressors (USEPA 1994c). These 
include all stressors that contribute to the 
failure to meet water quality standards, as well 
as any stressor that presently threatens but 
does not yet impair water quality. TMDLs are 
applicable to waterbodies impacted by both 
point and nonpoint sources. Some stressors, 
such as sediment deposition or physical alter
ation of instream habitat, might not clearly fit 
traditional concepts associated with chemical 
stressors and loadings. For these nonchemical 
stressors, it might sometimes be difficult to 
develop TMDLs because of limitations in the 
data or in the technical methods for analysis 
and modeling. In the case of nonpoint source 
TMDLs, another difficulty arises in that the CWA 
does not provide well-defined support for 
regulatory control actions as it does for point 
source controls, and controls based on another 
statutory authority might be necessary. 

Because they directly measure the aquatic 
community's response to pollutants or stressors, 
biological surveys can provide compelling 
evidence of water quality impairment. Biological 
assessments and criteria address the cumula
tive impacts of all stressors, especially habitat 
degradation, loss of biological diversity, and 
nonpoint source pollution. Biological informa-



tion can help provide an ecologically based 
assessment of the status of a waterbody and 
thus can be used to decide which waterbodies 
need TMDLs (USEPA 1993c). 

Incorporation of bioassessment data aids in the 
ranking process to target waters for TMDL 
development by allowing more accurate 
prioritization because of the direct link between 
bioassessment and ecological integrity (i.e., the 
condition of an unimpaired ecosystem as 
measured by combined chemical, physical, and 
biological attributes of surface waters (Barbour 
et al. 1992). 

Finally, the TMDL process is a geographically 
based approach to preparing load and wasteload 
allocations for sources of stress that might 
impact waterbody integrity. The geographic 
nature of this process will be complemented and 
enhanced if ecological regionalization is applied 
as part of the bioassessment activities. Specifi
cally, similarities among ecosystems can be 
grouped into ecoregions. The ecoregion concept 
provides a geographic framework for more 
efficient aquatic resource management. 

2.6 SECTION 402 
NPDES PERMITS AND 
INDIVIDUAL CONTROL 
STRATEGIES 

All discrete sources of wastewater must obtain a 
National Pollutant Discharge Elimination 
System (NPDES) permit, which regulates the 
facility's discharge of pollutants. The approach 
to controlling and eliminating water pollution is 
focused on the pollutants determined to be 
harmful to receiving waters and on the sources 
of such pollutants. Authority for issuing NPDES 
permits is established under section 402 of the 
CWA (USEPA 1989a). 

Point sources are generally divided into two 
types, industrial and mu~icipal. Nationwide, 
there are approximately 50,000 industrial 
sources, which include commercial and manu
facturing facilities. Municipal sources, also 
known as publicly owned treatment works 
(POTWs), number about 15,700 nationwide. 
Wastewater from municipal sources results from 
domestic wastewater discharged to POTWs, as 
well as the "indirect" discharge of industrial 
wastes to sewers. 

Lake Biological Monitoring 

USEPA does not recom
mend the use of biological Biological information can 

criteria as the basis for 
help provide an ecologi-deriving an effluent limit 

for an NPDES permit cally based assessment of 
(USEPA 1994e). Unlike 
chemical-specific water the status of a waterbody 
quality criteria, biological 
criteria do not measure the and thus can be used to 

concentrations or levels of 
decide which waterbodies 

chemical stressors. In
stead, they directly mea needTMDLs. 
sure the impacts of any 
and all stressors on the 
resident aquatic biota. Because of this, biologi
cal criteria do not definitively establish the 
causal relationship between a biological impact 
and its source. This is not to say that biological 
criteria have no role in the permitting process, 
now or in the future. Where appropriate, biologi
cal criteria can be used for assessment purposes 
within the NPDES process (USEPA 1996a). The 
criteria can provide information on the status of 
a waterbody where point sources might cause, 
or contribute to, a water quality problem. In 
conjunction with chemical water quality and 
whole-effluent toxicity data, biological criteria 
can be used to detect previously unmeasured 
chemical water quality problems and to evaluate 
the effectiveness of implemented controls. 

Some states have already demonstrated the 
usefulness of biological criteria under certain 
circumstances to indicate the need for addi
tional or more stringent permit limits (e.g., sole
source discharge into a stream where there is no 
significant nonpoint source discharge, habitat 
degradation, or atmospheric deposition) (USEPA 
1996a). In these situations, the biological 
findings triggered additional investigations to 
establish the cause-and-effect relationship and 
to determine the appropriate limits. In this 
manner, biological criteria support regulatory 
evaluations and decision making. Biological 
criteria can also be useful in monitoring highly 
variable or diffuse sources of pollution that are 
treated as point sources such as wet-weather 
discharges and stormwater runoff (USEPA 
1996a). Traditional chemical water quality 
monitoring is not usually appropriate for these 
types of point source pollution, and a biological 
survey of their impact might be critical to 
evaluate these discharges and treatment mea
sures effectively. 
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2.7 RISKASSESSMENT 

Ecological risk assessment is defined as "The 
process that evaluates the likelihood that 
adverse ecological effects may occur or are 
occurring as a result of exposure to one or more 
stressors" (USEPA 1992c). Risk management is 
a decision-making process that involves all the 
human-health and ecological assessment 
results, considered with political, legal, eco
nomic, and ethical values, to develop and 
enforce environmental standards, criteria, and 
regulations (Maughan 1993). Ecological risk 
assessment can be performed on an on-site 
basis or can be geographically based (i.e., 
watershed scale) to assess risks to ecologically 
valuable endpoints (USEPA 1996d). 

Results of regional bioassessment studies can 
be used in watershed ecological risk assess
ments to develop regional empirical models of 
biological responses to stressors. Such models 
can then be used in a predictive mode, together 
with predicted exposure information, to predict 
risk due to stressors or to alternative manage
ment actions. Risks to biological resources are 
characterized, and sources of stress can be 
prioritized. Watershed risk managers can use 
such results for critical management decisions. 

2.8 SECTION 303(C) 
USEPA WATER QUALITY 
CRITERIA AND 
STANDARDS 

The water quality standards program, as envi
sioned in section 303(c) of the CWA, is ajoint 

effort between the states 
and USEPA. The states Results of regional 
have primary responsibil

bloassessment studies ity for setting, reviewing, 
revising, and enforcing 

can be used in watershed water quality standards. 
USEPA develops regula

ocologlcal risk assess- tions, policies, and 
guidance to help states ments to develop regional 
implement the program 

empirical modes of and oversees states' 
activities to ensure that 

blo/oglcal responses to state-adopted standards 
are consistent with the 

stressors. requirements of the CWA 
and that water quality 
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standards regulations (40 CFR Part 131) are 
met. USEPA has authority to review and approve 
or disapprove state standards and, where 
necessary, to promulgate federal water quality 
standards. A water quality standard defines the 
water quality goals of a waterbody, or a portion 
thereof, by designating the use or uses to be · 
made of the water, setting criteria necessary to 
protect those uses, and preventing degradation 
of water quality through antidegradation provi
sions. States adopt water quality standards to 
protect public health or welfare, enhance the 
quality of water, and protect biological integrity. 

Environmental stressors can be chemical, 
physical, or biological in nature, and likewise can 
impact the chemical, physical, and biological 
characteristics of an aquatic ecosystem. For 
example, the impact of a chemical stressor might 
be observed in impaired functioning or loss of a 
sensitive species and a change in community 
structure. The impact of a biological stressor, 
such as an introduced species, can result in a 
change in community structure through competi
tion, predation, etc. Ultimately, the number or 
intensity of all stressors within an ecosystem will 
be evidenced by a change in the condition and 
function of the biotic community. The interac
tions among chemical, physical, and biological 
stressors and their compounding impacts 
emphasize the need to directly detect and assess 
actual water quality impairments of the biota. 

Sections 303 and 304 of the CWA require states 
to protect biological integrity as part of their 
water quality standards. This can be accom
plished, in part, through the development and 
use of biological criteria. As part of a state or 
tribal water quality standards program, biologi
cal criteria can provide scientifically sound and 
detailed descriptions of the designated aquatic 
life use for a specific waterbody or segment. 
They fulfill an important assessment function in 
water quality-based programs by establishing 
the biological benchmarks for (l) directly 
measuring the condition of the aquatic biota, 
(2) determining water quality goals and setting 
priorities, and (3) evaluating the effectiveness of 
implemented controls and management actions. 

The challenge of evaluating effects from ecological 
stressors will best be met when the condition of 
the biota within an ecosystem can be assessed 
directly. Biological criteria for aquatic life will 



help meet this need by allowing direct assess
ment of the condition of the biota that live either 
part or all of their lives in aquatic systems. These 
criteria (narrative or numeric) describe the 
expected biological condition of an aquatic 
community. They can be used as benchmarks to 
identify biological impairments and to help define 
ecosystem goals and endpoints. Biological criteria 
supplement traditional measurements (for 
example, as backup for hard-to-detect chemical 
problems) and will be particularly useful in 
assessing impairment due to nonpoint source 
pollution and nonchemical (e.g., physical and 
biological) stressors. Thus, biological criteria 
fulfill a function missing from USEPA's tradition
ally chemical-oriented approach to pollution 
control and abatement (USEPA 1996a). 

Biological criteria can also be used to refine the 
aquatic life use classifications for a state. Each 
state develops its own designated use classifica
tion system based on the generic uses cited in 
the CWA, including protection and propagation of 
fish, shellfish, and wildlife. States frequently 
develop subcategories to refine and clarify 
designated use classes when several surface 
waters with distinct characteristics fit within the 
same use class or when waters do not fit well into 
any category; for example, cold-water versus 
warm-water habitat. As data are collected from 
biosurveys to develop a biological criteria pro
gram, analysis may reveal unique and consistent 
differences between aquatic communities that 
inhabit different waters with the same designated 
use. Therefore, measurable biological attributes 

Lake Biological Monitoring 

can be used to refine aquatic life use or to 
separate one class into two or more subclasses. 

2.9 OTHER USES 

Although biological criteria and monitoring 
might be perceived in a regulatory context as 
one form of water quality 
management, they serve 

Sections 303 and 304 of many other equally impor
tant functions, including 

the CWA require states to 
the following: 

protect biological integrity 
• Evaluating the effec

tiveness of manage as part of their water 
ment practices. 

quality standards. This 
• Regional planning . 

can be accomplished, in 
• Watershed planning . 

part, through the develop
• Determining manage

ment and use of biological ment priorities for 
multiple waterbodies. 

criteria. 

• Further classifying and 
qualifying relative 
water quality in a waterbody. 

• Characterizing aquatic life that is at risk 
from various hazards. 

• Providing a means to evaluate impacts that 
might not be protected by traditional risk 
assessment methods. 

2-9 



Chapter2 

2-10 



In This Chapter ••• 

> Outline of the Biological Assessment and 
Criteria Process 

> Application to Lakes 

Chapter 3 

Overview of Bioassessment and 
Biocriteria 

3. 1 CONCEPTUAL 
FRAMEWORK 

The impact of human activities on lakes has 
been recognized for many centuries, and in the 
past 50 years, there has been more focus on the 
biological measurement of this impact. By 1950, 
the first index of aquatic species' tolerance to 
organic pollution, the "Saprobic System," was in 
use (see Hynes 1994 for review). More recently, 
indices such as the Hilsenhoff Biotic Index 
(HBI), which takes into account both organic 
pollution tolerance and the relative abundance 
of species (e.g., Hilsenhoff 1987), have been 
developed. 

As modern ecologists recognized that human 
influences were reducing local and global 
biological diversity, the measurement of commu
nity structure (including species diversity and 
ecological roles) assumed increasing importance 
in evaluation of polluted sites. Indices to mea
sure species diversity and distribution in a 
community (Pielou 1977) were developed, but 
achieved only limited use because their one
dimensional focus leads to high levels of uncer
tainty in assessment. 

3. 1 • 1 Multlmetrlc Blologlcal 
Assessment 

The multiple attribute (or multimetric) approach, 
incorporating pollution tolerance, diversity, and 
ecological functions, was developed to more fully 
characterize the human impact on aquatic 
organisms. Karr (1981) and Karr et al. (1986) 
developed the fish Index of 
Biotic Integrity (IBI) and The multimetric approach 
demonstrated that combi-
nations of these at defines an array of mea
tributes, or measure

surements, each of which ments, forming an index, 
provide valuable assess represents a measurable 
ments of water resources. 

characteristic of the 
The multimetric approach 
defines an array of mea biological assemblage that 
surements, each of which 

changes in a predictable represents a measurable 
characteristic of the 

way with increased or 
biological assemblage that 
changes in a predictable decreased environmental 
way with increased or 
decreased environmental stressors. 
stressors (USEPA 1996a, 
USEPA 1997d). When integrated, a multimetric 
index functions as an overall indicator of 
biological condition. Each assemblage in the 
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aquatic community (for example, fish or algae) 
might have differing responses to pollution or 
degraded conditions. Thus, assessment methods 
that target multiple species and assemblages 

are capable of detecting a 
broad range of stresses 

Biological assessment of and reflect the condition of 
a large segment of the waterbodies depends on 
ecosystem. However, there 

our ability to define, is not yet a complete 
understanding of how 

measure, and compare measurements respond, 
either quantitatively or 

biological condition 
qualitatively, to perturba
tion in general and to among similar systems. 
particular stresses. 

To provide for an effective assessment, the 
variables selected to detennine biological 
integrity should: 

Be relevant to societal concerns-Biological 
measurements must be related to the proper
ties of biotic systems that are of concern to 
society, such as native species, fish produc
tion, and biological diversity. 

Be responsive to environmental stresses-Biologi
cal measurements and the measurements 
developed from them must be sensitive to 
environmental stress, and the response must 
be interpretable. 

Have low uncertainty-Variability should be 
understood and measurement error should be 
controllable. 

Be cost-e.f{ectlve-The cost incurred in measure
ment should be proportional to the value of the 
information obtained. 

Be environmentally benign to measure---Sampling 
methods that disturb or alter habitats and 
organisms should be avoided. 

Assessment of biological integrity typically 
focuses on a few broad but integral classes of 
ecological properties (e.g., Barbour et al. 1992, 
Karr 1991) that respond to anthropogenic 
impacts (e.g., Schindler 1988, Schindler et al. 
1989), including: 

Health-Individuals or populations. 

Species structure and composition-The number 
and kinds of species in an assemblage. Species 
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structure includes both diversity and the 
presence of pollution-tolerant species. 

Trophic structure-The relative proportion of 
different feeding levels, such as filter feeders, 
scavengers, or predators. 

System.function-The productivity and material 
cycling of the system. 

Multimetric assessment typically includes 
several measurements of at least three proper
ties (species structure, trophic structure, and 
system function). Individual and population 
health measurements are used less often 
because they are not yet well developed for 
invertebrates and plants. 

Biological assessment of waterbodies depends 
on our ability to define, measure, and compare 
biological condition among similar systems. 
Impairment of the waterbody is judged by its 
departure from the expected condition. This 
ability requires a functional definition of 
biological integrity as the condition of the 
aquatic community inhabiting unimpaired 
waterbodies of a specified habitat as mea
sured by community structure and function 
(USEPA 1990a). 

This definition of biological integrity makes the 
explicit assumption that natural, undisturbed 
systems are healthier than those changed by 
human activities. Because biological integrity is 
defined relative to unimpaired conditions, it 
must also be measured relative to those condi
tions. The four classes of ecological properties 
listed above are measurable relative to natural 
or unimpaired conditions. 

Few waterbodies, however, are unimpacted. 
Minimally impaired waterbodies typically form 
the basis for defining reference conditions for 
biological assessment. Artificial lakes, such as 
reservoirs and impoundments, have no natural 
or "least disturbed" condition. Nevertheless, it is 
possible to define "most desirable" and "least 
desirable" conditions for artificial lakes. 

3. 1 .2 Blologlcal Assessment 
Process 

The information of the biological variables is 
transformed to numeric scores, or rankings from 
good to poor. Such scores reduce the complexity 



and uncertainty of multidimensional data for 
purposes of assessment, remediation, and 
communication of results to the public and 
decision makers. For example, managers might 
need to know whether a lake is in good condi
tion, whether it needs to be watched more 
closely, or whether more intensive studies 
should be made to determine a course of action 
for restoration or remediation. Data analysis 
streamlines the information from the data to two 
or three dimensions that can be used in deci
sion-making. 

Multimetric biological indices are similar in 
concept to the common economic indices such 
as the Index of Leading Economic Indicators 
(Lahiri and Moore 1991). Both economic and 
biological indices are based on comparison to an 
operationally defined and measurable reference 
standard. In the economic indices, individual 
attributes are first standardized as a percentage 
of a baseline value, usually an annual average 
from a decade before (Green and Beckman 
1992). The attribute scores are summed, and 
the sum is likewise expressed as a percentage of 
the index baseline. Standardization weights 
indicators equally and allows the use of indica
tors with different units (hours worked, persons 
unemployed, billions of dollars, etc.). In 
multimetric biological indices the metrics are 
standarrlized as a score compared to a reference 
standard. The basic procedural steps for biologi
cal assessment are as follows: 

1. Sample the biological groups (assem
blages) selected by the program, record
ing the relative abundance and other 
characteristics of each species. 

2. Calculate chosen metrics using relative 
abundance and other measurements: 
for example, number of species, number 
of intolerant species, percent abundance 
of filter feeders. 

3. Compare each to its expected value 
under reference conditions and assign a 
numeric score corresponding to good 
(similar to reference), fair (different from 
reference), or poor (substantially differ
ent from reference). 

4. Sum the scores of all metrics of an 
assemblage to derive a total score for 
the assemblage. 

Overview of Bioassessment and Biocriteria 

5. Compare the total score to the biologi
cal criterion based in part on the 
expected total score under reference 
conditions. 

In biological assessment, reference conditions 
are established by identifying least impaired 
reference sites, characterizing the biological 
condition of the reference sites, and setting 
thresholds for scoring the measurements. For 
reservoirs or in other instances where "best
quality" lakes are too few or not definable, an 
alternative is to select the 
highest quality conditions Multimetric 
from among all lakes (TV A 
1994). bioassessment is most 

Multimetric bioassess effective when it is 
ment is most effective 
when it is modified to modified to specific 

specific regional condi
tions. Bioassessment of 

regional conditions. 

streams has been suc-
cessful when modified and calibrated regionally 
(e.g., Barbour et al. 1996a, Miller et al. 1988, 
Ohio EPA 1990). Success requires region
specific selection and calibration of measure
ments, as well as regional characterization of 
reference conditions. For example, submerged 
macrophytes are rare in rocky, high-elevation 
or high-latitude lakes and may be an inappro
priate assemblage in such a region. 

3.1 .3 Blological Assessment in 
Ecological Risk 
Assessment 

Ecological risk assessment "evaluates the 
likelihood that adverse ecological effects may 
occur or are occurring as a result of exposure to 
one or more stressors" (USEPA 1992c). Risk 
assessment is a process for organizing and 
analyzing data, information, assumptions, and 
uncertainties in order to examine the likelihood 
of adverse effects (USEPA 1996d). This process 
provides risk managers with a framework for 
explicitly considering available scientific infor
mation in conjunction with social, political, and 
economic factors when planning a course of 
action with environmental consequences. 

Problem formulation is the foundation of risk 
assessment and depends on identification of 
assessment endpoints, development of concep
tual models, and creation of an analysis plan. 
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Assessment endpoints are "explicit expres
sions of the actual environmental value that is 
to be protected" (USEPA 1992c). Assessment 
endpoints include both a valued ecological 
entity and an attribute of that entity that is 
potentially at risk (USEPA 1996d). For ex
ample, the fish community of a lake is an 
entity, and its overall similarity to native fish 
communities in undisturbed lakes could be the 
attribute for ecological risk assessment. 

Biological assemblages and their attributes, as 
discussed in this and other biocriteria docu
ments (e.g .• USEPA 1996a), are clearly potential 
assessment endpoints for ecological risk 

assessments. Following 
risk assessment, a Biological assessment 
decision may be made to 

emphasizes evaluation of proceed with a manage
ment action. Monitoring 

both habitat and biota. can help determine if the 
desired result of the 

management action is achieved. Again, moni
toring must include assessment endpoints, 
and established biocriteria can provide unam
biguous ecological assessment endpoints. 

NUTRIENTS 

3.2 APPLICATION TO LAKES 

Biological assessment emphasizes evaluation 
of both habitat and biota. As integrators of 
processes in their watersheds, lakes receive 
and retain matter and energy released through
out the watershed. Human activities are part of 
these processes and can affect a lake's habitat 
and biological community. The impact of human 
activities directly affects lake habitat and can 
alter the lake's physical-chemical environment 
(Figure 3-1). For example, contaminant dis
charges can affect the chemistry of both the 
water and the sediment. Agricultural and urban 
land uses in the watershed contribute sediment 
that affects the physical habitat. Humans can 
affect biological corrimunities either directly by 
such activities as stocking and harvesting, or 
indirectly through impacts to the physical and 
chemical habitat of the biota. 

Previous multimetric indices of lake quality have 
focused on lake condition compared to water 
quality standards, rather than on the actual 
biological condition of a lake compared to its 
regional potential. A multimetric index for 

SEDIMENTS TOXICANTS 

A Healthy Lake has clean water, balanced algal growth, adequate oxygen levels, and abundance and 
diversity of fish and bottom-dwelling invertebrates. Natural aquatic plants flourish in appropriate habitats, 
and bottom habitat is uncontaminated. 

Figure 3-1. Effects of pollutants in lakes. 
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environmental quality of the Great Lakes used 
physical, chemical, biological, and toxicity 
variables (Steinhart et al. 1982). The Ohio EPA 
developed a multimetric assessment for inland 
lakes and reservoirs, the Ohio Lake Condition 
Index (LCI) (Davie and DeShon 1989), which was 
used to report lake condition for more than 300 
public lakes in Ohio. The Ohio LCI consists of 
14 metrics which represent biological, chemical, 
physical, and public perception of lake condition. 
Biological components in the Ohio LCI include 
fish IBI, macrophytes, phytoplankton chloro
phyll, fecal coliform bacteria, and fish tissue 
contamination. Data are compared against 
water quality standards or general criteria to 
determine good, fair, or poor condition. 

The Tennessee Valley Authority (1VA) developed 
biological assessment for its reservoirs that used 
a similar approach to the multimetric indices 
developed for stream assessment (Dycus and 
Meinert 1992, 1VA 1994). 1VA's assessment uses 
five indices based on benthic macroinvertebrates, 
fish, chlorophyll a. sediment quality, and 
dissolved oxygen. The macroinvertebrate and 
fish indices are multimetric. 

The USEPA lake biological assessment procedure 
developed in this document may include up to 
seven biological assemblages: planktonic algae, 
attached algae, sedimented diatoms, aquatic 
plants, bottom-dwelling invertebrates, fish, and 
planktonic animals (Figure 3-2). Habitat scoring 
components include the watershed, nearshore 
zone, water chemistry, and sediment. 

The proposed assessment of lake condition is 
accomplished with additive indices that inte
grate the habitat and biological scores. The 
process produces up to three habitat scores, 
and three or more biological index scores. The 
scores reduce the complexity of a lake to an 
understandable level for guiding appropriate 
remediation or other management actions. 

3.2.1 Tiers for Sampling 

Biological assessment of lakes is implemented 
in tiers corresponding to the level of effort 
required. Each suggested tier includes both 
biological and habitat components. The tiered 
approach for lake bioassessment developed here 
allows customization of the methodology to the 

Plankton le 
Plankton le 
Anlmals 

Bottom-Dwelling 
(benthlc) 

Invertebrates ~~ v~ ~Diatoms 

Surface 
Growing 

(perlphyton) 
Sediment Diatoms 

(planktonlc and 
surface) 

Figure 3-2. Biological assemblages used for lake assessments. 

3-5 



Chapter3 

user's needs, questions, and resources avail
able. Tier 1 focuses on sampling trophic state 
indicators, and Tier 2 focuses on sampling 
biological assemblages for composition and 
structure indicators (Figure 3-3 Table 3-1). Each 
tier is further divided into single- and multiple
visit sampling, A and B, respectively. Tier IA and 
lB are the same except that Tier lB requires 
several samples during the growing season to 

Relsvant lake classes 

must be determined by 

existing Information and 

ths profssslonal Judgment 

of sclontists familiar with 

/akss of ths region. 

obtain seasonal averages 
of chlorophyll a and nutri
ent concentrations. 

Tier 2A consists of biologi
cal assemblages that 
integrate lake conditions 
and are sampled during an 
index period. Tier 2B 
consists of assemblages 
with individuals that are 
short-lived, and hence do 

not integrate over time. Tier 2B assemblages 
are sampled repeatedly during the growing 
season to obtain seasonal averages. 

Because chlorophyll and nutrient concentra
tions are highly variable, Tier IA, which is 
sampled only during an index period, may fail 
to characterize an individual lake. Tier IA is 
appropriate for characterizing a region or a 
class of lakes, especially if many lakes are to 
be sampled. For characterizing the trophic 
state of individual lakes with confidence, Tier 
lB is preferred. 

Both Tier 2A and 2B sample biological assem
blages to estimate indicators of species struc
ture, trophic structure, and function. Tier 2B 
requires multiple visits and analysis, but does 

Table 3-1. Sampling tier summary. 

not necessarily obtain better or more precise 
information than Tier 2A. 

3.2.2 Classlflcatlon of Lakes 

Because there is tremendous variation in the 
physical, chemical, and biological characteris
tics of lakes nationwide, the first step in defining 
reference conditions is to classify lakes so that 
comparisons can be made within, not across, 
classes. Classification of natural lakes should 
reflect the inherent properties of lakes indepen
dent of human influence and therefore must be 
made on the basis of measurements that do not 
change as a result of human activities. 

A second requirement of classification is that it 
should reflect differences in the biota of the 
classes. A deep lake might have a fish assem
blage different from that of a shallow lake, and 
classification should distinguish between the 
two types of systems. Several lake classifications 
have been proposed (e.g., Hutchinson 1957, 
Leach and Herron 1992); however, only a 
handful of lake classes would be present in a 
single region. Relevant lake classes must be 
determined by existing information and the 
professional judgment of scientists familiar with 
lakes of the region. 

3.2.3 Characterization of 
Reference Conditions 

Five elements, detailed in Section 4.2, may be 
used to establish reference conditions for lake 
biological assessment: 

• Biological survey of sites. 

• Paleolimnology. 

Tler1A Trophic State Indices and macrophyte cover. Sampled once during index period. 
Inference limited to regional assessment. 

Tier 1B Trophic state indices and macrophyte cover. 
Sampled repeatedly during growing season. 

Tler2A Tier 1 {1A or 1 B) plus two or more integrating biological assemblages: 
macrophytes, macroinvertebrates, sedimented diatoms, fish. Sampled once 
during index period. 

Tler2B Tier 1 B plus two or more short-term biological assemblages: phytoplankton, 
zooplankton, periphyton. Sampled repeatedly during growing season. 
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• Evaluation of historical data. 

• Prediction of expected conditions using 
models. 

• Expert consensus. 

Expert consensus is required for developing 
reference conditions. Reference conditions 
developed from empirical data are preferred: 
such as biosurveys, sites, paleolimnology, or 
historical data. 

A biological survey provides the best current 
information about the biota for the system of 
concern as a real world reflection of biological 
integrity. This information is essential to deter
mining the reference condition and subsequent 
biological crtteria. There are two approaches for 
characterizing reference conditions from a 
biological survey: 

Site based-Selection of minimally impaired or 
most natural sites in a region; or 

Condition based-Setting reference conditions 
as the best available ambient biological condi
tions. 

Paleolimnology is the microscopic examination 
of sediment cores to provide an accurate record 
of the relative abundance of certain organisms 
(primarily diatoms) over the history of natural 
lakes. The advantage of paleolimnology is that 
any lake with an accurate sedimentary record 
can be a reference site regardless of the severity 
of present-day pollution. Thus, a truly represen
tative sample of lake reference sites can be 
drawn. With some exceptions, paleolimnology is 
generally not applicable to impoundments. 

A panel of diverse regional experts involved in 
the determination of the reference condition and 
the derivation of the biocriteria is the best 
approach to thoroughly and objectively assimi
late the above information. With a carefully 
selected and balanced panel, all of the nuances 
of the local ecology as well as the best interests 
of the jurisdiction can be equated to the desig
nated uses of the waterbody in designing the 
most protective criteria possible. This approach 
also reduces the risk of making insufficiently 
informed decisions inherent in data interpreta
tion by just one or a few like-minded people. 
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3.2.4 Reference Condition In 
Reservoirs 

Throughout this document where 
differences between lakes and reser
voirs dictate alternative methods, 
strategies, etc., an icon appears, 
directing the reader to reservoir-specific 
information. 

The methodology described in this document is 
intended for both reservoirs and natural lakes. 
Because reservoirs are entirely artificial 
environments, "natural reference condition" 
has no meaning. Reservoirs, created by the 
damming of a stream, have characteristics of 
both rivers and lakes (Thornton 1990a). Reser
voirs are divided into three zones (riverine, 
transitional, and lacustrine}, which correspond 
to flowing, river-like conditions; transition to 
lake conditions; and nonflowing, lake-like 
conditions near the dam, respectively. With 
expected life spans ranging from one to several 
decades, reservoirs are more ephemeral than 
most natural lakes and have several physical 
characteristics not shared 
with natural lakes. The 
lakes most like reservoirs Because reservoirs are 
are those formed by 

entirely artificial environ-natural dams in stream 
valleys (e.g., beaver dams, ments, "natural reference 
terminal moraines, land
slides). condition" has no mean-

Reservoirs vary widely in ing. Reservoirs, created by 
physical characteristics of 
shape, size, and hydrology. the damming of a stream, 
They can range from small 

have characteristics of shallow impoundments, to 
deep storage reservoirs, to both rivers and lakes. 
"run of the river" flow-
through reservoirs on large 
rivers. They are built and managed for widely 
different purposes, including flood control, 
navigation, water storage, hydroelectric genera
tion, gamefish production, and others. The 
management practices in tum affect both 
physical characteristics (water level variability, 
stratification) and biota (stocking of fish). 

Although no "natural" reservoir reference 
conditions can exist, the operational determi
nation of reference conditions for reservoirs is 
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the same as that for natural lakes. Reservoirs 
can be classified according to hydrology, 
morphometry, management objectives, and 
other factors. Age of the reservoir will be 
important in determining the assessment 
expectations of the reservoir. 

Historical data are important because they 
provide insight to past conditions essential to 
knO\ving what may be achievable, especially for 
degraded or significantly altered systems. 

Comparison of the historical record to present 
reference site data greatly expands the 
manager's perspective of the system. However, 
care must be exercised in making these com
parisons when the objectives and survey meth
ods have changed over time. 

Ecological models may be used to identify water 
chemistry reference conditions for reservoirs or 
for other significantly altered waterbodies. Most 
reservoirs are less than 50 years old, and there 
is insufficient empirical evidence to document 
the expected condition of basins for all regions. 
Where documentation is available (historical 
data), extrapolation and model development help 
qualify the reference condition and may be the 
best way to derive and calibrate the biocriteria. 

3.2.!5 Metric Determination 

Metrics are evaluated for relevance to biological 
assessment and for response to stress. Expected 
measurement values vary as a function of 
regional species pools, regional characteristics 
(climate, geology, soils, land use, regional scale 

barriers to colonization), 
A regional approach and local site characteris

tics (habitat factors, 
involving collaboration including local barriers). A 

regional approach involving 
of neighboring jurisdic- collaboration of neighbor-

t/on wll/ enhance ing jurisdictions will 
enhance characterization 

characterization of of reference conditions. 
Cross-state comparisons 

reference conditions. can be made more easily if 
common methods and 

measurements can be established among 
states. 

Metrics are typically calculated from data 
collected on single assemblages of lake biota, 
such as planktonic algae, zooplankton, fish, 
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aquatic plants, and benthic invertebrates. The 
metrics might include counts, species identifi
cations, ratios, and indices combining several 
data variables depending on the level of effort, 
or tier, of the survey. · 

3.2.&. Data Analysls 

When performing bioassessment of lakes, 
individual metrics are assigned scores, usually a 
number corresponding to good, fair, or poor 
relative to the values of the measurements in 

reference conditions (Karr 1991, Karr et al. 1986). 
This serves to standardize the metrics on the 
same scale so they can be combined into an 
additive index. Measurement scores are summed 
to obtain an index score for each assemblage, 
such as an IBI or macroinvertebrate community 
score. Currently, each measurement is weighted 
equally in the summed index score. 

Additive biological indices collapse a great deal 
of information into a single number. Yet they 
have been shown to be reliable in detecting 
impairment of aquatic systems (Fore et al. 1994, 
Fore et al. 1996, Wallace et al. 1996); they are 
simple to compute once criteria are established, 
and they are easily communicated to managers 
and the public (Gerritsen 1995). 

Habitat component scores may give clues to the 
causes of impairments reflected in biological 
indices rated fair or poor. Habitat variables that 
are significantly different from reference condi
tions are identified as probable causes of 
impairment, warranting further investigation or 
remediation. This sort of bioassessment cannot 
establish cause of impairment; it can only 
separate probable from improbable causes of 
impairment. In any given bioassessment, several 
probable causes might be identified. 

3.3 BIOCAITERIA 

Biological data are used to help set biological 
criteria based on management needs and 
defined management classes. States may draft 
general narrative biocriteria early in their 
program-even before they have designated 
reference sites or refined their approach to 
biological surveys. This does not mean that 
having reference sites and a refined system for 
conducting surveys is unimportant; it means 
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that a biocriteria program begins with writing 
into law a statement of intent to protect and 
manage water resources predicated on an 
objective or benchmark, for example, "aquatic 
life shall be as naturally occurs." 

When the objective to restore and protect the 
biological integrity of the water resources has 
been formally mandated, then the operational 
meaning of the statement and the identification 
of the agency responsible for developing the 
necessary procedures and regulations can be 
stipulated as~ the state's first steps toward the 
development of narrative and numeric biological 
criteria. The key point is that natural or minimally 
impaired water resource conditions become the 
criteria for judgement and management. 

Although based on the same concept as narra
tive biocriterta, numeric biocriteria include 

discrete quantitative values that summarize 
the status of the biological community and 
describe the expected condition of this system 
for different designated water resource uses. 

The key distinction between 'narrative biocrite
ria supported by a quantitative database and 
numeric biocriteria is the direct inclusion of a 
specific value or index in the numeric criteria. 
This index allows a level of specification to water 
resource evaluations and regulations not common 
to narrative criteria. To develop numeric criteria, 
the resident biota are sampled at minimally 
impaired sites to establish reference conditions. 
Attributes of the biota, such as species richness, 
presence or absence of indicator taxa, and 
distribution of trophic groups, help establish 
the normal range of the biological community as 
it would exist in unimpaired systems. 
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Case Study: Biological Assessment of Reservoirs by TVA 

The Tennessee Valley Authority is currently using 
a mu/tlmetric biological assessment methodology 
on its reservoirs. The Tennessee River watershed 
drains portions of four ecoregions: Blue Ridge, Cen
tral Appalachian Ridge and Valley, Southwestern 
Appalachians, and Interior Plateau (Omernik 1987) 
(Figure 3-3). The Tennessee River begins at the 
oonfluenC9 of the Holston and French Broad Rivers 
and receives drainage from the Ridge and Valley 
and Blue Ridge ecoreglons. Downstream, the river 
drains a small portion of the Southwestern Appala
chians and a large part of the Interior Plateau. The 
main stream carries water from two to four 
ecoreg/ons. Therefore, dividing the main stream res
ervoirs by ecoreg/on does not contribute to a mean
ingful classification. Figure 3-3 illustrates that the 
tributary reservoirs can be easily divided by 
ecoreglon. There are several reservoirs with water
sheds entirely within th0 Blue Ridge and Ridge and 
Valley ecoreglons. There ls a third, and more dls
pers9d, group of tributary reservoirs in the Interior 
Plateau. 

Physical, chemical, and biological Indicators were 
s9/9cted to provide information on the health or 
condition of habitats or ecological compartments. 
The open water or pelagic area was represented by 
physical and chemical characteristics of water (in
cluding chlorophyll) In mldchannel. The shoreline 
or littoral area was evaluated by sampling the fish 
community. The bottom or benthic compartment was 
evaluat9d using two Indicators: quallty of surface 
sediments In midchannel (determined by chemical 
ans/ysls of sediments) and examination of benthlc 
macrolnvertebrates from a transect across the full 
width of the sample area (including overbanks if 
present). 

Three areas were selected for monitoring: the in
trow area, generally riverine in nature, the transition 

zone or mid-reservoir area where water velocity 
decreases due to increased cross-sectional area, 
suspended materials begin to settle, and algal pro
ductivity increases ciue to increase water clarity,: and 
the forebay, the lacustrine area near the dam. 
Overbanks, basically the floodplain which was in
undated when the dam was built, were included in 
transition zone and forebay areas. Four large 
embayments· (all with drainage areas greater than 
500 square miles and surface areas greater than 
4500 acres) were Included In the Vital Signs Moni
toring program. Ecosystem interactions within an . 
embayment are mostly controlled by physical char
acteristics of the embayment and by activities and 
characteristics within the embayment watershed, 
usually with little Influence from the main body of 
the reservoir (Meinert et al. 1992). 

Sampling frequencies and Index periods take Into 
account the expected temporal variation for each 
indicator. Physical and chemical components vary 
significantly in the short term so they are monitored 
monthly from spring to fall. Biological Indicators bet
ter integrate long-term variations and are sampled 
once each year. Fish assemblage sampling Is con
ducted in autumn (September-November). 

lnltla/ly, benthic macro/nvertebrate sampling was 
conducted in early spring (February-Apr//) to avoid 
aquatic insect emergence. The TVA experience 
showed that a late winter/early spring sampling pe
riod is not aCC6ptable for benthlc mac.rolnvertebrates 
because results reflected conditions which occurred 
the previous year. This causes results from this In
dicator to be out of synch with the other four Indica
tors. A late fa/Vearly winter collect/on avoids prob
lems resulting from early spring sampling. 

The TVA case' study Is continued in subsequent 
chapters. 
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Case Study; Blologica/Assessmer,t of Re~ervolrs by TVA (continued). 

KY 

TN 

71 

rvs 

Eooregions 
65 Southeastern Plains 70 Western .AJlegheny Aateau 
00 Blue Ridge Mountains 71 Interior Plateau 
o1 Ridge and Valley 74 Mississippi Valley Loess Rains 
68 Southwestern Appalachians 72 Interior River L0Ma1d 
00 Central Appalachia,s 

Figure 3-3. Distribution of TVA reservoirs In ecoreglons: 
' • • r .• '. - • • 
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> Preliminary Classification of Lakes 

> Methods for Establishing Reference 
Conditions 

Chapter4 

Selection and Characterization of 
Reference Conditions 

Establishment of reference conditions is key to 
biological assessment and biocriteria programs. 
Reference conditions are a representation of the 
biotic potential for lakes in the absence of 
human activity or pollution. The attainment of 
aquatic life use is evaluated against the expecta
tions of the reference condition as expressed in 
the biocriteria. Reference conditions are expec
tations on the status of biological communities 
under minimal anthropogenic disturbances and 
pollution. The expectations are usually based on 
the status of reference sites, which might be 
subject to anthropogenic influences. Ideally, 
reference sites are minimally impacted by 
human pollution and disturbance. The care that 
states use in selecting reference sites and 
developing reference condition parameters, 
together with the survey techniques employed, 
will bear directly on their ability to defensibly 
assess a waterbody. At a minimum, reference 
conditions should be identified for each of the 
lake classification categories developed for a 
state. As pointed out in Section 3.2.4, the 
definition of reference condition differs between 
natural lakes and artificial reservoirs. 

The general sequence of reference condition 
characterization is to first assemble a panel of 
experts and make a preliminary classification of 
lake resources within a region. Following classi-

fication, sampling sites are selected, and habitat 
and biological data are obtained from those sites 
(either from existing data 
bases or from a survey). 

At a minimum, reference The preliminary classifica
tion is reconciled with the conditions should be 
biological data to ensure 
that the final classification identified for each of the 
is biologically meaningful. 
and the referenc.e condi lake classification catego-

tions are characterized as 
ries developed for a state. part of the biocriteria 

development process. 

4. 1 REGIONALIZATION AND 
PRELIMINARY 
CLASSIFICATION 

The regional differences in biological communi
ties across the United States must be accounted 
for in the development of biological monitoring 
programs. This is done by comparing the biology 
of lakes to a regional reference condition. As 
biological conditions change across the country, 
the reference conditions will change also. To 
account for the regional differences in biological 
communities, and also for the differences that 
result from structural differences in biological 
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habitat (either natural or caused by human 
activities). USEPA recommends that states 
classify lakes into categortes and that a refer
ence condition should be developed for each of 

the lake categories. Biotic 
Lakes vary widely in size, index comparisons can 

then be made within each 
shap&, and ecological category, and inappropri

ate biological comparisons 
characteristics, and a between different classes 

will be avoided. Moreover, single reference condition 
the aquatic life expecta

that applies to all lakes tions of waterbodies are 
tempered by realistic 

would be misleading. regional expectations: there 
is no attempt to set a single 

numeric aquatic life designated use standard for 
the entire nation. 

Lakes vary widely in size, shape, and ecological 
characteristics. and a single reference condition 
that applies to all lakes would be misleading. 
The purpose of classification is to group similar 
lakes together: i.e., to prevent comparison of 
apples and oranges. By classifying lakes the 
variability of biological measures within classes 
is reduced and the variability among classes is 
maximized. Classification invariably involves 
professional judgment to arrive at a workable 
system that separates clearly different ecosys
tems, yet does not consider each lake a special 
case. The intent of classification is to identify 
groups of lakes that, under ideal conditions, 
would have comparable biological communities. 
As far as possible, classification should be 
restricted to those characteristics of lakes that 
are intrinsic, or natural, and not the result of 
human activities. 

4. 1 • 1 Definition of the 
Resource 

Most large reservoirs, and some natural lakes, 
are on rivers and might be considered large 
pools in the rivers rather than lakes. At what 
point does a pool become a lake? For the 
purpose of lake bioassessment, it is when 
distinctly lake-like flora and fauna occur (i.e .. 
phytoplankton and zooplankton). Phytoplankton 
require a water retention time of 3 days or more 
(Uhlmann 1971). Microzooplankton (e.g .• 
rotifers) have generation times roughly twice 
that of phytoplankton cells; therefore. the 
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minimum retention time for zooplankton to 
develop may be approximately 1 week. 

For the purposes of bioassessment described 
here, a lake is any inland body of open water 
with some minimum surface area free of rooted 
vegetation and with an average hydraulic 
retention time of more than 7 days. 

These characteristics distinguish lakes from 
small ponds and wetlands, and from riverine 
pools (natural or artificial) that retain their lotic 
character. The distinction between lake and 
small pond is arbitrary, and the minimum size 
for a waterbody to be considered a lake must be 
set by resource agencies. For practical reasons, 
this document does not explicitly consider 
emergent wetlands at the margins of lakes. 
Bioassessment methods for wetlands are being 
developed separately by USEPA and other 
agencies. 

The unit of assessment and sampling (the 
sampling unit) is, most commonly, a definable, 
relatively self-contained basin of a lake. Most 
lakes have a single basin and thus will consist 
of a single sampling unit. Larger lakes, and 
especially reservoirs, have embayments, arms, 
and basins that are hydrologically isolated from 
the main body of the lake. Each isolated basin 
can be considered a separate sampling unit 
because of restricted water flow between basins. 
Large lakes can thus comprise several sampling 
units. Alternatively, a state may wish to define 
the sampling unit as an area or point in space 
(e.g .. lm2). 

Most reservoirs are also divided into three 
zones-riverine, transitional, and lacustrine-to 
reflect differences among these zones (Thornton 
1990b). Each zone is a separate sampling unit; 
in large reservoirs, zones might be represented 
in each major arm (1VA 1994). 

4. 1 .2 Basic Rules 

There is no single "best" classification, nor are 
resources available to determine all possible 
differences between all lakes in a region. The 
key to classification is practicality within the 
region or state in which it will be applied; local 
conditions determine the appropriate classes. 
Classification will depend on regional experts 
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familiar with the range of lake conditions in a 
region, as well as biological similarities and 
differences between the lakes. Ultimately, 
classification can be used to develop a predictive 
model of lake characteristics that affect the 
values of the biological metrics and indices in 
reference sites. 

There are two fundamental approaches to 
classification, a priori and a posteriori (Conquest 
et al. 1994). The a priori approach consists of 
developing logical rules for classification based 
on observed patterns in characteristics of the 
objects. Thus, classifying lakes on ecoregion, 
surface area, and maximum depth would be an 
a priori, rule-based classification. The a poste
riori approach develops groups from a data base 
of observations from the sites. The classification 
is restricted to those sites and variables in the 
data base and typically involves cluster analysis 
to develop the groups. The a posteriori approach 
is useful for exploratory analysis of a substan
tial data set, but it is not appropriate for opera
tional assessment and management, where a 
site's class must be established from prior 
information (e.g., maps) before intensive data 
are collected. A few general rules for the devel
opment of a priori lake classification include: 

• In a priori classification, lake characteristics 
that are readily affected by human activities 
or are a biological response to physical or 
chemical conditions should not be used as 
classification variables. Such responses 
might include trophic state, chlorophyll, or 
nutrient concentrations. For example, in the 
Northern Lakes and Forests ecoregion of 
Minnesota, lake trophic state is characteris
tically low whereas in the nearby Northern 
Glaciated Plains ecoregion, trophic state is 
relatively high (Heiskary 1989). The classifi
cation variable in this case is ecoregion, and 
trophic state is a response to ecoregion. A 
eutrophic lake in the Northern Lakes and 
Forests is considered impaired, but a 
eutrophic lake in the Northern Glaciated 
Plains is not considered impaired. Using 
trophic state as a classification variable 
could lead to misclassifications and inap
propriate assessments. 

• As shown in the example above, the best 
classification variables are those which are 
readily obtained from maps, bathymetric 

charts, or regional water characteristics, 
such as alkalinity or hardness. 

4.1 .3 Considerations for 
Reservoirs 

Several differences between reser
voirs and natural lakes affect the 
classification and interpretation of 
biological data (Thornton 1990a, 
Wetzel 1990): 

Distribution-Reservoirs ·are most numerous in 
regions with few natural lakes: the 
nonglaciated parts of North America (except 
Florida) have the largest numbers of reservoirs 
(Thornton 1990a). 

Form-The form or shape of the basin and 
watershed may be the most important distinc
tion between natural and 
artificial lakes. Shape 
substantially influences Most of the differences 
the hydrology and water 
quality of reservoirs. Large between reservoirs and 
reservoirs are drowned 

natural lakes are resolved river valleys and tend to 
be long and deep with in classification of the lake 
numerous embayments 
from tributaries. The resource. 
watersheds of reservoirs 
are typically much larger 
than those of natural lakes and contribute 
greater sediment loads. 

Longitudinal gradient-Reservoirs have charac
teristics typical of both lakes and streams 
within the same basin. They are more like 
streams at the head where major tributaries 
enter and are more like lakes near the dam 
(Thornton 1990b). 

Turbidity and loading-Reservoirs are typically 
more turbid, and they receive more nutrients 
and organic matter from their tributary streams 
than do most natural lakes. 

Management-Reservoirs were built and are 
managed for specific purposes: hydro-power, 
irrigation, flood control, fisheries, and multiple 
uses. Management might include extreme 
water level fluctuations, fish stocking, and 
other effects not present in natural lakes. 
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Most of the differences between reservoirs and 
natural lakes are resolved in classification of 
the lake resource. The needs for which reser
voirs were designed dictate many attributes of 
these waterbodies. Operational strategies can 
influence reservoir characteristics and resultant 
water quality (Kennedy and Walker 1990, 
Kennedy et al. 1985). The release of water from 
deep in the water column increases heat gain 
and the dissipation of materials accumulated in 
bottom waters (Martin and Arneson 1978, 
Wright 1967). Surface releases dissipate heat 
and retain materials. These and other opera
tional differences can provide a basis for group
ing reservoirs because reservoirs operated 
similarly can be expected to exhibit similar 
limnologtcal responses, even when compared 
across large, heterogeneous regions. 

4. 1 .4 Hlerarchlcal 
Framework 

This protocol is not intended to develop a 
classification scheme applicable to the entire 
United States. Overviews of global lake classifi
cation systems are in Hutchinson (1957) and in 
Leach and Herron (1992). Classification must be 
regional, and regional expertise must be used to 
determine those classification variables which 
are useful in a region. 

A useful classification scheme is hierarchical, 
beginning at the highest (regional) level and 
stratifying as far as necessary (Conquest et al. 
1994). The procedure is to classify lakes at the 
highest level (usually geographic), and then to 
continue stratification in the classification 
hierarchy to a reasonable point. Although 
several possible classification levels are outlined 
below, in practice, only one, or at most two, 
relevant levels would typically be used. Classifi
cation should be parsimonious to avoid prolif
eration of classes that do not contribute to 
assessment. One or two relevant levels of the 
hierarchy will yield the best classification scheme. 
The proposed hierarchical scheme below applies 
to both natural lakes and reservoirs. 

Geographic Region-The geographic region (e.g .• 
ccoreg!on, physiographic province) determines 
landscape-level features such as climate, 
topography, regional geology and soils, biogeog
raphy, and broad land use patterns. Ecoregions 
arc based on geology, soils, geomorphology, 

dominant land uses, and natural vegetation 
(Hughes and Larsen 1988, Omernik 1987) and 
have been shown to account for variability of 
water quality and aquatic biota in several areas 
of the United States (e.g .. Barbour et al. 1996a, 
Barbour et al. 1996b, Heiskary et al. 1987, 
Hughes et al. 1994, Ohio EPA 1987). 

Because of the importance of geography in 
determining aquatic biota, the National Re
search Council's Aquatic Restoration Committee 
made the following recommendation (NRC 
1992): 

The committee believes that goals for 
restoration of lakes need to be realistic and 
should be based on the concept of ex
pected conditions for individual ecoregions. 
Further development of project selection 
and evaluation techniques based on 
ecoregion concepts and refinement of 
ecoregion definitions and descriptions 
should be encouraged and supported by 
the U.S. Environmental Protection Agency. 

Many of the characteristics below that can be 
used as classification variables are often sub
sumed by ecoreg!on. For example, watersheds 
are often similar within ecoregions, having been 
formed by the regional geomorphology, and 
water quality characteristics such as alkalinity 
are determined by regional bedrock and soils. 
Within ecoregions, it might be sufficient to 
classify using only lake basin morphology (e.g .• 
depth, area, development ratio): anthropogenic 
or natural origin; or management objective. 

Anthropogenic Origin Reservoirs and 
other artificial lakes cannot have 
"natural" reference conditions. 
Therefore, reservoirs and natural 
lakes should be separated in develop
ing reference expectations. 

Watershed Characteristics-Watershed charac
teristics affect lake hydrology, sediment and 
nutrient loads, alkalinity, and dissolved solids. 
As noted above, many watershed characteristics 
are relatively uniform within an ecoregion and 
may not be necessary if ecoregions were the 
primary classification variable. Watershed 
characteristics that may be used as classifica
tion variables include: 
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• Lake drainage type (e.g., flowage, drainage, 
seepage, reservoir type). 

• Land use. 

• Watershed-to-lake area ratio (especially for 
reservoirs). 

• Slope (especially for reservoirs). 

• Soils and geology (erosiveness of soils). 

Lake Basin Characteristics-Lake basin mor
phology influences lake hydrodynamics and lake 
responses to pollution. Characteristics of some 
reservoirs change with age, particularly regional 
shoaling and silting of aged reservoirs subject to 
high sediment loads (O'Brien 1990). Morphologi
cal metrics include: 

• Depth (mean, maximum). 

• Surface area. 

• Bottom type and sediments. 

• Shoreline development ratio (shoreline 
length: circumference of equal area circle). 

• Age (of reservoirs). 

• Epilimnetic/hypolimnetic discharge (reser-
voirs). 

Lake Hydrology-Lake hydrology forms a basis 
for water quality. Mixing and circulation pat
terns influence nutrient retention and the 
development of hypoxia. Hydrological factors 
include: 

• Retention time. 

• Stratification and mixing. 

• Circulation. 

• - Water level fluctuation and drawdown. 

Characteristic Water Quality-Lakes can be 
classified by characteristic water types into 
categories, such as marl lakes, alkali lakes, 
ombrotrophic bog lakes, and others. Many water 
quality characteristics are relatively uniform 
within an ecoregion and as the result of re
gional, watershed, basin, and hydrologic charac
teristics. Water types are determined by the 
following water quality variables: 
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• Alkalinity. 

• Salinity. 

• Conductivity. 

• Turbidity (Secchi depth, clarity, etc.). 

• Color. 

• Dissolved organic carbon (DOC). 

• Dissolved inorganic 
Classification must be carbon (DIC). 

regional, and regional Human actions (e.g., 
discharges, land use) alter expertise must be used to 
water quality, especially 
sediment and nutrient determine those classifi-
concentrations, but they 
can also affect alkalinity, cation variables which are 
salinity, conductivity, 

useful in a region. color, and DOC. Care must 
be taken that classifica-
tion according to characteristic water types 
reflects natural conditions and not anthropo
genic impacts. For example, if a lake is highly 
turbid due to poor land management practices, 
it should not be classified as highly turbid. 
Rather, it should be classified as it would have 
been in the absence of poor land use. 

4.2 ESTABLISHING 
REFERENCE CONDITIONS 

Five elements are used to establish lake refer
ence conditions for biological monitoring and 
biological criteria: (1) expert consensus, 
(2) biological survey of sites, (3) paleolimnology, 
(4) evaluation of historical data, and (5) predic
tion of expected conditions using ecological 
models (Table 4-1). 

4.2. 1 Expert Consensus 

Expert consensus is essential in supporting the 
information and data interpretation derived from 
the other approaches. It provides a balanced 
and comprehensive assessment of all of the 
information and promotes the optimum criteria 
when properly done. A panel of experts is 
assembled before any other steps are imple
mented, to guide the process and to select the 
best methods appropriate to the region for 
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Cas~ Stµdy: Selection of Candidate Reference Lakes 

Florida has nearly 8,000 natural lakes larger than 
10 acres. Owing to Florida's wet climate, flat topog
raphy, and abundant karst-dominated geomorphol
ogy, depressions are abundant and filled with water. 
In the process of developing bioassessment and 

, blocriterla for Florida lakes, the Florida Department 
of Environmental Protection enlisted the help of 
USEPA geographers and academic limnologists to 
delineate lake ecoreglons for th8 state. Forty-seven 
lak.8 regions W8re Identified (USEPA 1997c). These 
includ8d regions with no natural lakes (only im
poundments), regions with abundant lakes of a 
slng/6 type, heterogeneous regions with several lake 
types, and regions with ephemeral marsh lakes. 

Several lake types were also identified including: 
sand ridge lakes, solution lakes, swamp lakes, riv-

characterizing reference conditions. The panel 
should consist of skilled aquatic biologists, 
physical scientists, fisheries biologists, and 
natural resources managers. 

In significantly disrupted areas where no 
candidate reference sites are acceptable, a form 
of this expert consensus is a workable alterna
tive to establish reference expectations. Three 

or four biologists can be 
convened for each assem

The recommended blage to be used in the 
assessment. Each expert empirical approach is to 
should be familiar with the 

use a population of lakes of the region. Based 
on their collective exper

referenc8 lak8s to tise, they are asked to 
develop a description of 

establish conditions that the assemblage to be 
expected if the lakes were will be US8d to identify 
relatively unimpacted. This 

and calibrate metrics. description, developed by 
consensus, will necessar
ily be more qualitative 

than quantitative, but will allow development 
of metrics and metric scoring. 

4.2.2 Blologlcal Survey 

The recommended empirical approach is to use 
a population of reference lakes to establish 
conditions that will be used to identify and 
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erine flowage lakes, marsh lakes, and others. After 
the lake regions had been identified, candidate ref
erence lakes were selected in each region. Candi
date reference lakes are representative and rela
tively least impacted within the lake region. In re
gions where all lakes are impacted (for example, 
the rapidly urbanizing area around Orlando, Florida), 
candidate reference lakes are those that.are least 
impacted relative to the regional norm. Biologists 
and limnologists with regional and local expertise ·· 
selected the candidate reference lakes. Following 
selection, candidate lakes were surveyed to deter
mine lake type and to confirm that they were rela
tively least impacted. Reference sites were selected 
from the candidate sites and a full biological survey 
of the referenc9 sites was conducted during Florida's 
lake Index period (late summer/fall). 

calibrate metrics. Pairwise comparison of two 
lakes leads to the trivial conclusion that they are 
different (Hurlbert 1984). All monitoring sites, 
reference or impaired, can vary over time and 
space for natural reasons. A central measure 
from a composite of several reference sites is 
used to base expectations to account for natural 
variability and uncertainty. Statistically, this 
means that the status of a lake is judged by 
comparing the lake (the "test site") to a popula
tion of reference sites. In hypothesis-testing 
terminology, the null hypothesis examines 
whether the test lake is a member of the popula
tion of reference sites. 

A critical requirement for the use of reference 
conditions in biocriteria is the USEPA 
antidegradation policy, which protects against 
incremental deterioration of waterbodies and 
reference conditions. An observed downward 
trend in reference sites cannot be used to justify 
relaxing reference expectations, reference 
conditions, and the associated biological crite
ria. Once established, biocriteria may only be 
refined in a positive direction in response to 
improved conditions. 

To characterize reference conditions, surveys of 
both reference sites and known impaired sites 
are made for both biota and physical habitat. 
These data are needed to determine gradients of 
conditions (from best to impaired) for the 
purpose of measurement calibration and dis-
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Table 4-1. Comparison of elements.for characterizing reference conditions. 

Expert Consensus Biological Survey Paleolimnology Historical Data Predictive 
Models 

Guides and reviews Yields obtainable, Yields historical Yields actual When data are 
other procedures best current status. time series for historical insufficient. 

(/) 

i 
t: e 
ci') 

May be used alone. 

Relatively 
inexpensive. 

Common sense 
and experience can 
be incorporated. 

Any assemblages 
deemed important 
can be used. 

Two methods: 
- selected reference 

sites 
- best of abmient 

conditions 

assemblages of 
diatoms, 
chrysophytes, and, 
to a lesser extent, 
some crustaceans 
and some insects. 

Can infer water 
quality. 

information on 
status. 

Inexpensive to 
obtain. 

Works well for 
water quality. 

Qualitative Even best sites Preservation of fish, Data might be Extrapolation 
descriptions of subject to human invertebrates, limited. beyond known 

(/) 
Cl) 

"ideal" 
assemblages. 

Might be unrealistic 

impacts. macrophytes, and 

Degraded sites might non-diatom algae is 
poor. lower subsequent 

Studies likely were 
designed for 
different purposes; 

data.and 
relationships is 
risky. 

~ 
Q) 

i 
~ 

and not 
representative of a 
best attainable 
potential. 

Experts might have 

biocriteria: Studies may require data might be 
complex data inappropriate. 
analysis and Human impacts 
interpretation by present in 
experts. historical times 

Can be expensive. 

strong biases. Adequate sediment were sometimes 
record may not severe. 
exist in reservoirs. 

crimination. The raw data must be evaluated Candidate metrics are developed from the key 
within the ecological context (waterbody type biological attributes, and the effects of stressors 
and size, season, geographic location, and other on specific metrics must be understood (USEPA 
elements) that defines what is expected for 1996a). Those measurements that have a 
similar waterbodies. monotonic response to a gradient of conditions 

There are two primary approaches for selecting° or · ·• mapped Information s~cfi as la~d use·and'roads~: 
determining reference conditions using data from st.ir- . . and other. existing data bases. 

veyed sites. The. first approach uses selected best- .. 2. . bete~i~ation of referen-~e conditions based on 
quality sites· as . the basis· for determliJing reference·. 

the best conditions found ih :a representaUve conditions. The second approach does not use ,:efef
.· - -sample of lakes within a class- This approach ence sites, but draws its reference conditions directly 

is··used when few approprlatei"eference sites. exist' 
C from those found in a sample otmany lak(]S of vary~ 

.· .. · or when they cannot be.suitably defined. A. t1uin°. 'Ing quality. 
: . · . ber ·i,, lakes within the class are suiyeyed, aiid 

1. · Selection ofreference·sites based on a.prior defi- the best conditions .for each measurement are' J 

nition of re~erence •site criteria- _This approach .· . determined fto"m the entif~ sample. of lakt!Js: -
is usf!C/ when a sufficient number of lakes exist • Th.p~e best,c;onditions. are ther1 u~ed as _th~ ref

. . . that are minimally impacted. ·since nearly all lakes ... erenceforbiological assessment within that lake 
are affected by human activities to somti degr,ee, class\_This is th~ preferred approach lo/many 
the lakes _need not be pristine or unimpacted, but • large res_eflioirs and some exceptiqnally large. or. 
.the level of impact must be minimal relative to .. unusual lakes, · where there are tJw other lakes 
iakes in· the region. Reference ~ites are selected· ... of thatclaS;S: , · · · · 

using local expert kn~wledge_ on ca.rididate sit~s; ; 
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(from unimpaired to heavily impaired) will be the 
best candidates for assessing biological impair
ment. Therefore, ambient sites other than refer
ence sites should be surveyed as part of the data 
base. Selection and confirmation of the measure
ments must address the ability to differentiate 
between impaired and unimpaired sites. 

Minimally Impaired Reference Sites 
Reference sites must be carefully selected 
because they will be used as a benchmark 
against which test sites will be compared. The 
conditions at reference sites should represent 
the best range of minimally impaired conditions 
that can be achieved by similar lakes within the 
region. The reference sites must be representa
tive of the region, and relatively least impacted 
compared to other lakes of the regions. 

Sites that are undisturbed by human activities 
are ideal reference sites. However, land use 
practices and atmospheric pollution have so 
altered the landscape and quality of water 
resources nationally that truly undisturbed sites 
are rarely available. In fact, it can be argued 
that no unimpaired sites exist. Therefore, a 
criterion of "minimally impaired" must be used 
to determine the selection of reference sites. In 
regions where minimally impaired sites are 
slgniflcantly degraded, the search for suitable 
sites should be extended over a wider area. 

Stringent criteria might require using park or 
preserve areas for reference lakes. Criteria for 
reference lakes will also pertain to the condition 
of the watershed, as well as the lake itself. If 
relatively unimpaired conditions do not occur in 
the region, the selection process could be 
modified to be more realistic and reflect attain
able goals, such as the following: 

Land use and natural vegetation-Natural vegeta
tion has a positive effect on water quality and 
hydrological response of streams. Reference 
lakes should have at least some percentage of 
the watershed in natural vegetation. 

Riparian zones-Zones of natural vegetation 
alongside the lakeshore and streams stabilize 
shorelines from erosion and contribute to the 
aquatic food source through allochthonous 
input. They also reduce nonpoint pollution by 
absorbing and neutralizing nutrients and 
contaminants. Watersheds of reference lakes 
should have at least some natural riparian 
zones regardless of land use. 
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Best management practices-Urban, industrial, 
suburban, and agricultural nonpoint source 
pollution can be reduced with successful best 
management practices (BMPs). Watersheds of 
reference lakes should have BMPs in place 
provided that the efficacy of the BMPs has been 
demonstrated. 

Discharges-Absence or minimal level of 
permitted discharges (NPDES) into surface 
waters. 

Management-Management actions, such as 
extreme water level fluctuations for hydropower 
or flood control, can significantly influence lake 
biota. Reference lakes should be only mini
mally impacted by management activities. 

Predefined reference conditions for lakes have 
been used in Minnesota to determine ambient 
phosphorus criteria (Heiskary 1989). Maine 
uses a similar approach in regulating the water 
quality of streams and uses a reference stan
dard of aquatic life as naturally occurs (Davies 
et al. 1993). 

If a fixed definition of reference condition is 
deemed to be overly restrictive or an impractical 
ideal, then an empirical working definition is an 
alternative. For example, because natural condi
tions for reservoirs cannot be defined, the best 
existing conditions are used instead. This ap
proach is also useful in ecoregions with little or 
no contiguous stands of natural vegetation 

If all lakes In a region are signlncant/y altered, It 
might not be possible to characterize reference 
conditions from ecoreglonal data. In this case, 
an alternative would be to use lakes from 
neighboring regions as reference sites If those 
lakes are deemed acceptable, by professional 
judgment, with respect to Impact and overall 
comparability to the.lakes of the affected region. 
This is one of the reasons why USEPA encour
ages interstate cooperation in monitoring arid 
biocriteria development. If lakes from nearby· 
regions cannot reasonably be considered 
r(Jference sites, then reference conditions must 
be predicted or inferred from other Information, 
Including models and historical data. In design
Ing such an approach, the consensus of a panel 
of regional experts helps ensure an objective 
and rational design. · 



remaining, such as in the agrtcultural Midwest. 
Choosing the best sites requires at least a 
representative survey (or better, a census) of lake 
watershed vartables in the ecoregion. Individual 
lakes with the best conditions, such as the 
greatest percentage of forest or natural vegetation, 
the lowest percentages of agricultural and urban 
land use, etc., are chosen as reference sites. 

Without antidegradation safeguards, the best 
available approach might allow continual 
detertoration. For example, construction and 
development in a lake watershed that is one of 
the "best" in a region might cause biological 
degradation of the lake. If the set of "best" lakes 
in the ecoregion have suffered similar degrada
tion, they might still be the reference sites, but 
the new reference condition will be degraded 
relative to its earlier state. For example, Maine 
has a antidegradation policy that requires that 
lakes remain stable or improve in trophic state 
(Courtemanch et al. 1989, NALMS 1992). An 
effective antidegradation policy can promote 
continually improving conditions. 

The selected reference lakes should be represen
tative of each of the classes, and a sufficient 
number of lakes are then sampled to enable 
characterization of each class. A general "rule of 
thumb" for optimal sample size is 10-30 lakes 
per class, and each lake is a sampling unit (see 
Chapter 9 for estimating power and sample 
size). In regions where all lakes are impacted, 
the 10 to 30 relatively least impacted lakes of 
each class (e.g., ecoregion) are sampled, where 
"best" is determined by least anthropogenic 
disturbance or impacts, but not by most 
desirable biota. In regions where the popula
tion of unimpaired reference lakes is large, a 
stratified random sampling scheme (lakes in 
each class selected randomly) will yield an 
unbiased estimation of reference conditions. 

"Stressed Reference Sites"-Effective metrtcs 
respond to environmental degradation and 
allow discrimination of impaired sites from the 
reference expectations. Metrics that do not 
respond are not useful in bioassessment. 
Response is determined by sampling a set of 
stressed sites in the same way as the refer
ence sites-in effect, sampling a set of 
"stressed reference" sites. Lakes with known 
problems, such as nutrient loading, thermal 
pollution, toxic sediments, or urban land use, 
are good candidates for "stressed reference" 
sites. There should be several in each class or 
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lake ecoregion for adequate tests of metric 
responses. Because impaired lakes are fre
quently objects of monitoring by natural 
resource agencies, data might already exist to 
test the biological metrics. However, the 
sampling methods for reference and impaired 
lakes should be comparable. 

Sampling and Data Analysis-One or more of the 
recommended tiers of biological assemblages 
are sampled and identified. It is imperative 
that reference sampling include all assem
blages that will be used in operational sam
pling and assessment. Sampling methods are 
described in Chapters 4 and 5; data analysis is 
described in Chapter 6. 

Reference Conditions from Distributions of 
Biological Metrics 
If sufficient minimally impaired reference sites 
do not exist or cannot be found, reference 
conditions can be selected from an entire 
population of sites. This approach is especially 
relevant for human-made impoundments and 
reservoirs, where no least-impaired systems 
exist, as well as for resources subject to strong 
and relatively uniform human impacts, such as 
lakes in large urbanized areas or in heavily 
agricultural regions. The approach was devel
oped by Karr et al. (1986) for the Index of Biotic 
Integrity (IBI). It has since been applied to 
estuary assessment (Engle et al. 1994, 
Ranasinghe et al. 1994) and reservoir assess
ment (1VA 1994). 

A representative sample of lakes is taken from 
the entire population. Sites that are known to be 
severely impaired may be excluded from the 
sample, if desired. The population distribution 
of each biological metric (Chapter 5) is deter
mined, and the 95th percentile of each metric is 
taken as its reference value. The range from the 
minimum possible value (usually 0) to the 
reference value is trisected, and values in the 
top third of the trisected range are taken to be 
similar to reference conditions. Scoring of 
metrics is explained more fully in Chapter 6. 

A central assur.aption of the population ap
proach is that at least some sites in the 
population of lakes are in good condition, 
which will be reflected in the highest scores of 
the individual metrics. Because there is no 
independent definition of reference (indepen
dent of biological status), reference conditions 
defined in this way must be taken as interim 
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and subject to future reinterpretation. Again, 
antidegradation safeguards must be in place to 
prevent deterioration of the reference standard. 
Periodic examination of the reference stan
dards for trends can detect deterioration or 
improvement. Strictly speaking, the distribu
tional approach is circular because the refer
ence biological conditions are characterized as 
the best of existing biological conditions, 
without consideration of impacts. This is 
necessary when reference criteria cannot be 
defined a priori, or when all lakes under consid
eration are equally impaired. The object of the 
method is to develop a measurement standard 
for assessment of lakes. Its validity must then 

rest on external confirmation of the response 
of metrics to stressors, usually from published 
or other independent studies. 

Following the initial classification of the lakes 
in a region, biota are surveyed to determine 
those aspects of the classification that are 
relevant in explaining biological variability 
among lakes. The objective of the survey is to 
determine the final classification and to 
characterize the biota of each of the lake 
classes. Analysis of biological data includes 
testing classes developed in the initial classifi
cation, as well as aggregating classes as 
necessary to obtain a parsimonious classifica-

Cass Study: Ecoreglonsl Classification of Minnesota Lakes 

Minnesota has over 12,000 lakes spread across di
verse geographic areas. Previous studies had 
shown distinct regional patterns In lake productivity 
associated with regional differencss in geology, veg
etation, hydrology and land use (Helskary and Wil
son 1989). Four of the seven ecoregions In Minnesota 
(Omernik 1987) contain 98 percent of the lakes. These 
are the Northern Lakes and Forest (NLF), North Cen
tral Hardwood Forest (NCHF), Northern Glaciated 
Plains (NGP), and Western Com Belt Plains (WCBP) 
(Figura 4-1 ). Minnesota has used environmental dlf
ferances along with regional differences In lake uses 
to develop ecoreglon-based frameworks for data 
analysis, developing monitoring strategies, assess
Ing use patterns, and developing phosphorus goals 
and criteria (Helskary 1989). 

The Minnesota Pollution Control Agency (MPCA) 
and several other groups collected data on chloro
phyll a concentrations and several water quality 
parameters (total phosphorus, total nitrogen, and 
Sscchl transparency) In 90 reference lakes between 
1985 and 1987. Sacchi transparency data were col
lected mostly by volunteer participants In the Citi
zen Lake Monitoring Program. Reference lakes were 

'····· chosen to ropresent mlnlmally Impacted sites within 
each ecoreglon. Criteria used in selecting raference 
lakes inc/ud6d maximum depth, surface are, fish
ery classification, and recommendations from Min
nesota Department of Natural Resources (DNR) 

:;, (Helskary and Wilson 1989). Lake morphometry had 
,,, , Pf!3~I~~/~ been examlr,ed. In addition to the refer-

1 

!'!!:: ~=~ ~i:~ r:It,r::: ~==l 
I ~ I I I " II 

groups on approximately 1,400 lakes from 1977 to 
1987. 

Differences in morphology, chlorophyll a concentra
tions, total phosphorus, total nitrogen, and Secchi 
transparency were found among the 4 ecoregions 
in both studies. Lakes In the 2 forested ecoregions 
(NLF and NCHF) are deeper (median maximum 
depth 11 m) with slightly smaller surface areas (40 
to 280 ha) than those in the plains ecoreglons (NGP 
and WCBP). Lakes in the 2 plains ecoregions were 
typically shallow (median maximum depth 3 m) with 
larger surface areas (60 to 300 ha). 

Box-and-whisker plots for chlorophyll a and water 
quality measurements in the reference lake study 
paralleled the morphological differences seen 
among the ecoregions (Helskary and Wilson 1989). 
The 2 plains ecoregions had significantly higher 
chlorophyll a levels than either of the 2 forested 
ecoreglons (Figure 4-2). Another biological param
eter, ecological classification, also differs among the 
ecoregions. Ecological classification refers to the 
type of fish assemblage likely to be present if no 
fisheries management occurred. In the forested 
ecoreglons, 37 percent to 48 percent of the lakes 
are classified as "basspanfish walleye" (Heiskary et 
al. 1987). Additionally, only the 2 forest ecoregions 
support any lakes classified as "walleye." Results 
of the statewide data base analysis showed these 
same trends. The results of these 2 data base analy
ses support the use of ecoreglons in developing 
frameworks for data analysis, monitoring strategies, 
assessing use patterns, and developing phospho
rus goals and criteria. 
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Case Study: Ecoteg/onal Classlf/catlon 
'ofMlnnesota L.ak~s (continued)· . . 

waaTl!AN COllN ••LT PLAIN• 

. ' .. ;_ -~-·- '---------------------' 
.Flgure~1. Mlnnes<>taecoreglons and sampled 
lakes., Fromtlelskary 1989. 
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Uon that accounts for the greatest amount of 
biological variability. The survey may use 
existing data, although a new survey allows 
careful selection of reference sites representative 
of each of the classes of lakes. 

4.2.3 Paleollmnology 

An alternative to characterizing present-day 
reference conditions is to estimate historic or 
prehistoric pristine conditions. In many lakes, 
presettlement conditions can be inferred from 
fossil diatoms, chrysophytes, midge head 
capsules, cladoceran carapaces, and other 
remains preserved in lake sediments (e.g., 
Charles et al. 1994, Dixit et al. 1992). Fossil 
diatoms are established indicators of historical 
lake alkalinity, salinity, and trophic state (e.g., 
Hall and Smol 1992). Diatom frustules, com
posed of silica, are typically well preserved in 
lake sediments and easy to identify. However, 
remains of other organisms are problematic 
because of incomplete preservation. 

Paleolimnological investigations can be per
formed in lakes in which identifiable remains 

are preserved, and the 
sediments can be dated to Pateolimnotogy can 
the period of interest 

Identify presetttement (Charles et al. 1994). In 
some lakes, sediments are 

conditions (reference subject to scouring, 
resuspension, or periodic 

conditions) for an ind/- drying and are not suitable 
for coring. Most lakes have vidua/ take or for many 
a quiescent depositional 

takes within a region (e.g., area in the deepest 
profundal waters, and 

Cumming et al. 1992). these sediments receive 
material from both pelagic 

and littoral zones, as well as from the sur
rounding watershed. Reservoirs meeting the 
depositional criteria can also be analyzed in 
this way, yielding a history of the reservoir. 
However, historical conditions in a reservoir 
might or might not be a desired reference 
condition. 

Design of paleolimnological studies to deter
mine reference conditions can range from basic 
to complex. The simplest procedure is to 
analyze only the top and bottom of a sediment 
core, and to make a comparison of assemblages 
to determine if there has been a significant 
shift in taxa composition. If there is little 
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difference, then there has probably been rela
tively little change in major ecological character
istics in the lake. If there are significant 
differences, then further investigation may be 
warranted, including quantitative inference of 
past water chemistry conditions (Charles and 
Smol 1994). The more informative approach is to 
analyze several sediment intervals from a 
sediment core that has been dated (usually Pb-
210), and infer specific past conditions. This 
design leads to understanding of the magnitude, 
rate, and timing of change and can be related to 
specific watershed or in-lake events. 

Using paleolimnology to characterize lake 
reference conditions requires selection of a time 
period for the reference. In general, the time 
period should be as close to the present as 
possible when anthropogenic impacts on the 
lakes were minimal. If there is concern that 
background conditions may have varied sub
stantially, a few to several presettlement time 
periods could be analyzed to determine natural 
variability. In most cases this variability is 
relatively small compared with changes following 
European settlement. 

The greatest advantage of paleolimnology is that 
a sample of reference sites can be selected 
without regard to present conditions in the lakes. 
Thus, there is usually no need to select "least
impaired" lakes because nearly all lakes in the 
selected reference period are least-impaired by 
definition. Reference sites are selected such that 
each lake class has at least 5 to 10 representa
tive lakes. Reference sites should be representa
tive of their respective class. Transitional, 
exceptional, or uncertain lakes should not be 
included in the reference sample. 

The population approach to defining reference 
conditions means that a single site is never 
taken as a representative reference for an entire 
class. Similarly, the condition at only 1 time 
period of a single lake may not represent a 
reference for its present condition. Ecosystems 
are not constant in time, even in the absence of 
disturbance, and the condition of a single lake 
is likely to change in the course of a century. 
Therefore, samples of past conditions at several 
points in time are more likely to characterize 
reference conditions than a single sample. 

Sampling and Data Analysis-Sediment diatoms 
are the recommended assemblage for 
paleolimnological determination of reference 



conditions because preservation of frustules is 
excellent and identification is based solely on 
the frustules. Other assemblages (e.g., cladocer
ans, midges) are not recommended at this time 
because preservation is incomplete and identifi
cation of fragments is problematic. Cores are 
taken from the representative lakes and ana
lyzed as described in Appendix C. 

4.2.4 Hlstorlcal Data 

Some lakes have extensive historical data bases 
from the early to mid-20th century, typically on 
water quality, diatoms, zooplankton, or fish. 
However, historical data may not represent 
undisturbed conditions, and the biological data 
and auxiliary historical information should be 
examined carefully to ensure that the data 
actually represent conditions better than at 
present. Cultural eutrophication has occurred 
since neolithic peoples first settled on 
lakeshores, and in many American waterbodies 
cultural eutrophication was most pronounced in 
the 1950s and 1960s. 

Historical data might not always be representa
tive of lakes in a region because the lakes were 
selected for special reasons (e.g .. unique lakes, 
near laboratory, site of water intake, etc.). 
Universities, municipal water supply depart
ments, and other agencies are often good 
sources of long-term lake water quality data. It 
might be possible to augment present-day 
reference site data with historical data. 
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4.2.S Modeling Approaches 

Several modeling approaches can be used, 
including mathematical models Uogical con
structs following from first principles and 
assumptions), statistical models (built from 
observed relationships between variables), or a 
combination of the 2. The degree of complexity 
of mathematical models to predict reference 
conditions is potentially unlimited, with 
attendant increased costs 
and loss of predictive 

The greatest advantage of ability as complexity 
increases (Peters 1991). paleo/imnology is that a 
Mathematical models are 
complex and untestable sample of reference sites 
hypotheses (Oreskes et al. 

can be selected without 1994, Peters 1991). Never
theless, models to predict 

regard to present condi-
water quality in rivers and 
reservoirs from first tions in the lakes. 
principles, of physics and 
chemistry have been quite 
successful (e.g., Kennedy and Walker 1990). 

Statistical models can be fairly simple in 
formulation, such as the Vollenweider model, 
the Morphoedaphic Index, and others (Vighi 
and Chiaudani 1985, Vollenweider 1975, 
Mazumder 1994), to predict trophic status, but 
they require a sufficiently large data base to 
develop predictive relationships. If enough data 
exist to construct a statistical motlel, it is 
likely that there are lakes that can serve as 
reference sites. 
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Case Study: Reference Conditions - TVA Reservoirs 

,, (For TVA~ ressrvolr bioassessmsnt, see Chapter 
3.) 

It was not posslbls to use the well-accepted ap
proach of using least-Impacted referene0 sites to 
dstsnnlne characteristics or expectations of a res
srvolr since thsy are artificial systems. Other ap
proaches must be ussd such as historical or 
prs/mpoundment conditions, predictivs models, best 
obssrved conditions, or professional judgment. 
Prolmpoundment conditions are clearly inappropri
ate. For the most part, models are of limited value 
for a largs" variety of Indicators because of such great 
spatial and temporal variations within and between 

·· ·· f9Servolrs. This leaves best observed conditions or 
professional judgement as the most viable altema
tivss for establishing appropriate reference condi
tions or expectations for reservoirs. TVA's experi
ence has found use of. best. observed conditions 
using profssslona/ judgement as ths best approach. 

' •·· In using best observed condi~cms one assumes that, 
..... for the group of ressrvolrs to be compared, the range 

·· of observed values represents the range of expected 
conditions .. from good to poor for each community 
charac;tsristic or metric lncll.!ded in the evaluation. 

1111 

'. ··ssptiratlon of·rsservoirs into appropriate classes 
was a critical step In dsveloping reference condi-. 
tlons. 

For dissolved oxygen (DO) and sediment quality, 
best observed conditions were not useci; instead, 
Ideal conditions were expected. That is, poor DO is 
unaoceptabls regardlsss of type of ressrvoir or dam 

operation: Sediments should not have high concen
trations of metals, should have no or ve,y low con
centrations of pesticides; and should not pose a toxic 
threat to biota. In this situation, there is no need for 
classification because the same conditions are ds
sired for all reservoirs. 

For chlorophyll, benthos, and fish, ths best observed 
conditions approach was used. For these, reservoirs 
were categorized because the same conditions do 
not existfor all reservoirs. The classification scheme 
that evolved for chlorophyll is actually a combina
tion of two approaches: examination of the "'natural" · 
nutrient /svel in the watershed; and a conceptuaV 
subjective decision as to the concentrations indica
tive of good, fair, and poor conditions. Two classes 
of reservoirs were developed: reservoirs draining 
nutrient-poor watersheds, primarily those in the Blue 
Ridge Ecoreg/on; and the mainstream rsservolrs 
with thsir rsmaining tributary reservoirs. 

t. . ,. 
" ' . 

For the benthic macroinvertebrate and fish assem-
blages, ~e~ervoirs were divided Into four classes: 

• Reservoirs on the Tennessee River plus two 
navigable reservoirs on tributaries to the Ten• 
nessee River; this group of reservoirs has rela
tively short retention times and little winter draw
down. 

Reserv~irs in the Blue. Ridge Ecoregion. • 
• Reservoirs in the Ridge and Valley Ecoregion. 

Reservoirs in the Interior Plateau Ecoreg/on. • 
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> Watershed Activities 

> In-Lake Water Quality 

> Shorezone and Uttoral Characteristics 

Chapter 5 

Habitat Measurement 

Habitat measurement is used to assess the 
impacts of habitat on biota, and hence on the 
interpretation of changes in biota. Habitat must 
be taken into account to make accurate com
parisons between ambient and reference condi
tions and to determine whether habitat might be 
a cause of impaired biota. 

Human activities modify the watershed, with 
consequent effects on lake physicochemical and 
biological processes. Agricultural and urban 
land use affect nutrient, contaminant, and 
sediment loadings; and shorezone housing 
development can have a disproportionate 
influence on nutrient loadings compared with 
more distant parts of a lake watershed (Dillon et 
al. 1994). Shorezone development can also 
extend into the lake littoral zone with construc
tion of docks, revetments, riprap, often leading to 
destruction of littoral wetlands and macrophytes. 

The habitat experienced by aquatic organisms 
consists of the water and the substrate, includ
ing structure and constituent chemicals. For the 
purposes of this protocol, water quality is a 
component of habitat. In-lake habitat includes 
both the physical and chemical environment 
experienced by the biota, and is, in tum, 
influenced by the watershed through runoff and 

loadings. Habitat measurement seeks to identify 
the physical and chemical characteristics of the 
lake habitat-both natural 
and anthropogenic-that Habitat measurement is 
affect the biota of the lake. 

used to assess the impacts 
Habitat measurement, 
consisting of both water of habitat on biota, and 
shed and in-lake observa-
lions, has two purposes. hence on the interpretation 
First, it helps in placing a 
lake into a category of changes in biota. 

determined by a classifica-
tion scheme. Second, it can help identify an
thropogenic disturbances and exposure that 
might be responsible for biological degradation. 
Habitat measurement thus comprises two kinds 
of variables: 

Classification variables-Those attributes 
intrinsic to the system and relatively unaffected 
by human activities (e.g., geology, soils, lake and 
watershed morphology). 

Assessment variables-Those attributes which 
either are direct measures of human activity 
(e.g., land use, discharges) or are influenced by 
human activity (e.g., most water quality vari
ables). 
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The classification variables are those which are 
not affected by human influence, and are 
primarily measures of the morphology and 
geology of the lake and watershed. The classifi
cation variables assist in placing the lake into 

one of the categories for 
which reference conditions 

The purpose of examining have been determined. It is 
then possible to determine 

watershed parameters is the deviation of conditions 
in the test lake from to assist in classifying a 
reference conditions, for 

fake. both habitat and biological 
indicators. 

Several habitat parameters are obtained or 
estimated from existing sources of information 
such as maps and Geographic Information 
Systems (GIS). The parameters include lake 
area, depth, shoreline length, watershed area, 
watershed slope, soil types, geology, and water
shed land use. 

The habitat measurement component of the field 
sampling program consists of in-lake physical 
and chemical measurements, as well as a 
shorezone habitat survey. The shorezone survey 
fs based on the Environmental Monitoring and 
Assessment Program (EMAP) lake habitat 
assessment (USEPA 1994a, USEPA 1994b, 
USEPA 1993a). 

15. 1 WATERSHED HABITAT 

G. 1 • 1 Measurements 

The purpose of examining watershed parameters 
fs to assist in classifying a lake and to determine 
whether watershed conditions might account for 
observed biological status. A number of human 
practices in lake watersheds affect lake habitat 
through sediment loading, nutrient loading, 
contaminant loading, hydrologic changes, and 
direct habitat alteration (e.g., removal of wet
lands). Any one human activity can influence 
several loading rates. For example, livestock 
management practices can affect both nutrient 
and sediment loads. Watershed parameters 
include both classification and assessment 
variables (Table 5-1). Most measures of mor
phology and land use can be obtained from 
USGS, state, or county data bases. 
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s. 1 .2 Watershed Metrics 

Discharges-Data from permitted discharges can 
be used to develop direct estimates of point
source loadings into receiving waters, and they 
take into account the effects of sewage diver
sions and implemented control technologies. 
However, discharges cannot account for 
nonpoint sources. 

Watershed Area-The quantity of runoff entering 
a lake is directly affected by the lakes watershed 
area. The ratio of lake watershed area to lake 
surface area affects sediment and nutrient 
loadings and retention time. Reservoirs with a 
small ratio are better able to support sport fish 
populations (Hill 1986). The ratio is especially 
important for reservoirs and flowage lakes, 
where its value can vary widely. 

Land Use-Water quality, especially nutrient 
concentrations and turbidity, is strongly associ
ated with land use. The most important land 
use variables are urban, agricultural, and forest 
land use, as percent of the watershed area. Also 
important is watershed road density (length per 
area), which can be an excellent predictor of 
trophic variables and chloride concentration 
(USEPA 1993a). More detailed breakdowns of 
land use classes (e.g., high-density urban, 
transportation, pasture, row crops, etc.) can be 
estimated for diagnostic investigation. 

A detailed nonpoint source evaluation might be 
called for if more than one land use type ap
pears to be a probable cause for impairment. A 
standard screening procedure (Schueler 1987) 
can be applied to estimate sediments, nutrients, 
and contaminants from both urban and 
nonurban sources. The screening procedure 
allows identification of the primary likely 
sources of impairment and hence a preliminary 
ranking of potential sources. 

The land use variables are tabulated on a 
watershed-wide basis. This approach does not 
take into account the effects of distance from 
the receiving waters, riparian buffers, or best 
management practices (BMPs). Runoff and 
pollution of surface waters from agricultural 
land are highly variable, depending on slope, 
soil erosivity, tillage practices, distribution of 
rainfall, and the presence of riparian buffers 
and hedgerows (Schueler 1987). Taking into 
account riparian buffers and BMPs, together 



with other watershed influences, would require 
a comprehensive runoff and loading model, and 
is beyond the scope of this guidance. 

Population Density and Related Measurements
Nonagricultural pollution is the product of 
people and their activities: hence, population 
density is an excellent predictor of pollutant 
loadings. Population density is also strongly 
correlated with urban land use and discharges: 
therefore, simultaneous assessment with these 
collinear variables should be done with caution. 
Population density might be a more accurate 
indicator of total human activity than is land 
use, because population estimates are updated 
more frequently than land use data. The 
variables that most directly affect lake quality 
are discharges and the watershed impervious 
area. Nevertheless, population density may be a 
better single measurement. 

5.2 IN-LAKE HABITAT 

5.2. 1 Measurements 

Physical-chemical habitat measurement com
prises several common measures of lake water 
quality and can point to water quality problems 
that are not observable at the coarser resolution 
of the entire watershed. It can also provide 
additional evidence for potential causes identi
fied from the watershed or shoreline assess
ment. Physical and chemical parameters and 
the measurements derived from them are listed 
in Table 5-2. 

Secchi Depth-Secchi depth, which has a long 
history as a lake assessment variable, is a 
simple and reliable measure of light transmit
tance and turbidity. It is used in various trophic 
indices, including Carlson's Trophic State Index 
(TSI) (Carlson 1977). 

Nutrients-Water quality measurements can 
form the basis of several measurements (Table 
5-2). Total phosphorus concentration forms part 
of Carlson's TSI (Carlson 1977) and is an 
important predictor of lake productivity in north 
temperate lakes (Vollenweider 1975). The 
nitrogen-to-phosphorus (N:P) ratio is used to 
predict the likelihood of cyanobacteria blooms 
(e.g., Smith 1983). Calculation of trophic state 
indices is given in Section 7.2.3. 

Habitat Measurement 

Dissolved Oxygen-Dissolved oxygen (DO) is 
necessary for aquatic life, 
and most state water Population density is an 
quality regulations include 
a standard for dissolved excellent predictor of 
oxygen, usually expressed 
as the maximum amount pollutant loadings. 
of time that DO is allowed 
to fall below a critical value (typically 4 or 5mg/ 
L). Several measurements have been developed 
for DO, including: 

• Index period DO measurement near bottom 
oflake. 

• Depth from the surface at which DO falls 
below a threshold value (oxycline) (Scott et 
al. 1991). 

• Annual or seasonal minimum value in 
hypolimnion or epilimnion. 

• Annual or seasonal mean value in hypolim
nion or epilimnion. 

• Annual or seasonal percent time below a 
threshold DO value at the bottom of the lake 
(USEPA 1993a). 

• Annual or seasonal mean water volume or 
percent of total volume below a threshold 
DO value (Dycus and Meinert 1992). 

The first 2 measurements require only a single 
DO profile. Depth of the oxycline might be the 
most useful single-point DO measurement of a 
waterbody (Scott et al. 1991), provided that the 
observation is made when hypoxia is at its 
maximum annual extent (usually late summer). 
The remaining 4 measurements all require 
regular observations during a year or an index 
season. In general, estimates of time or volume 
below a threshold value are more precise and 
accurate than estimates of minimum values 
(USEPA 1993a). 

5.3 SHOREZONE AND 
LITTORAL HABITAT 

5.3. 1 Measurements 

The shorezone habitat assessment is important 
for identifying potential causes of impairment 
because many lakes are impacted by develop-
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ment and land use on the shore. Because the nance of vegetation in canopy, understo:ry, and 
lakeshore is the part of the watershed closest to groundcover; substrate type; bank angle; and 
the lake, shorezone land use has the largest dominance of human features (buildings, lawns, 
potential impact on lake biological integrity. The cultivation, etc.). Littoral characterization is 
shorezone assessment procedure is the same as done at a 10m distance from shore and includes 
that for watershed evaluation: shorezone habitat depth, surface film, s1i1bstrate, macrophyte 
variables are compared to reference conditions cover, fish cover, and a summary habitat 
and, if significantly different, are identified as classification (USEPA 1993a). The shore of each 
probable causes of biological impairment. lake is surveyed at 10 sites, and the frequency 

of disturbance is estimated for each lake from 
EMAP Surface Waters has developed an exten the survey data. 
sive shorezone and littoral survey methodology 
to characterize riparian and littoral habitat The shorezone and littoral assessment for lake 
(USEPA 1994a, USEPA 1993a, USEPA 199le). biological surveys presented here is a modifica
The index period is late summer when vegeta tion of the EMAP shorezone assessment (Table 
tion is at its annual maximum. The riparian 5-3) (USEPA 1994a). 
characterization consists of estimates of domi-

Table 5-1. Watershed and basin habitat measurement and metrics. 

Measurements Additional Metrics Calculation Indicator 

Watershed Estimated from map Hydrology 
drainage area. contours. 

8> 
0 
"§. 

Lake surface area. 

Watershed: Lake 
area ratio. 

Map 

Watershed area/lake area. Sediment, nutrients. 

~ 
-5: 
Cl) 

Shoreline length. Shoreline 
development ratio. 

Effect of riparian zone. 

~ 
,:, Lake volume. Estimated from Basin 
C: 
(1J contours. 

~ Maximum depth. Measurement Stratification potential. 
~ 

Mean depth. Volume/surface area. 

Mean basin slope. 

Lake outflow. Retention time. Volume/outflow. Eutrophication potential. 

% forest or natural Sediment, nutrients, 
vegetation. hydrology. 

% agriculture. GIS data base. Sediment, nutrients, 
contaminants. 

% urban and Sediment, nutrients, 
Cl) 

:3 
,::, 
C: 

~ 

residential. 

Watershed 
impervious surface. 

Estimate from land use. 

contaminants, hydrology. 

Sediment, contaminants, 
hydrology. 

Population U.S. Census, state or Sediment, nutrients, 
density. county. contaminants, hydrology. 

Discharges USEPA NPDES data base. Nutrients, contaminants. 

Road density. Maps, GIS. Sediment, contaminants, 
hydrology. 
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Table 5-2. Physical and chemical measurements and metrics. 

Measurements Metrics 

T Profile Epilimnion temperature. 

Hypolimnion temperature. 

Metalimnion depth. 

DO Profile Epilimnion DO. 

Hypolimnion DO. 

Oxycline depth. 

Hypoxic volume. 

Sacchi Depth TSI (SD)= 60 - 14.41 In (SD) 
(SD) 

Total N TSI (N) = 54.45 + 14.43 In (TN) 

Total P TSI (P) = 4.15 + 14.42 In (TP) 

N:P ratio. 

Silica ···-·-

Acid neutralizing ANC 
capacity (ANC} 

pH pH 

Total Dissolved TDS 
Solids (TDS} 

S.3.2 Shorezone Metrics 

Most shorezone measurements are means of the 
littoral and shorezone habitat metric values. The 
shorezone and littoral cover measurements are 
expressed as the mean of the values of all 
transects. The human influence measurements 
are different because they are based on pres
ence or absence observations within the 

Calculation Indicator 

Mean from temperature profile. 

Mean from temperature profile. . . 

Inflection point of temperature 
profile. 

Mean from DO profile. 

Mean from DO profile. .. 

Depth at which DO falls below DO problems. 
2 mg/L. 

Volume of water with DO < 2 DO problems. 
mg/L; annual or seasonal mean . 

. . 
.. Transparency 

. , ' _, 

N enrichment. 
.. ' -

.. 
·. P enrichment. .. 

N concentration/P concentration Enrichment 
(molar). 

. - Depletion . 

Sensitivity to 
acidifcation. 

Acidity 

·. Dissolved 
minerals. 

.'_f 

transects. These measurements are weighted, 
with each present observation receiving a score 
of 1 and each "adjacent" observation receiving a 
score of 1/2. The human influence score in each 
category is the mean of all transects. It is in the 
range of 0-1, with O reflecting no influence and 
1 indicating that the influence (e.g., buildings) 
was found in every transect. 
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Table 5-3. Lakeshore habitat measurements and metrics (USEPA 1994a, EMAP Internal Report). 

Habitat Measurement 

Bank Measurement 
- Rocky(%) 
-Soll(%) 
- Vegetation (%) 
- Other(%) 

Bank Erosion (0-4) 

Riparian Vegetation Measurements 
- Canopy - (% cover) 
- Understory - (% cover) 
- Ground Cover - (% cover) 

Human Influence Measurements 
Buildings 

- In-lake structures 
- Roads, railroads 
- Agriculture 
-Lawn 
- Dump or landfill 

Mean%Cover 

Mean % cover from shorezone habitat 
transects. 

Indicator 

Bank Stability. 

0=none 
4=Severe erosion 

% cover of vegetation. Disturbance 

Influence score (mean score of transects). Human Influence. 

Presence/absence. 
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> Description of Assembiages 

> Response to Stress 

> Discussion of Assemblage Analysis 

> Level of Sampling Effort 

Chapter6 

Biological Assemblages 

The proposed biological sampling methodology 
is tiered, ranging from a trophic state assessment 
to detailed biosurveys. Many 

0 

of the methods are 
based on those used in USEPA's Clean Lakes 
Program and Environmental Monitoring and 
Assessment Program (EMAP) lakes component. 

Lake surveys require sampling of biological 
assemblages and habitat in one or more field 
visits. Several of the proposed lake biosurvey 
measurements are made from transects extend
ing from the shore to the sublittoral habitat, and 
several other measurements are made from one 
or more stations in the pelagic region of the lake 
(Chapter 7). The integrated sampling scheme 
combines all sampling activities carried out on 
the transects and includes mid-lake sampling 
sites for pelagic samples. The number of 
transects, the number of sampling sites, the 
assemblages sampled, and the frequency of 
sampling vary among the survey tiers. 

The study of any group of organisms will yield 
information on the status of their environment. 
The objective in selecting assemblages for lake 
bioassessment was to find assemblages that: 

• Are unambiguously useful for biological 
assessment. 

• Can be sampled and interpreted in a cost
effective way. 

• Are consistent with the current mix of 
expertise in natural resource agencies. 

• Can be easily converted to a multimetric 
index of the assemblage. 

The recommended assemblages are phy
toplankton, sedimented diatoms, submerged 
and floating aquatic macrophytes, crustacean 
zooplankton, benthic macroinvertebrates, fish, 
and periphyton. The discussion of each 
assemblage includes some estimates on the 
level of effort required for sampling. These are 
intended as general guidelines. Actual time 
and effort involved will depend on the specific 
expertise and resources available to individual 
agencies. 

Emergent vegetation is not included as an 
assemblage in this document because meth
ods for emergent plants are under develop
ment by USEPA and other agencies as part of 
the development of wetlands bioassessment 
.methods. Several other potential assem
blages were not .considered because there was 
little information on their utility as environ
mental indicators for lakes. They included 
benthic meiofauna, protozoa, and bacteria. 
Background and rationale for the selected 
assemblages are presented in Appendix D. 
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G.1 PRIMARVPRODUCERS: 
TROPHIC STATE 
ASSESSMENT 

Phytoplankton are the base of most lake food 
webs, and fish production is linked to phy
toplankton primary production (Ryder et al. 
1974). Excessive nutrient and organic inputs 
from human activities in lakes and their water
sheds lead to eutrophication, characterized by 
increases in phytoplankton biomass, macro
phyte biomass, nuisance algae blooms, loss of 
water clarity from increased primary production. 
and loss of oxygen in bottom waters. From a 
human perspective, eutrophication problems 
might include loss of aesthetic appeal, decreases 
in desirable gamefish, loss of accessibility due to 
increased macrophyte production, and in
creased cost of treating drinking water. 

Trophic state is assessed with 4 Trophic State 
Indices l'I'Sn-chlorophyll a, Secchi depth, total 
nitrogen, and total phosphorus (Carlson 1977, 
Carlson and Simpson 1996)-and with Algal 
Growth Potential (AGP) (i.e., nutrient availabil
ity for algal growth). The chlorophyll TSI (Table 
6-1) indicates whether algal biomass is low, 
medium, or high; the Secchi TSI indicates if 
algal growth may be limited by mineral turbid
ity; and the nutrient TSis can indicate excess 
or limiting nutrient supply. 

Level of Effort 
Trophic state assessment is relatively inexpen
sive. Sample collection requires approximately 
10 minutes on station and can be done by a 
single person. Filtration of chlorophyll samples 
requires another 10 to 15 minutes in the field. 
Chlorophyll, nutrients, and other water quality 
chemical analyses are standard and costs are 
well established in each region. 

Table 6-1. Potential algal trophic state metrics. 

Metric 

G.2 SUBMERGED 
MACROPHVTES 

Macrophytes form an integral part of the littoral 
zone of many lakes, providing cover for fish and 
substrate for invertebrates. From a human 
perspective, overabundant macrophytes (or 
weedy conditions} can interfere with lake access 
by fouling equipment, interfering with recre
ational activities, and detracting from aesthetic 
appeal. A conspicuous lack of native macro
phytes in habitats where they are expected to 
occur can result in reduced population of sport 
and forage fish and waterfowl (Crowder and 
Painter 1991). Potential macrophyte metrics are 
listed in Table 6-2. 

Level of Effort 
Submerged macrophyte analysis, including an 
estimate of total percent cover and identification 
of dominant species, requires approximately 1 to 
2 hours in the field for a 300- to 500-acre lake. 
There is no laboratory analysis. 

For the same size lake, macrophyte density or 
biomass measurements would require 2 to 4 
hours in the field to collect samples, and to sort 
and weigh by species. Stem counts would likely 
require a longer time. Again, there is no labora
tory analysis. 

G.3 SEDIMENTED DIATOMS 

Phytoplankton cells continually grow and die, 
and dead cells sink to the bottom. One group of 
algae, the diatoms, have shells (called frustules) 
made of silica (glass), which are preserved when 
the dead cells fall to the lake bottom. The 
preserved diatoms provide an integrated record 

Response to Stress 

Chlorophyll concentration. Elevated under eutrophication. 

Chlorophyll TSI. Depressed under non-algal turbidity or toxicity (compared to 
TSI (Cl) = 30.6 + 9.81 In (Chi) Sacchi and nutrient TSls). 

Algal growth potential (AGP). Increases with nutrient concentration. 
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Table 6-2. Potential macrophyte metrics. 

Metric 

Total vegetated area(% of littoral). 

% exotics or weedy species. 

No. of exotic species. 

Density or biomass in vegetated areas. 

No. of taxa. 

% dominant species (by weight). 

Maximum depth of plant growth. 

of the diatom assemblage in the lake. A sample 
of the top 1 to 2cm of lake sediment contains a 
representative sample of diatoms from the 
most recent 1 to 3 years. Sedimented diatoms 
can be sampled at any time and will always 
yield a sample representative of the most 
recent years. Potential sedimented diatom 
metrics are listed in Table 6-3. 

Level of Effort 
Sedimented diatoms are sampled rapidly in the 
field. A sample requires approximately 1 hour to 
prepare and 2 to 4 hours to count and identify 
300 to 500 cells. 

6.4 BENTHIC 
MACROINVERTEBRATES 

Benthic macroinvertebrates are long-term 
indicators of environmental quality; they inte-

Table 6-3. Potential sediment diatom metrics. 

Metric 

No. of taxa. 

Diversity indices (Shannon-Weiner, Simpson's, etc.). 

% dominant taxon. 

% centric diatoms. 

Pollution tolerance indices (e.g., Lange-Bertalot; 
Bahls 1993). 

% Nitszchia and Navicula (Bahls 1993). 

Indicator taxa (ecological categories). 

Disturbance index (Dixit and Smol 1994). 

Response to Stress 

Substantially more or less than reference. 

More than reference. 

High 

Substantially more or less than reference. 

Low 

High 

Reduced under enrichment, deeper under acidification. 

grate water, sediment, and habitat qualities 
(USEPA 1989b, USEPA 1990d). Macroinverte
brate species have sensitive life stages that 
respond to stress and integrate effects of both 
short-term and long-term environmental 
stressors. Classification of benthos according 
to their relative sensitivity to pollution and 
their functional feeding group level differenti
ates effects on ecological health in response to 
organic or toxic perturbations. Potential 
metrics are listed in Table 6-4. 

Macroinvertebrates are sampled from the 
predominant substrate available in the sublit
toral zone. The type of sampling gear will 
depend on the substrate being sampled: each 
substrate has its own optimal sampling gear 
(Chapter 7). 

Level of Effort 
A benthic sample, consisting of several grabs, 
requires 2 to 4 hours in the field. Sorting, 

Response to Stress 

Reduced 

Reduced 

Increased 

Reduced 

Lower score under organic pollution. 

Increased with sedimentation. 

Respond to specific stressors (acidity, salts, 
metals, eutrophication). 

Increased 
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Table 6-4. Potential benthlc macroinvertebrates metrics. 

Metric 

No. of taxa. 

Mean number of individuals per taxon. 

% contribution of dominant taxon. 

Shannon-Wiener diversity. 

% Intolerant species. 

% ollgochaetes. 

ETO taxa (ephemeroptera, trichoptera, odonates). 

% non-insects. 

Crustacean + mollusc taxa. 

% crustaceans and molluscs. 

Tolerance indices (e.g., HBI [Hilsenhoff 1987]; 
Hulbert's Lake Condition Index [LCI] [Frydenborg et 
al. 19951). 

% suspension feeders. 

% shredders. 

counting. and identifying 100 organisms to 
species requires approximately 4 to 6 hours in 
the laboratory. 

6.5 FISH 

Fish assemblages include species that repre
sent a variety of trophic levels (omnivores, 
herbivores, insectivores, planktivores, 
piscivores), and that exhibit a range of toler
ance to water quality or habitat degradation. 
Ftsh are long-lived and integrate short-term 
temporal environmental changes, and also 
integrate effects of lower trophic levels (e.g., 
primary producers and benthic 
macroinvertebrates); thus, fish assemblage 
structure is reflective of integrated environ
mental health. Of all biological components of 
lakes, fish probably receive the greatest public 
attention because of sport and commercial 
fishing and attendant concerns regarding fish 
production success and safety for human 
consumption. 

Fish are the most difficult and time consuming 
of all assemblages to sample; are wide-ranging 
and might not reflect local conditions in large 

Response to Stress 

Reduced 

Substantially lower or higher. 

Elevated 

Reduced 

Reduced 

Elevated under organic enrichment. 

Reduced under enrichment, DO, stress. 

Reduced 

Reduced under acid stress. 

Reduced under acid stress. 

Reduced 

Reduced 

Reduced under enrichment or in very large lakes. 

lakes; and are actively and intensively managed 
by stocking and angling. Each feasible gear type 
suitable for their sampling in lakes is highly 
selective (USEPA 1994a, USEPA 1994b). Unbi
ased sampling methods such as explosives, 
rotenone, and draining a lake are generally too 
destructive. Because of lake fish assemblage 
sampling method bias, the use of a combination 
of more than one gear type is recommended 
(Chapter 7). Potential fish metrics are provided 
in Table 6-5. Among the most promising mea
surements are indicators of fish health (external 
gross pathology) and fish tissue contamination. 

Level of Effort 
Fish populations are generally nonrandomly 
distributed and clumped in response to habitat 
variables; therefore, the choice of sampling 
methods and equipment, index period, and 
sampling frequency depend upon waterbody 
physical characteristics and specific study 
objectives. An understanding of the attributes 
and/ or biases of sampling equipment and 
methods used in fish assemblage surveys is 
essential in order to draw valid conclusions from 
the data. The relative labor intensity of fish 
sampling techniques varies greatly, depending 
on the specific method chosen and the abun
dance and diversity of the catch. For example, 
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passive techniques (e.g., trap nets, gill nets, 
etc.) generally require a deployment and 
capture cycle of many hours (e.g., overnight 
sets) to several days; and the processing of 
catches from either passive or active sampling 
techniques may require several hours depend
ing on local abundances and method efficien
cies. 

&.& PHYTOPLANKTON 
ASSEMBLAGE 

Phytoplankton assemblage data, consisting of 
taxonomic identifications and abundances 
(relative or absolute) can be analyzed in two 
ways: by determining assemblage measure
ments based on species structure or by perform
ing multivariate assemblage analysis. Potential 
phytoplankton metrics are listed in Table 6-6. 

The recommended approach is to sample the 
phytoplankton assemblage and to count and 
identify cells to order or genus. Simplified field 
and laboratory procedures are possible for 
measurements based on higher taxonomic levels 
such as division or order. Identification to 

Table 6-5. Potential fish metrics. 

Metric 

No. of taxa. 

No. of sunfish species. 

No. of sucker species 

No. of intolerant species. 

% tolerant individuals. 

% piscivores. 

% ominivores. 

% invertivores. 

% planktivores. 

Reproductive 

Composition 

Total number of individuals. 

Fish health (pathology) 
- Lesions and deformations 
- Histopathology 

Tissue contaminants. 

species is considered supplemental at this time 
because it is not clear that the information 
gained represents a substantial improvement 
over higher levels of taxonomy. 

The phytoplankton assemblage requires 4 to 10 
samples during the growing season to obtain a 
seasonal average of the phytoplankton assem
blage. The exact number will need to be deter
mined from preliminary or existing data sets. 

Level of Effort 
An integrated water column sample of phy
toplankton requires approximately 10 minutes 
to collect. Laboratory identification and counting 
of 300 to 500 cells requires 1 to 4 hours in the 
laboratory. 

&.7 ZOOPLANKTON 

In most lakes, zooplankton are the central 
trophic link between primary producers and 
fish. Zooplankton are ubiquitous in all lakes 
and are quickly and easily sampled in the field. 
Zooplankton species richness is reduced under 
chemical stresses (Baker and Christensen 

Response to Stress 

Reduced 

Reduced 

Reduced 

Reduced 

Increased 

Reduced 

Increased 

Reduced 

Increased 

Reduced 

Reduced 

Substantially different under stress. 

Reduced under severe organic pollution or contamination. 

Elevated under contamination (e.g., mercury, organochlorines). 
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1991), and abundant large Daphniaare associ
ated with clear lakes with healthy sport fish 
populations (Mazumder 1994). Trophic struc
ture measurements require knowledge of 
feeding of zooplankton species-trophic links 
and complexity measures require the most 
detailed knowledge. Potential zooplankton 
metrics are shown in Table 6-7. 

Zooplankton are sampled with vertical or 
obllque tows, using a plankton net equipped 
with a 7:1 reducing cone (DeBernardi 1984). The 
recommended approach is to sample 4 to 6 
times during a growing season to obtain 
seasonal averages. 

Level of Effort 
A zooplankton sample can be collected in 
approximately 10 to 30 minutes in the field. 
Identification and counting of 100 to 200 
organisms requires approximately 1 to 2 hours. 
Six samples in a growing season per lake thus 
requires six trips and 6 to 12 laboratory hours. 

G.B PERIPHYTON 

Periphyton, the algae growing on solid sub-

Table 6-6. Potential phytoplankton metrics. 

Metric 

% cyanobacteria. 
% greens. 

% diatoms. 
% chrysophytes. 

% Anabaena, Aphanizomenon, Microcystis. 
% centric diatoms (of total diatoms). 

% pennate diatoms (of total diatoms). 
% colonial greens (Volvocales). 
% euglenophyta. 
% dinoflagellates. 

No. of taxa. 

Diversity 

% dominance. 

strates (rock, wood, sediment, macrophytes), 
have a long history of use in bioassessment of 
streams (Patrick 1949). Diatoms are often the 
group of choice among periphytic algae. Ecology 
of periphyton is much like other algal assem
blages: they respond to nutrient enrichment; 
they are cropped by grazers; and their species 
composition is affected by pH, metal concentra
tions, trace elements, and contaminants. In 
addition, periphyton are affected by the physical 
and chemical characteristics of their substrate. 
Like phytoplankton, periphyton are subject to 
changing water chemistry and seasonal succes
sion. Several sampling periods may be neces
sary to characterize lake periphyton. 

Whereas periphyton have been used success
fully in streams (Bahls 1993, Patrick 1949), 
their application as lake indicators is relatively 
new. Measurements of periphytic diatoms (Table 
6-8) have shown promise for bioassessment, 
based on investigation of undisturbed reference 
lakes in Montana (Gerritsen and Bowman 1994), 
but actual responses to disturbance or pollution 
are as yet unknown. 

Level of Effort 
Analysis of a periphyton sample requires 2 to 6 
hours, similar to diatoms and phytoplankton. 

Response to Stress 

Elevated under eutrophication. 

Depressed under eutrophication. 

Blue-green algae and colonial greens 
elevated under eutrophicaton. 

Low under stress. 

Low under stress. 

High under stress. 

Lange-Bertalot index (pollution tolerance index, Bahls 1993). Lower value under organic pollution. 

Indicator taxa (presence or percentage). Respond to specific stressors. 
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Blo/og/ca/ Assemblages 

Table 6-7. Potential zooplankton metrics. 

Metric Response to Stress 

% large Daphnia (> 1 mm). Low under planktivorous fish predation. 

No. oftaxa. Reduced under contamination or stress. 

% dominance. High under stress. 

Trophic structure measurements Simplified trophic structure under stress. 
- No. of trophic links 
- Complexity measures 
- % large predators 
- No. of predator species 
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Case Study: Florida Metric Selection and Index Development (continued) 
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In This Chapter. •• 

> Tier Structure 

> Study Design Consideration 

Chapter 7 

Tiered Sampling 

This chapter provides general guidance for 
designing a sampling program for lake 
bioassessment. Four sampling tiers are sug
gested options, and will need to be modified to 
meet the sampling objectives, project resources, 
and local conditions of individual programs. 

Options for lake biological sampling include two 
sampling tiers, each with an "A" and "B" field 
component (Figure 7-1). There is also a desktop 
screening process, with no field sampling. 
Although sampling effort increases from Tier IA 
to Tier 2B, quality of information is not neces
sarily related to sampling effort. Selection of a 
sampling tier must be based on the objectives of 
the biocriteria program. Tier 1 includes chloro
phyll a and submerged macrophytes, and is 
consistent with Clean Lakes Program sampling. 
Tier 1 may be a single sample during a summer 
index period (Tier IA) or monthly sampling 
during the growing season (Tier 1B). Tier 2A 
consists of assemblages that can be sampled a 
single time during the index period: submerged 
macrophytes, benthic macroinvertebrates, fish, 
or sedimented diatoms. Tier 2B consists of 
assemblages that are sampled several times 
during the growing season: phytoplankton, 
zooplankton, and periphyton. Both Tier 2A and 
Tier 2B require Tier 1 sampling. Although Tier 
2A and 2B were developed as an "either or" 
choice, it is possible to perform both surveys as 

the assemblages sampled in each do not over
lap. It should also be understood that al
though Tier 2B requires more effort and yields 
a greater quantity of data, due to multiple site 
visits. it does not necessarily produce better 
data than Tier 2A. A supplemental habitat 
assessment that includes diagnostic elements 
(as detailed in Chapter 5) can be added to any 
of the tiers. 

7.1 DESKTOP SCREENING 

The desktop screening assessment involves 
documentation of existing 
data without any observa

Options for lake biological tions in the field (Table 7 -
1). No assessment can be 

sampling include two 
better than the data that 
go into it; therefore, sampling tiers each with 
desktop screening alone 
might be unreliable. Its an "A" and "B" field 
use should be limited to 
planning for more detailed component. 
monitoring and assess-
ment. It incorporates cost and time efficien
cies, allowing evaluation of a large number of 
sites, and identifying potentially affected areas 
for further investigation using higher tiers. 
Information is obtained from land use data 
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Tier 1-1rophic State and Macrophyte Assessment 
Macrophytes: Percent cover, density, exotic or native species 

Trophic State: Chlororphyll a 
Water Quality: Secchi depth, total nitrogen, total phosphorus, ortho

phosphorus, DO and temperature profilas, total 
dissolved solids, algal growth potential 

Watershed variables: Lake morphology, drainage area, land-use, cultural, 
(desktop) discharges, population density 

Multiple visits during Index period. 

-
Tier 2-Biologlcal Assemblage Assessment 

Shoreline habitat variables: Vegetation cover, vegetation type, bank 
composition, bank features, human Influence 

Littoral habitat variables: Bottom substrate, emergent plant zone 

][i;:1 Tier 1A : " " : wdlit§lf =14;1 ~ Tier1B~ ., 
~ Tier2B~ 

A aln.i• visit durln, Index period. Multiple visits during Index period. 

Tier 2A Incorporates Tier 1A OR Tier 1B Tier 2B Incorporates Tier 1B (habitat and 
(habitat and biology), all components of the biology), all components of the shoreline 
shorellne and littoral habitat variables and littoral habitat variables (above), 
(above), plus two or more of the following plus one or more of the following 
biological assemblages. biological assemblages. 

Macrophytes: Relative abundance, Phytoplankton: Relative abundance, 
species composition species composition 

Macrotnvertebrates: Sublittoral, relative Zooplankton: Relative abundance, 
abundance, species , species composition, 
composition, deformities size 

Rsh: Species composition, Perlphyton: Relative abundance, 
health Index species composition 

Sedlmented diatoms: Surface sample 

Figura 7-1. Tiered Sampling Structure. 

7-2 



Tiered Sampling 

and from a questionnaire to identify known 
problems in a lake (Table 7-1). 

The questionnaire identifies existing known 
problems in lakes, but does not address new 
problems. An example questionnaire (Figure 7-2) 
is modeled after one for stream bioassessment 
(USEPA 1989b). Potential recipients of the 
questionnaire include regional biologists from 
natural resource agencies, the Cooperative 
Extension Service (CES), and academic biolo
gists. Land use, NPDES, and population density 
data will identify lakes likely to have problems 
requiring further attention (primarily from 
eutrophication), but will not estimate biological 
impairment in the lakes. Components of desktop 
screening include the following: 

Land Use-Land use information indicates the 
relative level of anthropogenic stresses in a lake 
watershed, especially nonpoint sources of 
pollutants. Many states estimate land use from 
satellite images. 

Discharges-USEPA maintains a data base of 
NPDES discharges and their receiving waters. 

Algae-Questions on the history of nuisance 
algal blooms and perceived problems with high 

Table 7-1. Desktop screening assessment. 

turbidity due to algae are included in the 
questionnaire (Figure 7-2). 

Macrophyte Survey-Local professionals knowl
edgeable of the macrophytes in the lake(s) are 
canvassed for existing data and information 
(Figure 7-2). The questionnaire can provide the 
following information: 

• Extent of coverage. 

• Dominant species. 

• Past and present characteristics of the 
macrophyte assemblage. 

• Factors believed to be limiting or expanding 
the spread of macrophytes. 

• Past or present management practices used 
for control of macrophytes. 

Fish Assemblage-Local professionals knowl
edgeable about fish assemblages can provide the 
following information: 

• Expected condition of the fish assemblage. 

• Likelihood of improvement and degradation. 

Component 

-2! 1. Watershed land use, NPDES. 
C: 
Q) 

§ 

~ 
8 
"t:, 
Q) 
~ 
~ 
.l!l 
~ 

1. Algal production 
-2! - Bloom history 
C: 
Q) 

§ 
2. Plant assemblage ~ - Macrophyte cover 8 - Extent (% available habitat) "iii .sa - Density (% cover) 

l:J) - Known weed problems ~ 

~ 3. Fish assemblage 
- Fishery problems 

Data Collection Responds to or Indicator of 

Maps, existing database, Identification of potential point and 
questionnaire. nonpoint source eutrophication, 
GIS databases, e.g., EPA toxicity problems. 

Reach File; EPA BASINS; 
Census Bureau TIGER; 
USGS Land Use, Land 
Cover. 

Questionnaire 

Questionnaire 

Questionnaire 

Identification of perceived problems 
( eutrophication). 

Identification of perceived problems 
(weeds, exotic plants, loss of native 
plants). 

Identification of perceived problems 
(species imbalance, exotic species, 
overfishing, overstocking, diseased). 
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LAKE BIOASSESSMENT QUESTIONNAIRE 

This questionnaire Is part of an effort to assess the biological health or integrity of lakes of this region. 
Our principal focus Is on the biotic health of the designated waterbody as indicated by its biological 
assemblages and watershed use. You were selected to participate In the study because of your expertise 
In one or more of these areas and your knowledge of the waterbody identified In this questionnaire. 

Please complete all statements. If you feel that you cannot complete the questionnaire but are aware of 
someone who Is familiar with the waterbody, please give this person's name, address, and telephone 
number In the space provided below. 

Waterbody name: 

Waterbody location (see map): 
State ____ County ______ Long/Lat _____ ,Ecoregion ______ _ 

Lake size ____ acres 21: (circle one): <10 acres, 1000-10,000 acres, 
10-100 acres, >10,000 acres 
100-1000 acres, 

SECTION A· OVERALL ASSESSMENT 
(Instructions: Answer questions 1 - 4 using the following scale. Answer by circling only one score 
for each question). 

~ Description 
5 Species composition, age classes, and trophic structure comparable to non (or 

minimally) impacted sites of similar waterbody size In that ecoreglon. 

4 Species richness somewhat reduced by loss of some Intolerant species; young of 
the year of top carnivores rare; less than optimal abundances, age distributions, 
and trophic structure for waterbody size and ecoregion. 

3 Intolerant species absent, considerably fewer species and indMduals than 
expected for that waterbody size and ecoreglon, older age classes of top 
carnivores rare, trophic structure skewed toward omnivory. 

2 Dominated by highly tolerant species, omnivores, and habitat generalists; top 
carnivores rare or absent; older age classes of all but tolerant species rare; 
diseased fish and anomalies relatively common for that waterbody size and 
ecoregion. 

1 Few Individuals and species present, mostly tolerant species and small 
Individuals, diseased fish and anomalies abundant compared to other slmllar
slzed waterbodies In ecoregion. 

0 No fish. 

Figure 7-2. Example of desktop screening questionnaire. 
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1. Circle the score that best describes your Impression of the current condition of the waterbody. 

5 4 3 2 0 

2. Classify the condition of the lake 10 years ago. 

5 4 3 2 0 

3. Given present trends, what score will be representative of lake conditions 1 O years from now? 

5 4 3 2 0 

4. If the major human-caused limiting factors were eliminated, how would the lake be rated 1 O years from 
now? 

5 4 3 2 0 

Subsection A,1 - WATER QUALITY 
(Instructions: Complete subsections A.1 - A.4 by clrcllng the single most appropriate limiting factor and 
probable cause. If there Is more than one limiting factor and cause, please rank them accordingly (by 
assigning a •1 • for the primary factor and cause, •2• for the secondary factor and cause, etc.). 

Limiting Factor Probable cause 

Temperature too high Quality of tributaries 

Temperature too low In-lake processes 

Turbidity Point source discharge 
Salinity Industrial 
Dissolved oxygen Municipal 
Gas supersaturation Combined sewer 
pH too acidic Mining 
pH too basic Upstream dam release 
Nutrient deficiency Nonpoint source discharge 
Nutrient surplus lndMdual sewage 
Toxic substances Urban runoff 
Excessive water level Landfill leachate 

fluctuation Construction 

Other (specify below) Agriculture 
Feedlot 

Not limiting Grazing 
Silvlculture 
Mining 

Dam surface release 
Shorezone disturbance 
Natural 
Unknown 
Other (specify below) 

Figure 7-2. Example of desktop screening questionnaire (continued). 
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SubsecUon A,2- HABITAT STRUCTURE 

Limiting Factor 

Excessive siltation 
Insufficient structure 
Insufficient shallows 
Insufficient macrophytes 
Excessive macrophytes 
Insufficient concealment 
Insufficient reproductive 

habitat 
Other (specify below) 

Not limiting 

Subsection A.3 - FISH COMMUNITY 

Limiting Factor 

Overharvest 
Underharvest 
Fish stocking 
Non-native species 
Migration barrier 
Tainting 
Food limited 
Habitat 
Fish kills 
Other (specify below) 

Notlimltlng 

Subsection A,4 • MAJOR UMmNG FACTOR 

Um!tlna factor 

Water quality 
Water quantity 
Habitat structure 
Fish community 
Other (specify below) 

Probable Cause 

Agriculture 
Sliviculture 
Mining 
Grazing 
Dam 
Diversion 
Channelization 
Snagging 
Natural 
Aquatic weed 

management 
Unknown 
Other (specify below) 

Probable Cause 

Aquarists 
Point source 
Nonpoint source 
Natural 
Unknown 
Management 

State agency 
Federal agency 
Weed Control 

Other (specify below) 

Figure 7-2. Example of desktop screening questionnaire (continued). 
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Subsection A.5 • ALGAE 
(Instructions: Please provide short answers to questions 1-7, as appropriate). 

1. Is there a presence and history of nuisance algae blooms? ___________________ _ 

2. Have algae blooms resulted in fish kills or other adverse changes to the fish community? 

3. Has algae caused odor problems or taste problems in drinking water? 

4. Have algae blooms deterred swimmers or affected other forms of contact recreation? 

5. Are there other problems caused by algae blooms; and If so, what are they? 

6. What is the source of your information? _________________________ _ 

7. Are there other sources of information that the agency should be aware of such as fishery records and grey literature 

studies? -----------------------------------

SECTION B • AQUATIC MACROPHYTE COMMUNITY 
(Instructions: Answer questions 1 - 3 using the following scale. Circle only one score for each question). 

Description 

3 Extent and cover are comparable to non (or minimally) impacted sites of similar waterbody size 
In that ecoregion. 

2 Macrophyte beds appear weedy. The extent and/or cover are greater than non (or minimally) 
impacted sites. The dominant species are those found In highly eutrophic waters. 

Few macrophytes found compared to non (or minimally) impacted sites. Macrophytes that are 
found are usually exotics and are tolerant of a wide range of water quality conditions and/or 
fluctuations. 

0 No macrophytes. 

1. Circle the score that best describes your impression of the current macrophyte conditions of the lake. 

3 2 1 0 

2. Classify the macrophyte conditions of the lake 1 O years ago. 

3 2 0 

3. Given the present trends, what score will be representative of lake conditions 1 O years from now? 

3 2 0 

Figure 7-2. Example of desktop screening questionnaire (continued). 
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Subsection B.1 - FACTORS EFFECTING MACROPHYTES 
(Instructions: Complete subsection by circling the single most appropriate limiting factor and probable cause. If 
there is more than one limiting factor and cause, please rank them accordingly (by assigning a '1" for the primary 
factor and cause, '2' for the secondary factor and cause, etc.). 

Limiting Factor Probable Cause 

Grass carp introduction Aquarists 
Exotic species Point source 
Excessive siltation Nonpolnt source 
Drawdowns Natural 
Weed control Unknown 
Shoreilne cleanup Management 
Excessive eplphytes State agency 
Excessive turbidity Federal agency 
Insufficient shallows Fisherman 
Elevation or latitude Other (specify below) 
Macrophyte beds are expanding 
Other (specify below) 

Notllmlting 

Subsection B,2 - MACROPHYTE EXTENT AND SPECIES 
(Instructions: Please provide short answers to questions 1 • 4, as appropriate). 

1. What Is the extent of macrophyte coverage In the photic zone? 

2. What are the dominant species? ___________________________ _ 

3. What Is the source of your Information on macrophytes? ___________________ _ 

4. Are there other sources of information on the macrophyte community In this waterbody that the agency should be 
aware of such as management reports or grey literature studies? ________________ _ 

SECTION C • WATERSHED CHARACTERISTICS AND LAND USE 
(Instructions: Please provide short answers to questions 1 • 11, as appropriate). 

__ % __ acres 1. Watershed size 5. Urban 

__ % 2. Elevation difference __ ft 4. Agricultural 
[watershed divide to lake surface] 

__ % 3. Forest or natural vegetation __ 6. Suburban/residential 

7. Human population density in lake watershed 

B. Number of dischargers within the watershed (e.g., NPDES permits) ______________ _ 

9. What Is the source of your information on the watershed? __________________ _ 

10. Are there other sources of information on the watershed and surrounding land use that the agency should be 
aware of such as grey literature or land use planning documents? _______________ _ 

Figure 7-2. Example of desktop screening questionnaire (continued). 
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• Major limiting factors. 

• Water quality 

• Habitat availability 

• Management, harvest, or mortality 

Desktop Integration 
Based on responses to the questionnaire, 
perceived levels of impairment can be judged 
from the three biological assemblages: algae, 
macrophytes, and fish. The three evaluations 
are kept separate. Perception of a problem, or a 
substantial departure from expected conditions, 

earns a rating of "impaired" for the respective 
assemblage. The land use information is used to 
identify potential stressors on a lake. 

7.2 TIER 1: TROPHIC STATE 
AND MACROPHYTES 

Tier I requires sampling of primary producers to 
assess trophic state and aquatic macrophytes. It 
can be done with a single visit during an index 
period when the objective is a synoptic survey 
and screening of many lakes (Tier IA). Tier IA is 
only appropriate for regional assessments-it 

Table 7-2. Tier 1: Trophic state and macrophyte sampling. 

Component 

1. Watershed land use, 
population, NPDES. 

~ 

5i 
§ 

2. In-lake physical habitat 

-
~ maximum depth area 8 inflow. 
~ 
.Q 

~ 3. Water Quality 

- DO, temperature profile 
- pH, alkalinity, conductivity 

- Sacchi depth 
-Total dissolved solids 

- Nutrient concentration 
- Algal growth potential 

4. Algal chlorophyll a 
~ concentration. i 
§ 
~ 
8 -qi Sa. Submerged macrophytes -~ - % of available habitat with g> -- macrophytes -~ 

Data Collection 

Tler1A 

Maps, existing database, 
questionnaire. 
GIS databases, e.g., EPA 
Reach File; EPA BASINS; 

::.=i~: .. 
··; Census Bureau TIGER; 

t-USGS Land Use, Land 
Cover. 

·' 

Desktop screening habitat. l:1••0~ ... : 

Maps or survey (single 
visit). 

Single index period. 

Surface or integrated. 

Single visit chlorophyll 
sample from 0.5m. 

Surface integrated water 
sample. 

Tier 1B 
- .. -, ,. 

.. 
~L• • ··-···ii;':• 

' - . 7'~ -

. ' 

-· 

1 • c; -

,_ 

-:.,: 
_.,;· .. ,: 

·-, 

.•-
. ,)' .' 

. . .•. 

·: , .. t_· .·-."· 
., . 

- . -~ . -- . 

~~ -: .: 
.. .. 

... 
'.-· . 

-

Multiple visits. 

Water column 
sample. 

Multiple visits. 

Single visit, aerial photos if Multiple visits. 
possible; otherwise, 
estimate from shorezone 

Responds to or 
Indicator of 

Potential causes. 

Potential causes. 

DO problems, 
eutrophication, 
stratification, 
acidification, 
turbidity. 

Eutrophication 

Eutrophication, 
herbicides, exotics. 

CQ survey. 
- dominant species 

Identify dominant species. 
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cannot be used to assess single lakes. More 
precise estimates for single lakes can be made 

with Tier lB, comprising 
several sampling visits to Design of a sampling 
determine growing season 

program inevitably averages. Tier 1 consists 
of the Desktop Screening 

requires compromises to land use survey, lake 
physical habitat, water 

answer the Intended chemistry (dissolved 
oxygen, nutrient concenquestions in a reasonable 
trations, conductivity, 

time and at a reasonable alkalinity, pH), Secchi 
depth, chlorophyll a 

cost. concentration, and a 
submerged macrophyte 

survey CTable 7-2}. The survey enables: 

• Identification of trophic state based on 
chlorophyll a concentration, nutrient 
concentration, and Secchi depth. 

• Detection of weed problems or loss of 
aquatic macrophytes. 

• Detection of midsummer oxygen stress. 

7 .2. 1 Sampllng Frequency for 
TSI Varlables (Tier 1 A 
vs. Tier 1 B) 

Tier IA consists of sampling during an index 
period, typically mid to late summer for trophic 
state variables (e.g., chlorophyll a. Secchi depth, 
nutrients). Tier IA is adequate for characteriza
tion of lakes in a region, when many lakes must 
be sampled to develop the characterization and 
assessment. Tier IA will yield a good character
ization of a region or a population of lakes, but 
precise characterization of individual lakes, for 
site-specific management, will require Tier 1B, 
with more frequent sampling. Tier 1B takes into 
account the changes in chlorophyll and nutri
ents that can occur in a short time and is used 
to estimate seasonal averages of the variables by 
sampling several times during the growing 
season. Trophic State Indices OSI) are calculated 
from the seasonal average estimates of chloro
phyll, Secchi depth, and nutrients. The number 
of sampling visits required depends on the 
temporal variation in the lake and the desired 
precision of the estimated seasonal average. 
Monthly sampling appears to be adequate for 
most purposes (Knowlton and Jones 1989). 
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7 .2.2 Sample Locations for 
Trophic State 
Measurements 

Design of a sampling program inevitably re
quires compromises to answer the intended 
questions in a reasonable time and at a reason
able cost. In lake biosurveys, the unit of interest 
(sampling unit) may be the whole lake, a lake 
basin, a tributary arm, or an embayment. In 
some situations, the unit of interest may be an 
area of the lake receiving discharges or runoff. 
The object of sampling is to characterize the 
sampling units with sufficient precision and 
accuracy to meet the needs of the program. 

Sample sites are selected to be representative of 
the lake. Single sites have traditionally been 
located in the middle of the lake, usually over 
the deepest area. For unbiased characterization, 
multiple sites should be selected randomly. 
Sampling may be stratified by zones, e.g., 
littoral, pelagic, and inflows; or riverine, transi
tional, and lacustrine (Figure 7-3). Estimation of 
mean values for the whole lake should be 
weighted by the relative area or volume of each 
zone. Figure 7-4 shows an example of sampling 
locations for all tiers in a relatively simple lake 
(natural or impoundment). 

Lakes may be characterized by single or mul
tiple sample sites in each lake, depending on the 
objectives of the survey. 

Single sample site 
If the objective is to characterize a large popula
tion of lakes, as in a statewide survey, then a 
single sample per lake is most cost-effective. A 
single site is typically chosen as the midpoint of 
the central basin of the lake, and is usually 
sufficient to prioritize lakes within a region. 

Large riverine reservoirs have 
known gradients of nutrients and 
productivity from the river inflow to 
the dam (Kennedy and Walker 
1990), and a single site is not 
appropriate. Large reservoirs would 
require a minimum of three sites, 
corresponding to the riverine, 
transitional, and lacustrine zones, 
respectively (Figure 7 -3). 
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Inflow west arm 

Figure 7-3. Sampling zones in large or complex 
lakes (large reservoirs, multi-basin lakes). 

Multiple sites 
If turbidity, nutrients, and algae are known to 
be variable across the surface of a lake, then 
multiple sample sites are required (Figure 7-4). 

If gradients are known to occur, as in 
many large reservoirs, then sampling 
should be stratified by zones. For 
example, in a reservoir one could 
define the three reservoir zones 
(riverine, transitional, lacustrine) as 
sampling strata, and take two or 
more samples from each zone. 

The exact number of sampling sites in a lake or 
lake zone is determined by the spatial variability 
of nutrients, turbidity, and chlorophyll; and the 
desired precision. In general, within a basin or 
reservoir zone, variation in time is larger than 
variation in space (Knowlton and Jones 1989). 
Thus, chlorophyll sampled 2 weeks apart may 
differ by several fold, but samples on the same 
day 500m apart are likely to differ much less. 

If precise characterization of individual lakes is 
an objective of the biological survey then it is 
more cost-effective to sample repeatedly during 
the growing season (Tier lB) than to sample 
multiple sites at a single time (Tier lA). 

Composite samples 
Composite samples are taken from several sites 
in a lake or lake zone, and combined into a 
single sample for laboratory analysis. For example, 
water samples may be taken from four sites in a 
lake, and poured into a single clean bucket. The 
composite sample is subsampled for chlorophyll 
a and nutrients. Secchi depth temperature, and 
DO are measured at each of the four sites. Care 
must be taken that the methods and volume 
sampled are the same at each site. Composite 
samples characterize the lake better than a 
single sample and they save laboratory analysis 
costs. The principal disadvantage of composite 
samples is that they do not allow estimation of 
spatial variability within a lake. 

7.2.3 Trophic State 

The Tier 1 Trophic State Indices (TSI) are 
estimated from Secchi depth, chlorophyll a. and 
nutrient concentrations. Field methods for 
Secchi transparency and chlorophyll a are 
outlined below and summarized in Table 7-4. 

Secchi Depth (SD) 
Secchi depth is a measure of transparency. 
Turbidity caused by suspended sediments and 
algae decreases Secchi depth. 

-~-ftah 
- ~-(Tler2A) 

- Shonl habllallnlnS8Cl(Tior2) 

X Sodlmenled diatom sample 

Figure 7-4. Integrated sampling, Tiers 1 and 2. 
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Sampling Location-Secchi disk transparency 
can be measured at one or more representative 
locations. 

Frequency-Tiers IA and 2A: single determina
tion, midsummer. Tiers lB and 2B: 6 to 10 
samples during the growing season (e.g., March 
through October). 

Sampling Procedure-Readings are obtained with 
a 20cm plastic or metal Secchi disk that is 
divided into black and white quadrants on a 
nonstretchable line, calibrated in centimeters. 
The disk is lowered into the water until it 
disappears from view, then is raised slowly to 
the point where it reappears. Secchi depth is the 
average of the two depths. 

Observations are made from the sunny side of 
the boat or dock, during midday, without 
sunglasses, and as close as possible to the 
water in order to reduce glare. 

Data Analysls-Secchi depth can be used in deter
mining trophic state along with chlorophyll a. 

Chlorophyll 
Chlorophyll a sampling and analysis follow 
standard protocols (USEPA 1994a, USEPA 
1994b). 

Presampling-Samples must be collected in a 
clean container, without using acid washes or 
phosphorus detergents. Before sample collec
tion, bottles and collectors should always be 
double or triple rinsed with the lake water to be 
sampled. 

Sample Location-One location or several 
representative locations for composite sample. 

Frequency-Toe same as Secchi depth. 

Depth-Chlorophyll a concentration may be 
estimated from surface samples taken at 0.5m, 
from integrated epilimnion samples, or from 
integrated water column samples. Half-meter 
surface samples require the least equipment 
and can be taken by hand; epilimnion and 
integrated water column samples are taken with 
a flexible hose. 

Sampling Procedure-Surface sample, 0.5m. A 
rinsed, I-liter sample bottle is inverted and held 
at depth (arm's length) by hand, turned up to 
fill, and brought to the surface. 

Hose sample-A flexible hose is an easy method 
to obtain an integrated sample over the whole 
water column or over a defined portion, such as 
the epilimnion. Toe weighted end of a plastic 
hose is lowered to a given depth. Toe upper end 
is stoppered or clamped at the surface, and the 
weighted end is hauled to the surface with an 
attached line. Toe hose is emptied into a clean 
sample bucket, and chlorophyll and chemical 
subsamples can be drawn from the integrated 
sample. Toe hose may be lowered to lm above 
the bottom for a water column sample, to the 
metalimnion, to twice Secchi depth as an 
estimate of the photic zone, or to a fixed depth 
(e.g., 5m). Each standard depth method has its 
own advantages and disadvantages (Carlson 
and Simpson 1996). Consistency of sampling 
method is more important than selecting the 
"best" standard depth. 

Water samples are filtered for chlorophyll a 
extraction. A "rule of thumb'" for the quantity to 
filter is 100ml for every foot of Secchi depth 
(330ml for every meter; D. Canfield, personal 
communication). Samples are vacuum-filtered 
on glass-fiber paper, and the filter papers are 
stored frozen in the dark. Detailed instructions 

Table 7-3. Sampling summary for chlorophyll, water quality, and phytoplankton. 

Habitat Open water, 1 to 5 sites per lake or lake stratum. 

Sampling Gear Hand-held bottle or flexible hose. 

Index Period Single mid-season sample (Tier 1A) or monthly samples during growing season 
(Tier 1 B, Tier 2B). 

Sampling Bottle: invert bottle at arm's length depth (0.5 m); tum. 
Uphose: lower open weighted hose through water column to predetermined depth, 
stopper, and haul up. 

Analysis Chlorophyll and water quality: standard methods. 
Phytoplankton: filter or settle and identify 300 to 500 cells to genus. 
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for filtering and analysis are in APHA (1992) 
and USEPA (1994a, 1994b). 

Water Chemistry 
Samples of water for chemical analysis are 
collected in the same manner as chlorophyll 
samples. Sampler bottles should be cleaned in a 
phosphate-free detergent prior to use and rinsed 
two to three times in lake water in the field. 
Samples may need to be preserved or filtered in 
the field depending upon which chemicals are to 
be analyzed. 

Dissolved Oxygen and Temperature Profiles-A 
dissolved oxygen/temperature electrode (EPA 
Method 360.1) is used to measure both dis
solved oxygen and temperature. Using the 
electrode, dissolved oxygen and temperature 
may be measured at 0.5m intervals to produce 
dissolved oxygen and temperature profiles. 
Dissolved oxygen electrodes should be cali
brated against standard chemical titration 
methods before and after field use. 

pH, Alkalinity and Acid Neutralizing Capacity-A 
calibrated pH meter may be used to determine 
pH. Acid neutralizing capacity is important to 
the ability of a waterbody to resist changes in 
pH due to addition of acid and is based upon 
the alkalinity of the water and dissociated 
organic compounds present. Carbonates, 
bicarbonates and hydroxides are the major 
contributors to alkalinity which is determined 
using calorimetric titration methods (APHA 
1992). For more precise determination of acid 
neutralizing capacity, the Gran plot method is 
used (USEPA 1987a). 

Total Dissolved Solids (TDS)-Total dissolved 
solids consist of inorganic solutes such as 
nitrates, sulfates, and carbonates, and organic 
substances dissolved in water (APHA 1992). TDS 
is measured by first filtering a measured volume 
of sample water through a filter, and weighing 
the dried residue. See APHA (1992) for specific 
methods. 

Algal Growth Potential Test (AGPT)-Because 
nutrients are not always present in a form 
available to algae, direct chemical measure
ments may not be predictive of the actual 
potential for algal growth. The Algal Growth 
Potential Test (also know as a biostimulation 
study, APHA 1992) was developed to directly 
measure in a standardized way the potential of 
waters to support algal growth. 

Tiered SampJJng 

Total Nitrogen-Nitrogen is an important plant 
nutrient and may serve as a limiting factor in 
some waters, especially subtropical lakes. Total 
nitrogen is a combination 
of nitrate/nitrite nitrogen Trophic state determinations 
and total Kjeldahl nitro
gen (organic and reduced provide a method for 
nitrogen). Total Kjeldahl 
nitrogen is measured determining whether 
using a digestion tech

increased nutrients or nique that converts 
organic nitrogen to sediments (loading) are 
ammonia and includes 
any other ammonia causing changes in a lake. 
present in the sample. 
Nitrate plus nitrite is measured with standard 
colorimeter methods (APHA 1992). 

Total Phosphorus-Phosphorus is a limiting 
nutrient in many fresh waters. Total phosphorus 
can be analyzed using the automated procedure 
outlined in USEPA Method 365.1. 

Estimation of Trophic State 
Trophic state determinations provide a method 
for determining whether increased nutrients or 
sediments (loading) are causing changes in a 
lake. Carlson's TSI uses Secchi depth, chloro
phyll a. and total phosphorus, each producing 
an independent measure of trophic state 
(Carlson 1977). Index values range from ap
proximately 0 (ultraoligotrophic) to 100 
(hypereutrophic). The index is scaled so that TSI 
= 0 represents a Secchi transparency of 64 m. 
Each halving of transparency represents an 
increase of 10 TSI units. For example, TSI of 50 
represents a transparency of 2m, the approxi
mate division between oligotrophic and 
eutrophic lakes (USEPA 1990b). A TSI is 
calculated from each of Secchi depth (SD), 
chlorophyll concentration (Chi), and total 
phosphorus concentration (TP) (Carlson 1977, 
Carlson and Simpson 1996). 

TSl(Chl) = 30.6 + 9.81 In(Chl) 

TSI(TP) = 4.15 + 14.421 In(TP) 

TSI(SD)=60-14.41 In(SD) 

Trophic state indices are used to infer trophic 
state of a lake and whether algal growth is 
nutrient limited or light limited. If the three 
indices are approximately equal, then phospho
rus limits algal growth. If the three are not 
equal, then other interpretations exist (Carlson 
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and Simpson 1996). A trophic state index has 
also been developed for total nitrogen (TN) 
(Kratzer and Brezonik 1981, Carlson 1992): 

TSI(TN) = 54.45 + 14.43 In(TN) 

For a more complete discussion of trophic state 
indices and their interpretation, see Carlson 
(1992) and Carlson and Simpson (1996). 

7 .2.4 Aquatic Macrophytes 

The Tier 1 macrophyte survey is a visual esti
mate of percent cover of submerged and floating 
macrophytes in shallow water, and identification 
of the most dominant species and weedy or 
exotic species. The survey can be done with 
aerial photographs (if available); a visual whole
lake survey in small lakes, or examination of 
transects in large lakes. Three to ten transects 
should be sufficient for most lakes or 
embayments too large to survey in their entirety. 
Large lakes with known differences within the 
lake should be sampled by lake zone; for ex
ample, the shallow riverine zones of a reservoir 
may have greater macrophyte cover than the 
lacustrine zone. 

To avoid bias, transects should be selected 
randomly within each lake zone. A method of 
selecting transects is to divide the shore into 
equal segments (corresponding to the number of 
transects). A point is selected randomly in each 
segment as the starting point for transects. 
Transects are perpendicular to shore to deeper 
water. 

Total vegetative cover is estimated visually. The 
presence of algae mats and epiphytes should be 
noted. Cover might be difficult to estimate in 
turbid waters. Vegetation samples may be 
collected with a rake and total abundance 
estimated from the material raked in (ordinal 
scale: sparse, moderate, abundant). The most 
dominant species, and any weedy or exotic 
species, are identified. 

7.3 TIER 2A: BIOLOGICAL 
ASSEMBLAGE 
ASSESSMENT 

Tier 2A sampling requires two or more lake 
biotic assemblages: macrophytes, sedimented 
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diatoms, fish, or macrobenthos (Table 7-4). Tier 
1 variables, including DO, chlorophyll a, and 
Secchi depth, are also critic components of the 
Tier 2A survey. Tier 2A may be built on either 
Tier IA or lB. Macrophytes are the easiest of 
these assemblages to identify and count in the 
field (using wet weight instead of relative abun
dance). Sedimented diatoms are also relatively 
easy to sample, although identification and 
enumeration must be done in the laboratory. 
The choice of which plant assemblage to sample 
clearly depends on the importance of the 
assemblage in lakes of the region-diatoms 
would be the choice in regions where macrophytes 
are minor components of the lake system. 

The habitat components of the Tier 2A survey 
build on the desktop screening and Tier 1 habitat 
assessment and also include a semi-quantitative 
shore zone habitat evaluation (Table 5-3). Tier 
2A requires estimates of shorezone land use, 
riparian vegetation, emergent macrophyte extent 
and cover, and floating macrophyte extent and 
cover at several transects from the shore. 

The Tier 2A fauna! component consists of the 
benthic macroinvertebrates. Macroinvertebrates 
are sampled from the sublittoral zone, below the 
floating macrophyte zone, yet above the ther
mocline to avoid sampling predominantly anoxic 
areas. Tier 2A sampling typically consists of a 
single visit during an index period. Benthic 
macroinvertebrates may optionally be sampled 
more frequently to obtain growing season 
averages. Macrophytes are best sampled mid- to 
late in the growing season when plant biomass 
is near its annual maximum. Sedimented 
diatoms, which represent sedimentation of at 
least a year or more, may be sampled at any time. 

Tier 2A allows more precise detection and 
identification of problems and potential causes 
than Tier 1, as well as detection of biological 
effects on the biotic assemblages selected for 
assessment. 

7 .3. 1 Tier 2A: Transect 
Sampling 

Establish Transects 
Tier 2A sampling of macrophytes and benthic 
macroinvertebrates, and the shorezone habitat 
are surveyed along 3 to 10 transects perpen
dicular to the shoreline (Figure 7-4). Transects 
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Table 7-4. Tier 2A: Routine biological sampling. 

Component 

1. Watershed land use, 
population, NPDES. 

J!! 2. Lake physical. 
5i 
5 

3. Shorezone habitat ~ 
assessment. 8 -Jg 

'.6 
~ 

4. Water quality DO seasonal 
or annual mean, % 
depth-time Mean pH, 
alkalinity Sacchi depth. 

5. Algal chlorophyll a. 

6, 7. Assemblages (minimum 
2): 

J!! 
a. Macrophyte species. 5i 

6 
~ 
8 b. Macrobenthos 

! 
-• !;! g, 

c. Fish assemblages . 
ttl 

d. Sediment diatoms. 

Data Collection 

Desktop screening habitat. 

Tier 1 habitat. 

3-1 0 transects: 
- land use 
- bank stability 
- riparian vagetation 
- emergent vegetation 

Tier 1 water quality (1 A or 1 B). 

Tier 1 chlorophyll (1 A or 1 B). 

.. ,.,;. '. •" 

.. . . , , , ,,r: ., .. . . .. .. .. ,: _ ... .. .. . : 
-~: , - .·. 

.. ·., .... . . ~ i ' .. 
2-3 samples from transects; identify plants to 
species and weigh cumulative sample of each 
species, or count stems. 

Sublittoral surface sediment grab at end of 
each transect; identify to lowest practical level, 
100-200 organisms. 

Littoral electrofishing sample at the end of each 
transect; sublittoral netting; identify to species, 
enumerate, weigh, and record Incidence of 
external anomalies. 

Surface sediment grab In deepest part of lake; 
identify to species and variety. 

Responds to or 
Indicator of 

; ~ ' ' -c· .. . :·, 

·,·:- .:. 
. .. ' . ,., . 

... . . 
,,,, .. 

. ·., ' .. . ' .. .. " 

. ' . ·c 
/ .. •" .. :' ·, 

·.·:·.c-:,· .. ., 
" 

., .• . 
. ~\.'·:'. .. -

,·.:. 

. ·~ - . · . ., 
. . -:,; T :·. .. .. . 

. " , . 
7.,-:-·,: ·. . . , . 

' 
Trophic state, 
turbidity. 

Trophic state. 

:,, , .. 

.·-, _.·,• ·r. 
. _ ... 

"' 

Trophic state, 
exotics, 
herbicides. 

DO, siltation, 
toxicity, 
productivity. 

DO, toxicity, 
productivity. 

Nutrient 
enrichment, 
toxicity. 

are the same as the Tier 1 macrophyte riparian vegetation cover estimates, lake bank 
transects: the lake (or lake zone) shoreline is substrate and erosion, and human modifica
divided into equal length segments correspond tions. Figure 7-5 is an example scoring sheet for 
ing to the number of transects, and a transect habitat measurements showing how the vari
start point is randomly selected in each segment. ables are scored. 

7.3.2 Shorezone 7.3.3 Aquatic Macrophytes 
Measurements 

Tier 2A macrophyte sampling is more systematic 
Each transect is extended visually on the lake and detailed than Tier 1. The objective is to 
shorezone, and the condition of the shorezone is obtain relative abundances of macrophyte taxa 
determined. Shorezone measurements include to develop assemblage measurements. Relative 
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abundance can be estimated by stem counts 
(number of stems of each species) or biomass. 
Biomass is preferred because a stein does not 
correspond to an individual plant, and biomass 
is a good indicator of species dominance in the 
habitat. An alternative to relative abundance is 
scoring presence and absence of species in 
quadrat. 

One to four macrophyte sampling locations are 
established on each transect within depth zones 
between shorezone emergent and the 
unvegetated, sublittoral bottom. For example, 
location may be identified in 0-lm depth, l-2m, 
2-3m, and 3-4m depth (Weber et al. 1995). 

Stem cowtts-May be done with the transect 
method, by counting stems touching a line held 
on the transect. Stems may also be counted in 
quadrants, where all stems within a 1 / 4 m 2 

quadrat are counted and identified. Stem counts 
may require diving in water deeper than 1 m. 
One or more sampling stations (for quadrat 
sampling) are selected on each transect between 
the emergent macrophyte zone and the deepest 
extent of submerged macrophytes. 

Biomass Sampling-The easiest method to 
estimate macrophyte biomass is with an aquatic 
weed rake (Table 7-5). At each station on the 
transect, an aquatic weed rake or thatching 
rake is dragged a set distance (e.g., lm) to 
sample vegetation (Trebitz et al. 1993). Plants 
from all stations on the lake are identified and 
sorted by species, and the total of each species 
collected is weighed (wet weight) to obtain 
estimates of biomass and proportion of biomass 

of each species. Algae mats 
Tier 2A macrophyte and epiphytic growth on 

leaves and stems are 
sampling Is more system- described. Voucher speci

mens of each species 
title and detailed than 

should be kept for com
plete identification and for Tier 1. The objective is 
permanent record. Depth is 

to obtain relative abun- sounded at the lakeward 
edge of submerged vegeta

dances of macrophyte tion. 

taxa to develop assem- Aquatic weed rakes are 

blage measurements. biased against macro-
phytes that can slip 
through the tines of the 

rake. Therefore, a more accurate estimate of 
biomass would be to clip all plants in the 
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quadrat for wet weight determination. Clip 
plots would require diving or snorkeling in 
water more than lm deep. Biomass can be 
estimated more accurately by drying the sorted 
plant material for dry weight determination, at 
the cost of additional processing. 

The weed rake and wet weight determination is 
likely to be the most cost-effective methodology 
for most purposes. Although it undersamples 
certain species, it is likely to be consistent 
enough to use for biological surveys, as long as 
the same sampling methodology is used in all 
lakes. 

Presence-Absence-Instead of estimating 
biomass, species can be scored for presence or 
absence within quadrants (Weber et al. 1995). 
Each sampling location along a transect is 
divided into four quadrants. Each quadrat is 
sampled with the rake, and each species re
ceives one point for every quadrat in which it 
occurs. 

7 .3.4 Macrolnvertebrates 

The macroinvertebrate assemblage beyond the 
macrophyte zone is sampled with gear appropri
ate to the bottom type and depth (e.g., Ponar, 
Ekman grab sampler, dome sampler); and the 
assemblage is identified and characterized 
(Table 7 -7). 

Sampling Period-Two sampling periods have 
been identified either the most stressful period 
(usually late summer) or a period after recruit
ment (usually early spring) but before major 
emergence of adult insects. 

Sampling Location-Along transects, the sublit
toral habitat is recommended as the most 
appropriate habitat for sampling due to its 
relatively stable nature. 

Sampling Gear-The type of gear will depend on 
the substrate being sampled (Table 7-7). A 
standard mesh size of 595 µm (No. 30 mesh) is 
required. 

Sample Replication-To characterize the 
macroinvertebrate assemblage, multiple grabs 
are taken from several sites. Each transect ends 
in a macroinvertebrate sample site, and two to 
three grabs are taken at each site. Grabs may 
be composited into a single composite sample. 
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Table 7-5. Sampling summary for submerged macrophytes. 

Habitat Littoral zone. 

Sampling Gear. Tier 1 : none. 
Tier 2A double-headed rake on chain (Trebitz et al. 1993), or 1 m2 quadrats and 
diving gear. 

Index Period. Late summer. (Macrophytes are sampled once regardless of tiers.) 

Sampling Tier 1: Estimate of area covered by macrophytes. 
Tier 2A: 2-3 semiquantitative rake samples to determine relative biomass of 
species; on randomly placed transects perpendicular to shore. 
Alternative: 1-3 randomly tossed quadrats on each transect, then stem count and 
identification of each species in quadrat. 

Analysis Tier 1: Dominant species identifed, % estimated. 
Tier 2A: All species identified, relative abundance of each estimated from wet 
weight or stem count (Trebitz et al. 1993). 

Sample Processing-To process the sample, 
organisms are removed from sticks, rocks, and 
similar size objects. The remainder of the 
sample is placed in a tub and mixed into a fine, 
uniform sluny. After mixing, the sluny is sieved 
using a U.S. No. 30 sieve (595 um) to remove 
organic and mineral material. The benthic 
organisms are retained by the sieve, which can 
be emptied into a light-color, gridded sorting 
tray. Grid cells are selected at random and 
sorted until at least a 100-organism subsample 
has been counted and identified to the appropri
ate taxonomic level. The last grid cell is sorted 

completely until all organisms from the grid are 
identified to the lowest practical level. Further 
description of sorting is presented in EPA/440/ 
4-89-001 (USEPA 1989b). 

7.3.S Fish Assemblage 

Fish assemblages can be sampled by 
electrofishing in and/or beyond the macrophyte 
zone. Sampling effort for fish should be kept 
constant between transects. Electrofishing is 
generally the single most cost-effective sampling 

Table 7-6. Sampling summary for benthic macroinvertebrates. 

Habitat Preferred: sublittoral. 
Alternative: profundal (if hypoxia is rare). 

Sampling Gear. Regionally most appropriate for substrate (Table 7-8); 595mm mesh (No. 30 sieve). 

Index Period. Regionally most appropriate. 
Preferred: Late summer (most stressful; most regions). 
Alternative: Early spring; winter (subtropical lakes). 

Sampling Lakewlde composite samples of 2-3 grabs at each of 3-5 sublittoral sites (7 to 15 
grabs total) or keep sites as replicates if an in-lake variance estimate will be used in 
assessment. 

Analysis Preferred: lowest practical taxonomic level, 1 DO-organism subsample. 
Alternatives: more than 100 organisms. 
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Lakeshore Habitat Measurements and Metrics 

Lake Name: Date of Visit: Visit#: 

Lake ID: Team ID: 

Riparian Vegetation Measurements Transect 
ID: 

Areal Coverage Categories: 0 = Absent, 1 =Sparse(< 10%), 2 = Moderate(10-40%) 
3 = Heavy (40 to 75%), 4 = Very Heavy (>75%) 

Canopy (%) cover 

Understory (%) cover 

Ground Cover (%) cover 

Barren (%) cover 

Bank Measurement 

Rocky(%) 

Soil(%) 

Vegetated(%) 

Other (%) 

Bank Erosion Score (0-4): 0 = None, 4 = Severe 

Human Influence Measurements 0=Absent, 1 = Present within Transect 
0.5 = Observed Adjacent to or Behind Transect 

Buildings 

In-Lake Structure 

Roads, Railroads 

Agriculture 

Lawn 

Dump or Landfill 

Figure 7-5. Example scoring sheet for shorezone habitat. 
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_ Case Study: Flor_lda sah'lpil~g methbds •-·: 
-.-·. ' ~ 

, In 1995,FDEP adopted a new sampling protocqfto · by r;ina~mlychbbsirig~evifraJ fracticms ot ~grids" from . 
obtain more represe'rltative samples o.f ·each '1a1<e,· .·_:a pan; alt.organisms ,enc/ose_c/withlfi th.e'grids,are . , 
-in part baseci oh results from the_ earli~r ·samples~ > soitecf'to avoid bta~ tqw_arri'large and ~asi/y seen :.: 
-Lakes greaterthan 1 O(JO eicres' are divided into twq: · . ./ncfivldua,J~:. id_eafly, iseveiai (four or 111ore)"grid~ are: .--
. or more basins, usually by separat,ing at constrlc-.· ·. '~orte.d lo.ensure proper.representation.: . -- . -
. tion points ~or between bathymetriqally identifiable . . · ,_ _- ----,· .. -··- •- - , : - ._ , -.. ~ . . ., --. 
basins (Flg.'7-6). <The24_msublfttoral zone'ofeac/{. · Su_rface ~nd ~ottom w~t9r ~ryem1strysamples~_ an1 • .• -
lake basin ';s dlvic/ed into 12 equal ssgfuerits, .a~d a ·,,-P11ytop1~'J~Ol1, SB"!,Ples: ~':! _taken near tt,_e center:, 
·grab-is taken in each segmenfwitt, a Petite Ponar , of e~ph fake. _Qbservat,o'}~ lncl1,1deqfi~ld_ro~asu5e~ --
or Ekman sampler(o~o2m2) (Fig. 7~6). Positions of,, ments,and!aboratory_:arya_lyses, a'!.q identfcati'?'7_. 

·· segments ~nc/ sampling sites are estimated by eye·. • of P_hrtopltmkton t~ ·g9nus. 
In the field:"The 12.grabs are r.ombfneciin,to a single . . .- . ' ' - . ·- - - . 
composite sample, which 'is randomly.. . 
subsampled to a countof 100 organlsins; ,......._.__._ __ --'--------~_-,::-,::-~_-:~_-::_--::_-_:::-. ,_ 

· identified to the -lowest practical 'taxo- For lakes with a surface area ■ Benthk: dredge at 2m to 
4mdeplh. nomic level.-_ 13asin,s (in~ iakes gi-8atelth1¥1- : . --. of 1,000 acres or less. 

• Surface grab for water _ 1 ooo acres) are retained as sepsra(e . chemistry parameters. 

---sample units; _Lakes smaller than 1000 . 
. ,. acres are represented by a single 100~ -

_ orgf1rilsm sample._ A second grab sample_ .. 
.is taken at each of the-12 stations for sedf- •. -
menfs,. which are likewise combined into 
a single representative sample: :· -. 

_- In fixed organism sutisampling, 'a· targeted 
_ numbe,: of organisms (typically 100 to500) 

. _ is Jdentifiect If fixed organism subsam

.i. piing for benif-ios Is conducted In t1n unbk . -.__ Figure:7.:S. Flo·rlda lakes sampling schenie. (The· la~e · 
.-. ased mSJ1ner using a 'random selection . · " Is divided into 12 approximately equal s'5irrien,s~ A -

method, thEJ resultfnginformati~-6nrli:h- , . _Ponar grab.ls tal,<en_from each ~men~,-at a random 
. ness and r9/ative abundance is comps- _ -· _ _!ocatlon In .the 2 to 4 ni~er dept_h Z<>l1~. W~er 
rabis amonii samples: . For tienthl<: ·: ., , : ch_emlstry, chlorophyll; an~ ~hi_ depth ~re -

·_ · i -- th t' t ;d , ·be· l , .. ched measured.from the center.ofthe·lake.) .samp es, . e arge e num . r ~rea , _ ! _. · • · • · · • - -- - , - , ·. · - · 
·- ___ ,_.,...,. 

Table 7-7. Benthic macroinvertebrate sampling gear appropriate for major substrate types. 

Substrate Gear Types 

Submerged aquatic vegetation. Dip net. 

Rocks, gravel. Diver operated dome sampler. 

Sand Peterson, Van Veen grabs. 

Mud Ponar, Ekman grabs. 

Clay Peterson, Van Veen grabs: 
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Ir•·••· . · · Case Study: TVA Benthlc Macrolnvertebrates Collection Methods . 

II' 86~thlc macroinvertebrate assemblage samples 
~iii!::::::::: Wi'/79 col19Cted fn the spring (March and April) at 69 
i'' locetlons on 30 TVA raservo/rs. Sample locations 

J!ii!:,Jiiiii•• r£%;/;;eqt:/,;;;'!;;,~:!~%':/:,~~=:;::/:! 
11 ····· ..... . •··· •·· ······· ·· · ' ·· ' 
· · !l~gn~l!,,,,, ~!!f/,,l71l1t{a~ .. 9;2:17J!Hi.Qf1S, respectively (Fig-

franseft'!t:;Z:,,';,': ~=~: :::;;:';;1~: · 

IOm portion of the reservoir (I.e., below the eleva

of ~,,f!!1!!}!!!!J.!!J,,,,,,'!tlll{g£~l'!~lt!l:$~,pp/es were 
,. . Ir,,, th,,e (k,ld, transfe~ to a lsf)efed col/eQ-: 
.,,..l~~ .. ,,,!1'1!!,I!J!.'!E. ~!!!L !'?.P'!'P!3.r1.t J:!!.!ffeaj. ~t;JIJ!!J!lin .. 

solu~lon. Sampl~s were sorted and identffled in th~ 
field, to the low~st pract/ca/ tax on, typically genus, 
and reported as number per square meter. 

To assess the reproducibility of bsnthlc macroin-
vertebrate sampling results, replicate samples were 
collected at 13 of the 69 sampling locations in 1994, 

with all types of reservoir locations (i.e., forobay, 
transition zone, embayment and inflow) lnclud9d. 
At each of the mplicate sampling locations, the sam
pling protocol involved collection of a first B9t of 10 
samples, leaving the sampling location, and then 
rsttlin/ng as near as possible to the original transec:t · 
site (on the same day) and repeating thfl coilection 
of a second (rsplidate) set of 10 samples.· Results 
from S6ts of rspllcate sampl9s WBl'8. evaluated for 
rilproduclbll/ty. . ... .. . .. ' 

. ·.,-~•;·1: ·,,;•'\"";•~·', 

method for fish (Scott et al. 1992) but it is not Sampling Procedures 
effective in deep water. If deep water fish are an Electro.ftshtng--Multiple habitats are selected in 
endpoint of concern, then gill nets, fish traps, or littoral areas for electrofishing. Habitat distinc
trawls can be used. A combination of nets and tions are based on substrate (e.g., rocks, sand, 
electrofishing often provide a more representa clay) and on available cover (e.g., vegetation, 
tive sample of the fish assemblage; however, woody debris). 
multiple methods translate to a substantial cost 

Nets-A variety of nets are used to sample for field effort. A variety of nets may be used to 
littoral and sublittoral areas. It is recommended sample littoral and sublittoral areas. Fish 
that trapping nets (gill nets, trammel nets, fyke sampling methodologies are further outlined in 
nets, trapnets) be set for 2 to 5 days with EPA 600/R-92/111 (USEPA 1992b) and Table 7-8. 
collection once or twice a day. 

Table 7-8. Sampling summary for fish assemblage. 

Habitat Littoral and sublittoral zones. 

Sampling Gear Boat electrofisher (for available microhabitats within shallow littoral areas). 
Experimental gill nets (extended for littoral to sublittoral zones). 

Index Period Regionally most appropriate. 
Preferred: Late summer - early fall. 
Alternative: Early spring; winter (subtropical lakes). 

Sampling Littoral electroflshing sample reach of shoreline at the end of each transect. 
All microhabltats sampled within each measured littoral reach. 
Experimental gill nets (five panel nets) set perpendicular to shore at the end of each 
transect, extending from littoral to sublittoral zones. 

Analysis Preferred: All specimens identified to species, enumerated, measured, weighed, and 
examined for incidence of external anomalies. 
Alternative: Abundant species (e.g., greater than 50 Individuals per sample) may be 
subsampled, measured, weighed, and data extrapolated for the species total. 
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• Gill nets or trammel nets are set in littoral 
areas, perpendicular to shore, and usually 
extend into sublittoral areas. To reduce size 
selectivity, an experimental gill net consist
ing of panels of five different mesh sizes is 
commonly used. Smaller mesh size (0.5in) is 
used in shallow areas and up to 2-2.5in 
mesh farther out. 

• Fyke nets, trap nets, and fish traps can be 
used in shallow areas. 

• Trawl and sonar can be used to sample 
pelagic areas. 

Sample Processing-Fish samples are processed 
as recommended in the RBP manual EPA 440/4-
89-001 (USEPA 1989b). Sampling duration and 
area or distance sampled are recorded in order to 
determine level of effort. Specimens are identified 
to species, then total numbers and weights, and 
the incidence of external anomalies is recorded 
for each. Voucher specimens of each species from 
each site are preserved in a 10 percent formalin 
solution, in a labeled jar. The voucher collections 
are placed with the state ichthyological museum 
to confirm identifications and to constitute a 
biological record. This is especially important for 
uncommon species, for species requiring verifica
tion of identification, and for documentation of 
new distribution records. If kept in a live well, 
most fish can be identified and counted in the 
field by trained personnel and returned to the 
lake alive. Additional information on field meth
ods is presented in Karr et al. (1986) and EPA 
600/R-92/111 (1992b). 

7.3.& Sedimented Diatoms 

Diatom frustules are preserved in lake sedi
ments that are not disturbed or resuspended. 
Field sampling for sediment diatoms can be 
relatively fast. Field methods outlined below and 

j- cssistuily ntA Fisli:coliedi~ri IA~th~;~. , 
~:· .. \_ - _· ·:, . .'~-' _>_._>1:> ·._ -~;·~". '. -, ·-;·,· ..... ~(·' / ·;.·_ ... , .: __ :· ~:-:~- _,.: .... ,.,_-, . .-: -~-? .:' ~: ~·_,-;. ·_ .. 

·<··Shor.elifJe:eJectrofi,~hing'sarilples.wem coitecteci' . 
f\J~fing· dayl1gnt hoµ~ f,:om inflo.w, ti"11ns/tic,n, and -;. 
"'\fiveJoreJ,ay io',je~ ol mo.st}es~No!rs tr.oniSsP-: •: ·• 
.: _ it~i'IJ~r.fo mid~NoiiemtJiJi(Flguis ,~s)>6n&:'one . · 
,f or·~o:zor,,es W~flisarnpteciciri (6S61VOITS wherii . -
.r-,qMs:wlre ifl~istirtgiiishable: No Inflow zones•. 0 

:· 

: '?-f e~/.arnJ?iei:! i,n tributary rese,yolrs. _ <:~: : . . · ··. •· · 
;; :~ tc,t,al),f 15 elt:ictrofishing bjrisects; each cov- .· 
-,: · :(f)f;ng":3«1m of shoreline, was collected fronfescli · 
';( ~f ~h.~ ~~~pledzq(!eS:·Atlf,a6itats weni~ample<J ,: 
< {n propoftiOIJ to,'theifocc:utience.Jn,'tlie zone.' , · 
.. ~!Jere. C!Jnditfons permi(ted experlmen(al gl/1 . 
< · 11sts were. Sfli 011etnlght in each reservoiizone. : 
,·;: ~~ssiii&,_Ci[irtm{prev_snted u~e 'a( git{ r,ets}n • . 

in~instretim inflo.w areas: fry lcirebay and tran~i-~, • 
·,·.•'tionzones, nets wen; ~et 1h all habitat types,· al- -: . 
•'. tematlng mesh siz(f)S. toward. the shoreline oo~. · · 

}~~~/4m) ;rnt;,,gh;(gjj,.,~ .. 
for ~II sport $pee/es arid channehjatfisit Re- . 

·. _: 
7"'.~inlng. spscitlS. 'captureit · .. ;,yere ·. enumerated . 

·. .prior to release. During electrofisfJlng~ ,fish ob- •. 
jS(!fYBcJ. bufno.t,capjuri3d wereinc:lu~ec! ifposi~ ··••· 
,,.'tive ldenfificatlon coutd J5e·roade and counts· . 

. -~ '. ,I - . . .. ,,. <, - '· • '-.·- ••••• - , • • • • • •• ;-, •• , .•, • : ,1,·, 

''. ... wer~.estirp~tep Vlhen. l]igh cjsnsities i)fidentifi-•·• ,:· 
:•·~~!Efflst, v.,er~ encouf,tei'£1,d •. Yo_ung~of-year'rish . 

, were "qounted separately ancJ;as ';n stream ./Bl · 
.~ : c,~lqi,,la(i~ris jKarr. 1981); ·. were exqluded ';fro,,:,,· - . 
,:' . propQrl/cma/ ·and' abundarics"miitrics' (due:. to :, 
', . stiT11pl{ngf11eff_icisncies iot the age'groi.Jp).' b~]y . . 
. . fi~h .• f>.JC€lfT!{iJed .· clos~lyJo . obtail'I. :!erigth and • 
-·W.6,lgtr_t,peas1:1reinen~ were irispecteci ~xter-: . ·. 

/ : f!_B.llyJqi st gns: of dis9,,at3e I pa rasf t~s' ,; arid. 
' , ano,ma.llef .. ·, ., . · :-; : ·• ,··: .:>">,,,. -: . , · · 

;-':,. 

_'.4,·- • 

Table 7-9. Sampling summary for sedimented diatoms. 

Habitat Mid-lake, deep depositional area. 

Sampling Gear Grab (surface only). 
Corer (paleolimnology). 

Index Period None. Samples may be taken annually, biennially, triennially, etc. 

Sampling Single sample in mid-lake. 

Analysis Samples are divested of organic matter and 300-500 diatom frustules are identified to 
lowest pratical level. 
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in Table 7-10 are similar to those used in EMAP 
(USEPA 1994b). 

Sample Location-Sediment samples are ob
tained from or near the deepest area of the lake. 
A single core sample is sufficient (Charles et al. 
1994). 

Sampling and Analysis-Sediment diatoms can 
be sampled with a corer that is able to reliably 
sample and retain the top l cm of sediment. The 
top l cm of sediment is carefully removed from 
the sampler and kept at 4°C in a plastic bag. 
Diatom samples are prepared, enumerated, and 
identified following the procedure from the 
EMAP manual (USEPA 1994b). 

7.4 TIER 2B: SHORT-TERM 
INDICATORS (REPEATED 
SAMPLING) 

Tier 2B consists of phytoplankton and zoop
lankton sampling in addition to Tier 1B sam
pling. and is conducted at the same sites and 
times as Tier 1B (Table 7-10). Sampling fre
quency may range from three samples during 
the growing season to monthly samples, 
depending on the objectives of the program. 
The number of sampling sites is the same as 
Tter 1B, and samples may be composited 
among the sample sites to economize labora
tory effort, if within-lake spatial variability is 
not an issue. 

7 .4. 1 Phytoplankton 

Phytoplankton are subsampled from the same 
water sample collected for chlorophyll and 
nutrients in the Tier l sampling protocol. The 
water sample may be a surface sample or an 
epilimnion or photic zone hose sample. The 
large sample is mixed thoroughly before 
subsamples are taken from it. 

A sample of 150 to 500ml is sufficient for 
phytoplankton. The phytoplankton sample is 
preserved in the field with Lugol's solution 
(APHA 1992). Cells are identified and counted 
using the Utermohl method on an inverted 
microscope, or by filtration onto a membrane 
filter (APHA 1992). The Utermohl method 
requires settling chambers and an inverted 

7-22 

microscope, and the filter method requires a 
compound microscope and filtering apparatus. 

7 .4.2 Zooplankton 

Sampling Procedure-Zooplankton are sampled 
with a vertical tow at the same sites as phy
toplankton, trophic state, and water quality 
(Table 7-11). Nets of 118µm mesh and 30 cm 
diameter will sample most crustacean zooplank
ton. The net should be equipped with a cone to 
prevent spill and escape of active organisms. 
Zooplankton are anesthetized with carbonated 
water, and preserved in 4 percent formaldehyde. 
After fixing, long-term storage should be in 70 
percent ethanol. 

Analysis-The sample is split until 100 to 200 
organisms remain in the subsample. Zooplank
ton are identified to genus; equipment includes 
dissecting microscope and keys. Lengths of 
Daphnia are recorded. 

7 .4.3 Perlphyton 

Periphyton should be sampled several times 
during the growing season: certain species 
might be dominant depending on the time of 
year. Field methods are outlined below and 
summarized in Table 7-12 (after Bahls 1993). 

Sampling Location-A minimum of two random 
sampling points along each transect is sug
gested; a determination of greater sampling 
effort should be based on lake size and profes
sional judgment. 

Sample Collection-Collection can be from 
natural or artificial substrates depending on 
the preference of the investigation team or 
agencies. Natural substrates include rocks, 
logs, macrophytes, and mud. A composite 
sample of three to five substrates (e.g., fist
sized rocks) is obtained from each sample site. 
The area scraped from each substrate should 
be approximately equal. Use a pocket-knife or 
similar tool for scraping solid substrates. A 
spo~n or large-bore eyedropper can be used for 
lifting microalgae from mud or silt substrates. 
Macroalgae can be picked by hand. Epiphytic 
algae can be dislodged from macroalgae, moss, 
and aquatic macrophytes by placing a portion 
of the higher plant in the sample container and 
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Table 7-10. Tier 2B: Water column biological sampling. 

Component Data Collection Responds to or Indicator of 
:.."' . " '•<.(' ~· 1. Watershed land use, population, Tier O habitat. 

,. .. 
NPDES. ,,,_. ' , .. . , -., 

~ .. . . , 2. Lake physical. Tier 1 habitat. ,· ."\·, fii -
' 0 6 3. Shorezone habitat assessment. 3-1 0 transects: " 

,· 
-~ - ., 

•,;' 

. .' 

.. , , ~ - land use 
, ·" 

_., 
,' ·' .. 

- ·-
.. 8 - bank stability - . . ' " , . ' 

- riparian vagetation ~ ,,·. 

i I , -~,- • - emergent vegetation 

4. Water quality Tier 1 B water quality Trophic state, turbidity. 
(seasonal average). DO seasonal or annual mean,% 

depth-time 
Mean pH, alkalinity 
Sacchi depth 

5. Algal chlorophyll a. Tier 1 B chlorophyll (seasonal Trophic state. 
~ average). 

'. , . a 6, 7. Assemblages 't·. .. ,-· ' 
:,, . .• , 6 - . - - ., 

(minimum 2): .. ::-. 
. 
-· 
•. 

"fl ., .. .. .· :,:, 

' 

~ . - . .. 
8 a. Phytoplankton Surface samples (0.5 m) or Trophic state acidity, metals, 
iii integrated samples (hose) water column toxicity. 
~ Identify to genus; count g, 

100-500 cells. 
~ b. Zoo plankton Vertical tows; identify to Trophic state, contamination, 

genus;count100-200 trophic imbalance. 
organisms, measure 
cladocerans. 

.. _:..!: . . . , . . .. ·-
··c,'' c. Periphyton . - .. 

shaking vigorously. The moss or macrophyte is APHA (1992). Using the cleaned diatoms (frus
then removed and discarded (Bahls 1993). tules), a permanent mount is prepared and a 

proportional count is made of 300 to 500 cells 
Sample Preservation-Preserve samples in (APHA 1992). Counts for each species are 
watertight, unbreakable jars. Water is added divided by the total count and multiplied by 100 
from the sample site to cover the sample; then to obtain percent relative abundance (PRA). 
enough Lugol's solution is added to impart a 
reddish-brown tint. Artificial substrates can be 
preserved intact in a suitable container or 
scraped in the field. 7.S DIAGNOSTIC HABITAT 

SURVEY 
Sample Preparation-Extracellular organic 
matter is decomposed by oxidation, leaving only More detailed habitat procedures allow monitor
the diatom shells (frustules) as described in ing agencies to focus on specific water and 

Table 7-11. Sampling summary for crustacean zooplankton. 

Habitat Open water, 1 to 5 sites in lake. 

Sampling Gear Plankton net, 300mm (12in) mouth; 118mm mesh. 

Index Period Mid-summer index. 

Sampling Single vertical tow through water column from 0.5m above bottom to surface. 

Analysis Tier 1: Identify to species, measure Daphnia. 100 to 200 organisms. 
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Table 7-12. Sampling summary for periphytic diatoms. 

Habitat Rock, wood, silt, macrophyte substrates, 0.5 to 1 m depth (wading depth). 

Sampling Gear Spatula, toothbrush for scraping cells from substrates, eyedropper or spoon for lifting 
(Bahls 1993). Samples preserved in Lugol's solutlon. 

Index Period Preferred: mid-summer. 
Alternative: growing season, average of 7 to 1 0 samples. 

Sampling 3-5 substrates (rock, wood, sand, mud, macrophytes) are sampled in the proportion 
of their occurrence at 3-5 sites around the lake. Single composite sample from all 
substrates and sites. 

Analysis 300-500 diatom frustules are identified to species and enumerated. 

sediment quality problems in a lake, and 
specific land use practices in the watershed, for 
identification of probable cause of impairment 
rrable 7-13). Supplemental habitat components 
may include: a detailed watershed assessment 
(soils and geology, detailed land use, agricul
tural practices); a stream assessment for 
migratory fish habitat; additional water quality 
analysis (nutrients, contaminants); and sedi
ment quality (sediment grain size, sediment 
organic carbon, contaminants, toxicity). 

Tiers 2A and 2B will allow detection of effects of 
toxic substances on the respective biological 
assemblages, but will not provide positive 
identification of toxicity as a probable cause of 
impairment. Positive identification of contamina
tion and toxicity as a probable cause will require 
the supplemental survey, particularly habitat 
contaminant analysis and toxicity assays. The 
detailed land use measurements in the habitat 
assessment allow identification of more specific 
non point source probable causes of impairment. 
The tiers allow detection of biological effects on 
at least two assemblages, and hence detection of 
effects at multiple levels (including cascades of 
effects). 

7.15.1 Watershed and 
Shorezone Components 

The diagnostic habitat survey is similar to the 
Tier 1 and Tier 2 habitat survey but evaluates 
more detailed components. In searching for 
probable causes of impairment, land use is 
broken down into more detailed land use 
categories, including high- and low-density 
residential, industrial and commercial transpor
tation, cropland, pasture, orchard, mines, etc. If 

agriculture is thought to contribute to impair
ment, then the dominant agricultural practices 
should be documented, as well as their distribu
tion in the watershed. If the fish assemblage 
shows impairment (particularly migratory fish), 
then fish spawning habitat in inflowing streams 
can be evaluated. 

7.5.2 Sediment Analyses 

The Sediment Classification Methods Compen
dium (USEPA 1992f) discusses various aspects 
of sediment analyses including sample collection 
and handling, quality assurance/quality control 
issues, and toxicity testing. In addition, this 
guide furnishes references for specific methods. 

Sampling 
There are three main types of devices used to 
collect sediment samples. The choice of sampler 
to be used for a particular study depends upon 
the nature of the sample needed. Grab samplers 
and core samplers can be used in toxicity 
testing and in evaluating chemical and physical 
properties of the sediment. Additionally, cores 
can be used in evaluating historical sediment 
records. 

Equipment should be thoroughly cleaned 
between samples to prevent cross contamina
tion. In some cases, preservation methods such 
as pH control or addition of chemical preserva
tives will need to be done. Standard methods for 
sample handling can be found in ASTM (1990). 

Sediment Particle Size 
Sediment particle size is measured using stacks 
of different sized sieves. The sediment to be 
analyzed is first heated to dryness. Samples 
may need to be stored cold, frozen, or preserved. 
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Tab!e 7-13. Supplemental components. 

Component Data Collection Responds to or Indicator of 

1. Watershed Maps; survey of state and county Physical classification. 
- Soil and bedrock characteristics agencies. Probable cause. 
- Hydrology 
- Agricultural practices 
- Detailed land use categories 

(roads, mines, impervious 
surface, cropland, pasture, etc.) 

2. Shore Tributary stream habitat survey. Disturbance, habitat 
- Migrating fish spawning habitat destruction. 

3. Sediment quality Annual grab in depositional Exposure to toxics, 
- Toxicity, contaminants, total environment (deepest point). contaminants. 

organic carbon, particle size 

Then a known weight of dried sediment is 
poured into a stack of sieves of different sizes to 
separate the particles. Each size fraction is then 
weighed and expressed as a percentage of the 
total dxy sample weight. 

Sediment Contamination 
Chemical analyses that can be measured 
include metals, polyaromatic hydrocarbons 
(PAHs), polychlortnated biphenyls (PCBs), 
pesticides, and volatile and semivolatile organic 
pollutants. Metals are typically measured using 
atomic absorption spectrophotometxy. Other 
constituents should be analyzed using USEPA 
approved methods (USEPA 199lf, ASTM 1990). 
Although it is not a contaminant, total organic 
content (TOC) should also be analyzed since it is 
an important indicator of the bioavailability of 
nonionic hydrophobic organic pollutants. 
Likewise, acid volatile sulfides (AVS) are impor
tant in determining the bioavailability of metals. 

Sediment Toxicity Evaluation 
Several approaches are recognized by USEPA for 
evaluating sediment toxicity. These approaches 

may be used separately or in combination to 
provide evidence of toxicity and to generate 
sediment quality criteria. (USEPA 1994j). 

Whole (bulk) sediment toxicity testing is a 
method of evaluating the level of toxicity of a 
sediment sample. Typically, test organisms are 
exposed to sediment for 10 to 14 days. End
points used are growth and survival. The most 
often used organisms in freshwater sediment 
toxicity tests are the amphipod Hyalella azteca 
and larvae of the midge Chironomus tentans. 
Other organisms that have been tested 
include other benthic infauna such as the 
mayfly Hexagenia spp; and the worms Tubifex 
tubifex and Lumbrtculus variegatus; and two 
cladocerans, Daphnia magna and 
Ceriodaphnia dubia. Results of exposure to 
contaminated sediments is compared with 
control (uncontaminated) sediments (USEPA 
1994j, ASTM 1998, PSEP 1995, Environment 
Canada 1994). 
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> Characterization 

> Metric Selection 

> Index Development 

ChapterB 

Index Development 

a. 1 OVERVIEW 

The approach taken here for development of an 
index for assessment is called the multimetric 
approach. Biological attributes, or metrics, are 
calculated from the measurements. A score is 
assigned to each metric corresponding to its 
deviation from the expected value in reference 
sites. The multimetric index is the sum of all the 
metric scores. A separate index is developed for 
each assemblage sample (e.g., macrophytes, 
benthic invertebrates, fish). 

The multimetric approach has been successfully 
applied to assessment of stream fish assem
blages (Karr 1981, Karr 1991, Karr et al. 1986) 
and stream invertebrate assemblages (Ohio EPA 
1987, USEPA 1989b, Barbour et al. 1995, Yoder 
and Rankin 1995). The approach appears to be 
statistically robust (Fore et al. 1994) and is 
straightforward to apply. Alternative methods of 
analysis and assessment are discussed in 
AppendixE. 

Development of a multimetric index is the final 
step toward operational bioassessment. Three 
steps are necessary for development of an index: 
characterization of reference conditions, evalua
tion and final selection of metrics, and 
multimetric index building. 

The basis of the multimetric approach is 
comparison of a metric to an expected (refer
ence) distribution of values and a judgement of 
whether the value is within the expected 
range. Each metric is given an ordinal score of 
5, 3, or 1, depending on whether it is similar 
to reference values (within the expected range), 
is somewhat different, or 
is very different, respec Development of a 
tively (Figure 8-1). The 
expected range is usually multimetric index is the 
expressed as a percentile 
of the reference distribu final step toward opera-

tion. 1\vo methods of 
tional bioassessment. scoring are commonly 

used. The first is based on 
a lower percentile of a representative sample of 
reference sites (Figure 8-la). The second 
method is used if predetermined reference 
conditions are not definable or if there are too 
few reference sites, and it is preferred for 
defining reference conditions for reservoirs. In 
the first method (Figure 8-la), the 25th 
percentile of the reference site distribution is 
often used as the dividing line between optimal 
(similar to reference) and less than optimal. In 
the second method (Figure 8-lb), the 95th 
percentile of the entire population distribution 
is often used as the reference mark for trisect
ing metric values (e.g., Karr et al. 1986). 

8-1 
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The index consists of the sum of all metric 
scores, and the total index value of a site is 
compared to the distribution of index values in 
reference conditions. Development of an index 
thus requires characterization of reference 
conditions to obtain the distributions of metric 
values, final selection of metrics based on metric 
response to stressors, and, finally, characteriza
tion of the index distribution in reference 
conditions. 

Selection of metrics and development of a 
multimetric index requires a test data set 
composed of reference sites and nonreference 
(test) sites. The best sites may be impaired or 
may simply not meet the criteria for reference 
sites. Ideally, the test sites should include at 
least some lakes that are severely impaired by 
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1 
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3 
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DISTRIBUTION SCORE 
OF ALL SITES 

Figure 8-1. Basis of bloassessment scores
unimpaired reference sites; population 
distribution. 
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different stressors. If, for example, all test sites 
are eutrophic lakes, then the response of 
metrics to other stressors cannot be determined. 
Reference condition characterization uses only 
the reference site data-metric evaluation and 
index development use both reference and test 
site data. 

B.2 CHARACTERIZATION OF 
REFERENCE CONDITION 

The objective of reference characterization is to 
finalize the classification of the reference sites 
and to describe (characterize) each of the lake 
categories in terms of metrics and other descrip
tive variables. 

Several statistical tools can assist in the classifi
cation of sites, but there is no one set proce
dure. If the preliminary classification is rela
tively certain (based on well-developed prior 
knowledge and professional judgment, and 
graphical analysis of metrics) followed by 
necessary modifications and tests of the result
ant classification, is usually sufficient to finalize 
the classification. If the preliminary classifica
tion is less certain, it might be necessary to 
develop a classification from the data, using one 
of several classification methods. These methods 
include cluster analysis and several ordination 
methods (e.g., principal components analysis, 
correspondence analysis, multidimensional 
scaling; Appendix E). Ordination is also useful 
for visualizing alternative a priori classification 
schemes. 

a.2. 1 Graphlcal Analysls 

A key analysis method for biological metrics is 
graphical displays using box-and-whisker plots 
(e.g., Figure 8-1). In the form used here, the 
central point is the median value of the variable; 
the box shows the 25th and 75th percentiles 
(interquartile range); and the whiskers show the 
minimum to the maximum values (range). A 
common alternative is whisker extending to 
values within the "inner fence" (see Tukey 1977 
for explanation); this method also plots outliers. 
Box-and-whisker plots are simple, straightfor
ward, and powerful. and the interquartile ranges 
are used to evaluate whether there is a real 
difference between two areas and whether a 
metric is a good candidate for use in assess-
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ment. Graphing the data should always be a 
first step in data analysis. 

Statistical methods used by biologists are 
frequently tests of whether two or more popula
tions have different means using t-tests, 
analysis of variance, or various nonparametric 
methods. However, the fundamental problem of 
biological assessment is not to determine 
whether two populations (or samples) have a 
different mean, but to determine whether an 
individual site (lake) is a member of the least
impaired reference population. If it is not, then 
a second question is how far it has deviated 
from that reference. Therefore, biological 
assessment requires the entire distribution of a 
metric, which is effectively displayed with a 
box-and-whisker plot. 

In operational bioassessment, metric values 
below the lower quartile of reference conditions 
are typically judged impaired (e.g., Ohio EPA 
1990). The actual percentile chosen (25, 10, or 
5) is arbitrary and reflects the amount of 
uncertainty a monitoring program can tolerate. 

a.2.2 Characterization 

The preliminary classification is refined through 
inspection of plotted data (graphical analysis), 
professional judgment, and 
statistical tests of fmal classifica-
tion hypotheses. First, the values 
and distribution of metrics are 
compared among ecoregion or 
lake type. Regions that appear to 
be similar to each other can be 
lumped together for final classifi
cation. For two regions to be 
lumped, most of the metric 
distributions must be similar. In 
addition to box plots of metrics, 
it is also useful to examine 
scatter plots of selected metrics 
and habitat variables such as 
lake size, salinity, or alkalinity. 
The number of taxa in a 
waterbody is often dependent on 
its size, for example, large lakes 
have more zooplankton species 
than small lakes (Dodson 1992). 
Salinity also influences the 
number of species found in 
aquatic systems, as do pH and 
alkalinity, 
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Figure 8-2. Species richness In TVA reservoirs (redrawn from 
Hickman and McDonough 1996.) Four reservoir classes are 
shown (mainstream, Interior Plateau, Ridge and Valley, and Blue 
Ridge). Dashed lines delineate three classes based on species 
richness alone. FB = forebay; TR = transition; IN = Inflow. 

Index Development 

Refining the Classification 
In sampling fish from reservoirs of the Tennes
see Valley Authority, the number of fish 
species was found to 
vary by reservoir class 
and ecoregion (Hickman 
and McDonough 1996). 
Figure 8-2 (after 
Hickman and 
McDonough 1996) shows 
the number of fish 
species in different parts 
of four groups of TV A 
reservoirs. First, the 
number of fish taxa is 
relatively homogenous 
between forebay, transi
tion, and inflow zones 
(Figure 8-2). The 
reservoir types differ in 
number of fish species, 

The fundamental problem 

of biological assessment is 

not to determine whether 

two populations have a 

different mean, but to 

determine whether an 

individual site is a member 

of the least-impaired 

reference population. 

with the mainstream reservoirs having the 
most species, and the Blue Ridge reservoirs 
being relatively depauperate. Based on num
ber of species, the Interior Plateau reservoirs 
are not significantly different from Ridge and 
Valley reservoirs, and TVA reservoirs could be 
considered to be in three groups (dotted lines). 
However, on the basis of other considerations, 
TVA has kept Interior Plateau reservoirs 
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Plateau Valley 
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separate from Ridge and Valley reservoirs. 

Refining the Classification-Covariates 
Certain physical or chemical attributes can have 
a strong influence on biological metrics, espe
cially number of taxa metrics. The most impor
tant of the physical-chemical attributes to test 
are lake size, salinity (in arid regions), and 
alkalinity or pH. The example (Figure 8-3) shows 
number of taxa of benthic macroinvertebrates as 
a function of salinity in the littoral zone of 
Montana lakes and wetlands (Stribling et al. 
1995). Finding a relationship as in Figure 8-3 
requires adjusting reference expectations as a 
function of the covariate salinity in this case. 

8.3 INDEX DEVELOPMENT 

Following classification and characterization of 
reference conditions, metrics are evaluated for 
suitability in a multimetric index. Suitable 
metrics are those that respond in a predictable 
way to stressors on the system and that have 
low noise or variability. 

8.3. 1 Metric Varlablllty 

Metrics that are too variable within the reference 
sites are unlikely to be effective for assessment. 
A measure of metric variability is the ratio of the 
interquartile range to the distance between the 
lower quartile and the minimum possible value 
of the metric. 

In operational bioassessment, metric values 
below the lower quartile of reference conditions 
are typically judged as not meeting reference 
expectations (e.g., Ohio EPA 1990). The range 
from O to the lower quartile can be termed a 
"scope for detection." For those metrics with low 
values under reference conditions and high 
values under impaired conditions, the scope for 
detection is the range from the 75th percentile 
to the maximum possible value (e.g., 100 
percent) (Figure 8-4). The larger the scope for 
detection, compared to the interquartile range, 
the easier it will be to detect deviation from the 
reference condition. The "interquartile coeffi
cient" is thus defined here as the ratio of the 
interquartile range to the scope for detection. 
The interquartile coefficient is analogous to the 
coefficient of variation and is used the same 
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Figure 8-3. Benthic macroinvertebrate taxa richness in littoral zone of Montana lakes and wetlands. 
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Figure 8-4. Assessing candidate metrics. a. Metrics that have high values under unimpaired conditions. 
b. Metrics that have low values under unimpaired conditions. 
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way, but it is bidirectional and uses percentiles 
in the same way that assessment uses percen
tiles. In general, an interquartile coefficient 
greater than 1 indicates excessive variability of a 
metric. 

e.3.2 Metric Response 

Response of metrics to stresses is evaluated by 
comparison of reference sites to test sites. The 
simplest comparison is using box-and-whisker 
plots of the metric distribution in reference and 
test sites (Figure 8-5). Alternatively, it may be 
possible to develop an empirical model of metric 
response to stressors. Several approaches are 
available including multiple regression, canoni
cal correlation, canonical correspondence. 
analysis, and log-linear models (Ludwig and 
Reynolds 1988, Jongman et al. 1987). For 
multivariate model building, refer to the above 
references or any statistical software package-it 
will not be outlined further in this document. 

Metrics are judged responsive if there are 
significant differences in central tendency or in 
variance between reference and test sites (Figure 
8-5). If the test sites are known to be impaired, 
then the mean or median values should be 
significantly different (Figure 8-5). If the test 
sites are simply lakes that do not meet reference 
criteria (i.e., they might be a mix of impaired 
and unimpaired lakes; shown as "unknown test 
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Figure 8-5. Responsiveness of metrics. A large 
difference between reference and Impaired test 
sites Indicates a responsive metric. Unknown sites 
are a mixture of Impaired and unimpaired sites. 
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Var/ability and Uncertainty 

Variability in values of measurements and metrics 
results in uncertainty of the assessment. Uncer
tainty can be reduced by increasing the sampling 
effort (repeated measurement) to obtain a better 
estimate of the mean value. This is especially im
portant for the measurements that are the most 
variable: chlorophyll, nutrient concentration phy
toplankton and zooplankton. Algal abundance and 
biomass may vary tenfold within the growing sea
son (i.e., Wetzel 1975, Hecky and Kling 1981). A 
tenfold change in chlorophyll corresponds to 22.6 
points In the TS/ range, a substantial change. 

Because of this variability, Tier 1A is unreliable 
for assessment of an individual .fake and Tier 2A 
Is recommended. Tier 1A Is appropriate for as
sessing a class of lakes or a region, to answer 
questions such as: what Is the status of lakes in 
the region, or how many Jakes are o/lgotrophlc? 

As Jong as many lakes are sampled, the effect of 
errors in individual lakes is reduced in the evalu
ation of a/I lakes. 

sites" in Figure 8-5), then the variance in the 
test sites should be larger than that in the 
reference sites. 

Metrics that are responsive to known or un
known stresses are retained for index develop
ment. Finally, responsive metrics are evaluated 
for redundancy. A metric that is highly corre
lated with another metric might not contribute 
new information to the assessment. Pairs of 
metrics with correlation coefficients greater than 
0.9 should be examined carefully to determine 
whether both metrics are necessary. Often, 
strongly correlated metrics are calculated from 
the same raw data, or their method of calcula
tion ensures correlation. For example, Shannon
Wiener diversity and percent abundance of the 
dominant taxon are strongly correlated in any 
data set. 

A correlation alone (say, r >0.6) is not sufficient 
to eliminate one of a pair of correlated metrics. 
Some metrics might be sensitive only at severe 
or moderate stress; others might be sensitive 
across the entire range of stresses (Karr 1991). 
These would all contribute information, in spite 
of strong correlation. A scatterplot of correlated 
metrics is examined; if there is an apparent 
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nonlinear or curved relationship, then both 
should be retained. If the points all fall close to 
a straight line, then one of the metrics can be 
safely eliminated. 

8.3.3 Scoring and Index 
Development 

Combining unlike measurements is possible 
only when the values have been standardized by 
a transformation through which measurements 
become unitless (Schuster and Zuuring 1986). 
Standardization of these measurements into a 
logical progression of scores is the typical means 
for comparing and interpreting unlike metric 
values. 

Two methods are commonly used for scoring 
metrics, which are based on the metric distribu
tion in defined reference sites or in the popula
tion of sites, respectively. Each metric is given a 
score of 1, 3, or 5, corresponding to impaired, 
intermediate, or unimpaired biota, respectively 
(Figure 8-1). 

Bisection scoring-(Figure 8-la) Based on a lower 
percentile of the reference distribution; for 
example, the 25th percentile (Barbour et al. 
1996b). In this method, values above the 25th 
percentile are considered unimpaired (similar to 
reference conditions) and values below the 25th 
percentile are considered impaired to some 
degree. The range from O to the 25th percentile 
is bisected, with values in the top half receiving 
a score of 3 and those in the bottom half receiv
ing a score of 1 (Figure 8-la). 

Trisection scoring-(Figure 8-1 b) Based on the 
95th percentile of the population distribution 
(Karr et al. 1986). Metric values from O (or the 
lowest possible value) to the 95th percentile are 
trisected; values in the top one-third receive a 5, 
values in the middle third receive a 3, and 
values in the bottom third receive a 1 (most 
impaired). 

The scoring method should reflect how well the 
reference sites represent unimpaired conditions. 
If reference sites are unimpaired and considered 
to be representative, bisection is recommended 
(Figure 8-la). This method assumes that the 
reference sites are representative of relatively 
unimpaired conditions and that the metric 
distribution reflects natural variation of the 
metric. A value above the cutoff is then assumed 

to be similar to reference conditions. The lower 
quartile (25th percentile) is most frequently 
taken as the cutoff (e.g., Barbour et al. 1996b). 

The trisection method 
(Figure 8-1 b) is best for Two methods are com-
scoring in regions where 

monly used for scoring impacts might be so 
pervasive that nearly all metrics which are based 
reference sites are thought 
to be impacted or for on the metric distribution 
assessment of reservoirs 
where reference sites in defined reference sites 
cannot be defined. In 

or in the population of trisection. it is assumed 
that at least some refer sites respectively. 
ence lakes attain an 
excellent value for the 
metric, but that many reference lakes are 
impaired and hence the lower limit of the 
reference distribution is not known. The 95th 
percentile is taken as the "best" value, and the 
range is trisected below it (Figure 8-lb). 

Choice of scoring method should be based on 
confidence in the reference· sites, rather than on 
the method that'will produce the most conserva
tive or most liberal scoring. If confidence is high 
that reference sites are representative of rela
tively unimpaired conditions, then the lower 
percentile cutoff and bisection are preferred. If 
confidence is low, then trisection below the 95th 
percentile is preferred. 

If covariates such as lake size determine metric 
values, then the scoring should be adjusted for 
the covariates. Reference data are plotted as in 
Figure 8-6, and a locally weighted estimate is 
made of the appropriate percentile (95th or 
25th) and the range below it is trisected or 
bisected accordingly. Figure 8-6 shows total 
zooplankton taxa in North American lakes 
ranging in size from 4m2 to nearly 1011m 2 (Lake 
Superior) (Dodson 1992). Few state assessment 
programs are likely to include lakes smaller 
than 104m 2 (lha; 2.47 acres), nor larger than 
109m 2 (1000km2; 247,000 acres). In this ex
ample, considering only the middle range from 
104m2 to 109m2 ,. the slope is not apparent and 
adjusting for lake area would not be necessary. 

The index is the sum of the scores of the se
lected metrics. The number of metrics in an 
index affect the variability of the index-those 
with more metrics tend to be less variable (Karr 
1991). Index values are evaluated by compari-
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Figure 8-6. Total crustacean and zooplankton taxa in North American lakes (redrawn after Dodson 1992). If 
metrics show a relationship such as this with area, elevation, or some other physical covariate, then reference 
expectations must be adjusted to the covariate. The three lines show one possible method for scoring. In 
practice, most state assessment programs are not likely to span 10 orders of magnitude in lake area. 

son to index values of the reference sites. Even 
the best reference sites do not receive perfect 
scores of the index. The final index scores are 

Choice of scoring method 

should be based on confi-

dencs In the reference sites 

rather than on the method 

that will produce the most 

conservative or most liberal 

scoring. 

compared to the 
distribution of scores in 
the reference sites. 
Criteria for assessment 
are based on the 
distribution of index 
scores in reference 
sites. Those that 
correspond to the range 
of index values in 
reference sites support 
life use; those that are 
clearly below index 

values in reference sites do not support life use. 
Following appropriate review and revision, they 
can be established as biocriteria. 

8.4 LAKE TIER INDICES 

An index is calculated for each assemblage 
sampled. Each tier has three to six indices, 
which should all be reported. The indices can be 
summed Into an overall lake index, which can be 
used to report overall condition but would not 
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reveal the condition of the component assem
blages. Indices within each tier might or might 
not be multimetric; Tier 1 indices are primarily 
single metrics, whereas indices of Tiers 2A and 
2B might be composed of 3 to 12 metrics. 

8.4.1 Tier 1 

Tier 1 assessment consists of trophic state algal 
growth potential and macrophyte indices. Three 
TS! (chlorophyll, Secchi depth, and total phos
phorus) are recommended; the fourth (total 
nitrogen) is also recommended in regions where 
nitrogen is suspected to be a limiting nutrient 
for algal growth. The TSI and AGPT are scored 
as metrics for their similarity to reference 
conditions, and the scores are summed for a 
"Trophic Reference Index." 

The trophic metrics are unique in that they may 
be scored lower if their values are substantially 
higher as well as lower than reference values. For 
example, an unproductive (oligotrophlc) lake in 
a region where lakes are expected to be produc
tive (mesotrophic) would be given a lower score. 

Tier 1 has two or more submerged macrophyte 
metrics, percent cover of macrophytes, and 
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dominance of exotic species. More metrics can • Benthic macroinvertebrate index . 
be developed if macrophyte species are identified 

• Fish assemblage index . and relative abundances are estimated. Percent 
cover is scored by comparison to reference 

• Sedimented diatom index. expectations, but dominance of exotic species is 
rated 5 if none are present, 3 if exotics are The macroinvertebrate, fish, and diatom indices 
subdominant, and 1 if exotics are dominant. are developed from metrics as described in 
The two macrophyte metrics are summed for the Chapter 6. 
Tier 1 macrophyte index. 

Lakes are assessed from the scores of the two a.4.3 Tier 2B 
Tier 1 indices. Tier lA and Tier 1B use the same 
metrics and indices; Tier 1B trophic metrics are Tier 2B consists of three to five indices: 
estimated from seasonal mean measurements. 
Biocriteria can be established for further investi • Trophic reference index of Tier 1B (seasonal 
gation or remedial action, based on the scores. averages). 

• Macrophyte index of Tier 1. 
a.4.2 Tier 2A 

• Phytoplankton index. 
Tier 2A assessment may consist of three to five 

• Zooplankton index. indices: 

• Periphyton index. • Trophic reference index of either Tier lA or 
1B. The phytoplankton, zooplankton, and periphy

. ton indices are developed from metrics as • Macrophyte index of Tier 1 or a mere 
described in Chapter 6. detailed Tier 2A macrophyte index. 
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Ca•e Study: TVA Scoring Criteria and Index ~'!~lopment (Contl!'eued) 
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, ,:3. Psroo~t of sample; with long-lived s~cies. 

· 4. Proportion as Tublficldae. 

5. Proportion as two dominant taxa. 

6. Total abundancs excluding Chlronomidae and 
.. Tublficldae. . .. .. ..... . ... 

7. Percentage of samples with no organisms 
present. 

Scoring criteria for each of ths seyen metrics .. were 
cl8vs/op9d using the 5 years of Vital Signs monitor

, Ing data (1994-1996). Scoring ranges were devel
oped a~ follows: 

···· Individual criteria were developed for each type 
of sampling location (forebay, transition zone/ 
mid-reservoir,. embayment and inflow) for each 

.. of. the ... (~re/asses Qf re.ssrvoirs. 

Results from the 1 o samples along a transect 
for each sample year ~ere combined (averaged 
for most metrics) and outliers deleted. 

The range of average values was then trisected; 

.~lm t/J!J, Uf'f'e£OIJ.~:t~lro (J~ ff!,!!, ran9.e rep~esent
lng desirable conditions assigned a value of 5 
(good)! the middle one-third a~igned a 3 (fair), 
and ths lower one-third representing undesir
able cppdltlons assigned a 1 (poor). 

Profe~io~al Judgment and supplem~~ta;;, statistl~ 
C!l( analyses were used to adjust the cutoffs for each 

• • , range as appropriate. Sample results at each site 
were compared with these criteria for each metric 

·•••··· and assigned the rating described above-5 = good; 
:1'11:: I 3":; fair; 1 ··;;;oo,ilihej, fell within the top, middle, or 
·' bott~ group, respectively. Numerical ratings for t~e 

se"vsn me({i.()S were then summed. This resulted In 
a minimum score of 7 If all metrics at a site were poor, 
· and a maximum score of 35 if all metrics were good. 

... RNflrvolr.f:lsh As~mbtage Index The current 
RFAI US8S 12 fish assemblage metrics from five gen
eral categories, Including: 

... ·. ,specln Richness and C~mposlt/on 

1. Total number of species. 
,"I'' ' I ' 1 

·••, •··· 2. Number of plsclvore ,s1?9Ci(!JS, 

.. s. Number of sunfish species. 
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4. Number of sucker species-suckers are also 
Insectivorous but inhabit the pelagic and more 
riverine sections of reservoirs. 

5. Number of Intolerant species. 

6. Percentage of tolerant individuals (excluding 
young-of-year). 

7. Percsntage of dominance by one species. 

Trophic Composition 

B. Percentage of individuals as omnivorous. 

9. Percentage of Individuals as insectivorous. 

Reproductive Composition 

1 o. Number of lithophll/c spawning species. 

Abundance . 

11. Total catch per unit effort (number of individu
als). 

Fish Health 

12. Percentage of individuals with anomalies (dis
eases, lesions, tumors, external parasites, de
formities, blindness, and natural hybridization). 

Establishing scoring criteria (reference conditions) 
by trisecting observed conditions requJres a sub-. 
stantfal data base for each class of reservoir and 

· assumes the data base contains reservoirs with con-
ditions ranging from poor to good for each metric. 
The smaller the number of reservoirs within a class, 
the less likely these assumptions can be met and 
the greater the need for sound professional judg
ment based on extensive knowledge of the reser
voir assemblages being studied. 

Because some reservoir classes contained relatively 
few res~rvoirs, the approach used to develop scor- . 
Ing criteria for RFA/ was to Include all sampllng re
sults from Vital Signs monitoring (1990-1994). A 
slightly different approach was used for species rich
ness metri~ th~ry for .abuQJ!anCf3 and proportional 

' metrics. For spe;les richness metrics, a list was · 
made of all species collected from comparable lo
c~t/ons within ~. rese,yQ/r:. class. from 1990 to 1Q94. . 
Thi; ;pee/es · /i;t was adjusted using inferences of 
experienced biologists knowledgeable of the reser
voir system, resident fish species, susceptibility of .• 

',,,:,:: l,',, ,•: ',' ,,' . ' ,,,,.,,j;,:,1, !,"', "'' ,,• ':•;:\•I• •• •, / 
1 1 0 



Index Development 

.. Case Study: TVA Seo.ring Criteria and Index Dev~iopinerlt (Continuf!d). · 

each species to collection methods being used, and. di~ided by tfie maximum potential ratings· for that . 
effects of human-induced impacts on these species .. .• reservoir, and expressed as a percentage; For ex~ ', 
This effort resulted in a list of the maximum number.. ·ample, for a small reservoir with only one sample · .. 
of species expected to occur at a sampling location side; th~ _health 'evaluation. Would be'20%.{all five . . 
and. be captured by collection devices in use. Giveri ·indicators rated poor~1 for a· total score pf ·5 di~ 

· that samples are collected once each year, this vided by the·maximum possible total of 25) ahd the 
maximum number of specl~s would notbe expected . maximum· would be 100% (all five indicators rated .. 
to be represented in that one co/lection. Therefore, .. good-5). This same range of 20 to 100 percent 

· the range from o to 95 percent _of the maximum was , applies to all reservoi~ regardless of·the number . 
trisected to provide the three scqrfhg ranges (good,. , of sample sites, and the same calculation process 

· fair, and poor). Although 95 percent of the maximum , is used._·. 
number of species at·a site would not be expected 

_ to be collected in one sampling event, this "high" The _next step ts to divide· ~the ·20 to· 10~ percent. 
expectation.was adopted to keep these metrics con"' scx:nng range mto c~_tef1ones_ repre~~~tmg .. goo~, 
servative in light of potential uncertainties introduced . fair, and pop~ eC<Jlog,ca/ healthconditions. Th~s: 
by relying heavily on professional judgement. , .. · ·. has been achieve(} as follows: ... , . .. . . . . . 

Scoring criteria for proportional metrics and the . -1• "Results ~re. plotted an'ciexanirii~iir;f;·appar- ;; 
abundance metric were determined bj,trisecting . ·ent groupings. . . ', .. 

observed_ ranges after omitting outliers. Next; cut- . , ·2. . Groupings ari/'compared to known; a priori 09n~ 
off points between_ the three ranges . were adjusted . '. .ditlons (focusf ng on reservoirs. with kriown .popi .. 
based on exam,inatlon· of frequency distributions. of .. · ,conditior,s}, and good-fair andfalr~poor bound~ ' 
observed data for each metric along with profes-· . aries are establis6ed subjectivelyi . . · .. 

. sional judgment. In some cases, the narrow range · '" 
of obseNed conditions required further adjustment . 3.. The groupings' ar~ cc/npared to a trl~~ction ilf ~ 
based on knowledge of metric responses to human~ · ·· ·• the overall sccring range. A scoring rangf] 1s· , . 

. induced impacts observed in other reservoirclasses; _ ··. - •".adjusted up o'iqown ·a few percentage points- .. 
Scoring criteria foF the fish. health metric ar~ tho_se ·.' ' to ensure '. a . ies'ervoif\vitfi known 'cond/tfons.' 
descr}bed by Karr et al. (1986): .· , . fails within the appropriate catego_ry. This is 

· ,,_, · .: done only in circumstances where a nominal 
To develop metric scores for number of taxa,. re-· · . adjustment ts ni:,cessary._ '· . . 
productive composition, and fish health metrics, 
e/ectro!ishing and experimental gill net sampling re~ ·. These methods have been in use for 6 years; E~'ch . 
suits were pooled prior to scoring. For abundance >year s/f~ht tnodfficatlons 'are made in the original. 
and proportional metrics, electroflshlng and g/11 net- . evatuatfon process and the numerical .scoring er/
ting results were scored separately, then the two tsria for each. ofthe five. ecological health lndica.i' · 
scores averaged to arrive. at a final metric· value: tors (Tab/ff 8-1) based on 8Xf?erlence gsln~d /rom'; . 
These scoring criteria ·separated sites into thr~e ·.·. working with_ this process/review of.th(! ev_aluatlon ·. 
categories assumed to represent relative degrees · scheme by other professionals; and, res'!._~ts <?f_f![!~ . · 
of degradation • . Sample results · are compared to · · other year of monitoring: As a result, scpririg range~. 
thes.e reference conditions and, as5.igned a corre~ · have changed slightly over the years. Low DO and·. 
spondlng value: good= 5, fair-=• 3, and poor:-:; 1. po_or benthos qua,lity con,tributed most ,to· poot .• 

· · · · .. , scores among tributary reservoirs-In 1994 (Figure · 
overall Assessmer,t .. ·. , 8~7); Reservqjr health iatlf;gsa/so differed among'·. 

To arrive at an overall hea/tfl ,evaluation for a re_ser-- · · ecoregions (F=lgu~ s:sj,. with run-i,f-r/ver reservolrii 
typically scoring highest. · · · · 

voir, the sum of the ratings from all sites are totaled, 
;_, •~ I• 
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Case Study: TVA Scoring Criteria and Index Development (Continued) 

Table 8-1. Example of TVA's computatlonal method for evaluatlon of reservoirs: WIison Reservoir 
1994 (run-of-the-river reservoir). 

Observations* Ratings* 

Aquatic Health Indicators Forebay Inflow Forebay Inflow 

Dissolved Oxygen TailraceDOs 3.5 (fair) 5 (good) 

• Less than 2 mg/L (summer avg.) 
- % of X-sectlonal area 0.4[5] 
- % of X-sectional bottom length 10.7 [2J- No 

- Less than 5 mg/Lat 1.5 m (Yes/No) No 
.. 

Chlorophyll a mg/L No samples 3 (fair) No rating 

- Summertime average 13.5 -
- Maximum concentration 30.0 -

Sediment Quality No samples 3 (fair) No rating. 

• Toxicity Rating= 1 
• Ceriodsphnla survival Yes-0%sur. 

- Rotifer survival Yes-30% sur. 

- Chemistry Rating =5 

• Metals/NH/pesticides None 

Benthlc Assemblage 2 (poor) 5 (excellent) 
- Dominance 1 5 
• Tublflcldae 5 3 
- Chlronomldae 1 5 

• EPT 1 3 
- Long-lived 1 5 
- No. oftaxa 1 5 
• Zero In sample 5 5 
- Non-tolerant density 1 3 

Total 20 34 

Fish Assemblage 4 (good) 3 (fair) 
• RFAI .. 45 40 

Sample Location Sum. 15.5 of 25 13 of 15 

Reservoir Sum. 28.5 of 40 (71 %) 

Overall Reservoir Evaluation. ... ''fal,..(yellow) -
• No samples taken from transition zone 

... DC>.~~~'.P"~~ on th~ ~~n, !ri (<;>.~Ely 
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Case·Study: TVA Scoring Criteria and Index Develdpment (Continued) 

(Ecological Health Indicators are shown as a proportion of their contribution t~ thEJ overall score for each reservoir:) 

100 Ecological Health Indicators 
■ Sediment mllll Benthos IZl Fish Assemblage D DO 0 Chlorophyll 'ti o•.· .. , : 

80 c3: 
;..i 
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(,,) Figure 8-7. Overall ecological condition of tributary reservoirs in the Tennessee Valley in 1994. i 
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~ * I ;ea~ ~tudy: TVA Scor/~~Cr/~rla,11nd lndt!JX O.vslopment (Continued) I 
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Figure 8-8.1994 TVA ecological condition summary. 
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Chapter 9 

Quality Assurance: Design, 
Precision and Management 

Quality assurance (QA) is an integrated program 
for ensuring the reliability of monitoring and 
measurement data and includes quality control. 
Quality control (QC) refers to operational proce
dures for obtaining prescribed standards of 
performance in the monitoring and measure
ment process. Specific QC elements can be 
developed for most, if not all, project activities. 
All project activities, from sampling (data 
collection) and laboratory analysis to statistical 
analysis and reporting, are potential error 
sources (Peters 1988). Because error is cumula
tive and can significantly affect the results of a 
project, all possible efforts must be made to 
control it. Therefore, quality assurance is a 
continuous process that should be implemented 
throughout the entire development and opera
tion of a program. 

The purpose of an overall quality assurance 
project plan (QAPP), containing specific QC 
elements and activities, is to minimize-and 
when possible eliminate-the potential for error. 
Additionally, there are objective mechanisms for 
evaluating activities relative to pre-established 
measurement quality objectives and other project 
goals. The appropriateness of the investigator's 
methods and procedures and the quality of the 
data to be obtained must be ensured before the 
results can be accepted and used in decision 
making. QA is accomplished through: 

• Program design. 

• Investigator training. 

• Standardized data gathering and process
ing procedures. 

• Verification of data reproducibility. 

• Instrument calibration and maintenance. 

As outlined below, QA 
requirements apply to all Quality assurance is a 
activities in an ecological 
study. More detailed continuous process that 
guidance and examples 
for QA activities should be should be implemented 
obtained from USEPA 

throughout the entire (1994d, 1995, 1996c); 
more general guidance is development and operation 
outlined by USEPA 
(1993b). of a program. 

9. 1 PROGRAM DESIGN 

A central component of QA is overall study 
design, which includes formulation of ques
tions and hypotheses, experimental design, 
and development of analysis approaches. The 
classical approach by which scientists plan 
research consists of the following steps: 
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• Statement of the problem to be resolved. 

• Formulation of alterna-
A central component of tive hypotheses that will 

explain the phenomena QA is overall study 
or, in the case of prob-

design, which includes !ems that do not involve 
elaboration of processes, 

formulation of questions formulation of specific 
research questions. 

and hypotheses, 

• Establishment of bound-
experimental design, aries within which to 

resolve the problem. and development of 

• Formulation of an analysis approaches. 
experimental or study design 

that will falsify one or more hypotheses or 
answer the specific research questions. 

• Establishment of uncertainty limits including 
setting acceptable probabilities of Type I and 
Type II errors for statistical hypothesis testing. 

• Optimization of the study design including 
power analysis of the statistical design. 

Experimental advances in basic sciences have not 
included the last two steps because uncertainty 
limits were inappropriate or unknown. Examina
tion of experimental advances also reveals that a 
high degree of creativity and insight is required to 
formulate hypotheses and study designs; no 
formal planning process or "cookbook" c;an 
guarantee creativity and insight. Nevertheless, 
documentation of the planning process and a 
complete explanation of the conceptual framework 
help others evaluate the validity of scientific and 
technical achievements. 

9.1 .1 Specifying the 
Questions 

The first task in devel
The first task In developing oping a sampling and 

assessment program is 
a sampling and assessment to determine, and be 

able to state in simple program is to determine, 
fashion, the principal 

and be able to state in questions that the 
sampling program will 

simple fashion, the principal answer. Questions may 
or may not be framed as 

questions that the sampling hypotheses to test, 
depending on program program will answer. 
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objectives. For example, suppose that a sam
pling program objective is to establish reference 
conditions for biological criteria for lakes in 
state Y. Typically, the initial objectives of a 
survey designed to develop criteria are to 
identify and characterize classes of reference 
lakes. Initial questions may then include: 

• Should state Y's minimally disturbed lakes 
be divided into two or more classes that 
differ in biological characteristics and 
dynamics? 

• What are the physical, chemical, and 
relevant biotic characteristics of each of the 
lake classes? 

After state Y's monitoring and assessment 
program has developed biological criteria, new 
questions need to be developed that encompass 
assessments of individual lakes, groups of lakes, 
or lakes of an entire region or state. Specific 
questions may include: 

• Is lake Z similar to reference lakes of its 
class (unimpaired), or is it different from 
reference lakes (altered or impaired)? 

• Overall, what is the status of lakes in state 
Y? How many (or what percentage) lakes 
are similar to reference conditions? How 
many lakes are impaired? 

• Has lake Z changed over a certain period? 
Has it improved or deteriorated? 

• Overall, have lakes in state Y improved or 
deteriorated over a certain period? Have 
individual lakes improved? Are more lakes 
similar to reference conditions now than 
some time ago? 

Finally, resource managers often wish to deter
mine the relationships among variables, that is, 
to develop predictive, empirical (statistical) 
models that can be used to design management 
responses to perceived problems. Examples of 
specific questions include: 

• Can trophic state of a lake be predicted by 
·areal phosphorus loading rate (e.g., 
Vollenweider 1968)? 

• Can the biota of a lake be predicted by 
watershed land use (e.g., Dillon et al. 1994)? 
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These same models (e.g .• analysis of variance, 
regression) are also used to help develop hy
potheses on causal relationships between 
stressors and responses of systems. Establish
ing cause requires manipulative experiments, 
and since surveys and monitoring programs 
preclude experimental investigations. inference 
of causal relations will not be considered here. 
Often, there is enough experimental evidence 
available from other studies so that additional 
causal experiments are not necessary and would 
be superfluous (e.g .. current knowledge of 
nutrients and trophic state generally makes it 
unnecessary to "prove" experimentally which 
nutrients are limiting). 

9. 1 .2 Specifying the 
Population and Sample 
Unit 

Sampling is statistically expressed as a sample 
from a population of objects. In some cases, the 
population is finite, countable, and easy to 
specify, e.g .. all lakes in state Y, where each lake 
is a single member of the population. In other 
cases, the population is more difficult to specify 
and may be infinite, e.g., lake waters of state Y, 
where any location in any lake defines a poten
tial member of the population (Thompson 1992). 
Sampling units may be natural units (entire 
lakes, cobbles in a littoral zone). or they may be 
arbitrary (plot, quadrat, sampling gear area or 
volume) (Pielou 1977). Finite populations may 
be sampled with corresponding natural sample 
units, but often the sample unit (like a lake) is 
too large to measure in its entirety, and it must 
be characterized with one or more second stage 
samples of the sampling gear (bottles, benthic 
grabs, quadrats, etc.) 

In most sampling designs. each sample unit is 
assumed to be independent of other sample 
units. The objective of sampling is to best 
characterize individual sample units in order to 
estimate some attributes (e.g., number of taxa, 
DO) and the statistical parameters (e.g .. mean, 
median, variance, percen-
tiles) of a population of 
sample units. The objective The objective of sampling 

of the analysis is to be able 
is to best characterize to say something (estimate) 

about the population. It is individual sample units in 
critical to distinguish 
between making an infer order to estimate some 
ence about a population of 

attributes and the statisti-many lakes (e.g .. "Reser
voirs in the Blue Ridge are 

cal parameters of a 
deep and oligotrophic") 
versus an inference about a population of sample units. 
single lake (e.g .. "Lake Z has----------
fewer fish species than 
unimpaired reference lakes"). These two kinds 
of inferences require different sampling designs: 
the first requires independent observations of 
many lakes and does not require repeated 
observations within sample units (pseu
doreplication) (Hurlbert 1984); while the second 
often does require repeated observations within 
a lake. Table 9-1 depicts some examples of 
sample units and populations. 

9. 1 .3 Specifying the Reporting 
Unit 

Finally, it is necessary to specify the units for 
which results will be reported. Usually, these 
units are the population (e.g., all lakes). but 
often subpopulations (e.g., lakes within a given 
lake district) and even individual locations (e.g .. 
lakes of special interest) can be used. Subpopu
lations, or strata, are more homogeneous than 

Table 9-1. Examples of sample units and populations. 

Sample Unit Sample Population Infinite or Finite Population 

A point in a specific lake. All points in the lake Infinite 

A point in any lake of 
a state or region. 

Total surface area or 
volume in a state or region 

Infinite 

A lake or a definable subbasin 
of a lake as a single unit. 
(NOTE: Because Jakes are most often 
discrete environments, this is likely to 
be the most common sample unit) 

All lakes in a state or region Finite 
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the entire population, and are separated to 
facilitate comparison among them (see Section 
9.2.1). In order to help develop the sampling 
plan, it is useful to create hypothetical state
ments of results in the way that they will be 
reported, for example: 

• Status of a place: Lake Z is degraded. 

• Status of a region: 20% of the lake area in 
state Y has an elevated trophic state, above 
reference expectations; or 20% of lakes in 
state Y have an elevated trophic state. 

• Trends ataplace: Benthic species richness 
in lake Z has decreased by 20% since 1980. 

• Trends of a region: Average lake trophic 
state in state Y has increased by 20% since 
1980; or Average benthic index values in 
20% of lakes of state Y have increased by 
15% or more since 1980. 

• Relationships among variables: 50% in
crease of P loading above natural back
ground is associated with decline in number 
of taxa of benthic macroinvertebrates, below 
reference expectations; or Lakes receiving 
runoff from large impervious parking lots 
have 50% greater probability of elevated 
trophic state above reference than lakes not 
receiving such runoff. 

Specification of reporting units helps to focus 
the study design on relevant questions. Alterna
tive designs can be examined for their ability to 
address the questions within the specified 
reporting units. Elements of the design that are 
not relevant to questions and reporting units are 
identified as superfluous. 

9.2 SAMPLING DESIGN 

9.2. 1 Sources of Varlablllty 

Variability of data justifies the existence of 
statistics. Variability has many possible 
sources. The intent of sampling designs is to 

collect a representative 
sample of the population. Vsriabllity of data Justifies 
For bioassessment, 
we also wish to (!)minimize the existence of statistics. 
variability due to uncon-

trolled measurement error and, (2)characterize 
and partition the natural variability. For 
example, we may stratify lakes by soil phospho
rus content of the surrounding watersheds (e.g., 
Rohm et al. 1995) so that lakes within a soil P 
class may be likely to have similar water column 
total P concentrations. Typically, we stratify so 
that observations (sample units) from the same 
stratum will be more similar to each other than 
to sample units in other strata. 

When sampling lakes we often measure some
thing (say, chlorophyll concentrations) at single 
points in space and time (center of the lake, 2m 
depth, 10 AM on 2 July). Ifwe make the same 
measurement at a different place (littoral zone, 
1 m) or time (30 January), the measured value 
will be different. These two natural components 
of variability (space and time in this example) 
are called sample variabUity or sampling error 
(Fore et al. 1994). A third component of variabil
ity, called measurement error, refers to our 
ability to accurately measure the quantity we 
are interested in. Measurement error can be 
affected by sampling gear, instrumentation, 
errors in proper adherence to field and labora
tory protocols, and the choice of methods used 
in making determinations. The three basic rules 
of efficient sampling and measurement are: 

1. Sample so as to minimize measurement 
error. 

2. Characterize the components of variability 
that have influence on the central questions 
and reporting units. 

3. Control other sources of variability that are 
not of interest and thus minimize their 
effects in the observations. 

In our example of chlorophyll concentrations, we 
may want to sample each of several lakes in the 
deepest part, with a vertically integrated pump 
sample taken in early spring before stratification 
appears. Many lakes are sampled in order to 
examine and characterize the variability due to 
different lakes (the sampling unit). Each lake is 
sampled in the same way, in the same place, 
and in the same time frame in an attempt to 
minimize variability due to location, depth, and 
season, which are not of interest in this particu
lar study. 

In the above example, chlorophyll concentra
tions vary with location within a lake, among 
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lakes, and time of sampling (day, season, year). 
If the spatial and temporal components of 
variability within lakes are large, then it is best 
to use either an index period sample or to 
estimate a composite from several determina
tions. For example, measurements of chloro
phyll concentrations typically vary more be
tween spring and fall samples within a lake than 
they do between lakes. Therefore, lake chloro
phyll concentrations are often estimated as a 
growing season average, taken from several 
determinations (for instance, monthly) during 
the growing season. 

In analyses, especially hypothesis testing, 
multiple determinations within lakes may be a 
form of pseudoreplication (Hurlbert 1984), and 
should be used with caution. If the hypothesis 
refers to a single lake (e.g., chlorophyll concen
tration of lake Z is higher than a biocriterion), 
multiple determinations are often necessary for 
the test. If the hypothesis refers to many lakes 
(e.g., lakes in state Y have elevated chlorophyll 
compared to state Q), multiple determinations 
within lakes are pseudoreplication if they are 
used as independent observations in the test, 
rendering the test invalid (Hurlbert 1984). If 
multiple determinations for each lake are used 
to calculate a single seasonal mean or median, 
which is then used as an independent observa
tion for the hypothesis test, there is no 
pseudoreplication. Repeated measurement 
designs-analysis of variance (ANOVA-ANalysis 
OfVAriance) or regression-can be used (e.g., 
Underwood 1994) as a single analysis that takes 
into account'multiple determinations. These 
methods estimate means of repeated measures 
to maintain independence. 

__ A less costly alternative to multiple measures in 
space is to use spatially composite determina
tions. In nutrient or chlorophyll determinations, 
a water column pumped sample, where the 
pump hose is lowered through the water col
umn, is an example of a spatially composite 
determination. Benthic macroinvertebrates are 
often sampled with spatial composite determina
tions. For example, benthic macroinvertebrates 
in Atlantic Coastal Plain streams are typically 
sampled by 20 sweeps of a dip net in multiple 
habitats, and composited into a single sample 
(e.g. USEPA 1997b, Barbour et al. 1996a, 
Barbour et al. 1996b, Roth et al. 1997). Benthic 
sampling of Florida lakes is a composite of 12 
Petite Ponar grabs made throughout the sublit-
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toral zone of a lake or a sample unit (Gerritsen 
and White 1997) (see Florida case study in this 
chapter). 

Multiple observations within a sample unit (e.g., 
within a lake) should not be considered inde
pendent observations unless they are taken to 
examine an explanatory variable of interest, 
such as effects of depth, lake zone, season, or 
year. The principal use of multiple measure
ments is to estimate measurement error, that is, 
the variability we should expect when a single 
determination is made in a lake. 

Analysis of variance is used to estimate mea
surement error. All multiple observations of a 
variable are used (from all lakes with multiple 
observations), and lakes are the primary effect 
variable. The root mean square error (RMSE) of 
the ANOVA is the estimated standard deviation 
of repeated observations within lakes. A hy
pothesis test (F-test) is not of interest in this 
application because it tests the trivial hypoth
esis that lakes are different from one another. 

Measurement error is the result of methodologi
cal biases and errors: gear bias; improper use of 
gear or improper training; variability in use of 
gear; laboratory errors 
(chemical analysis Measurement error is 
errors); and natural 
variability that is not of minimized with methodologi-
interest and is not 
being sampled. Mea cal standardization: selection 
surement error is 

of cost-effective, low-minimized with meth
odological standardiza variability sampling methods; 
tion: selection of cost
effective, low variability proper training of personnel; 
sampling methods; 
proper training of and quality assurance 

personnel; and quality 
procedures designed to assurance procedures 

designed to minimize minimize methodological 
methodological errors. 

Natural variability that is not of interest for the 
questions being asked, but may affect ability to 
address these questions, should be estimated 
with the RMSE method above. If the variance 
estimated from RMSE is unacceptably large (i.e., 
as larges or larger than variance expected 
among sample units), then it is often necessary 
to alter the sampling protocol, usually by 
increasing sampling effort in some way, to 
further reduce the measurement error. Mea-
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surement error can be reduced by multiple 
observations at each sample unit, e.g.: multiple 
Ponar casts at each sampling event, multiple 
observations in time during a growing season or 
index period, depth-integrated samples, or 
spatially integrated samples. 

Spatial integration of 
Sampling design ls the sample material and 

compositing the 
selection of a part of a material into a single 

sample is almost population In order to observe 
always more cost

the attributes of interest, so effective than retaining 
separate, multiple 

that the values of those observations. This is 
especially true for 

attributes can be estimated for relatively costly labora
tory analyses such as the whole population. 
organic contaminants 
and benthic 

macroinvertebrates. The Florida invertebrate and 
TV A fish methodologies include the compositing 
of multiple sampler casts into a single sample, 
which is then counted and identified. 

For quality assurance, some effort will always be 
required for repeated samples so that measure
ment error can always be estimated from a 
subset of sites. Repeated measurement at 10% 
or more of sites is common among many moni
toring programs, and is recommended. 

9.2.2 Alternatlve Sampling 
Designs 

Sampling design is the selection of a part of a 
population in order to observe the attributes of 
interest, so that the values of those attributes 
can be estimated for the whole population. 
Classical sampling design makes assumptions 
about the variables of interest; in particular, it 
assumes that the values are fixed (but un-

known) for each mem-
The most basic probability- her of the population, 

until that member is 
based design is simple observed (Thompson 

1992). This assumption 
random sampling, where all 

is perfectly reasonable 
for some variables, say, possible sample units in the 
length, weight, and sex 

population have the same of members of an 
animal population, but 

probability of being selected. it seems less reasonable 
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for more dynamic variables such as nutrient 
concentrations, loadings, or chlorophyll concen
trations of lakes. Designs that assume that the 
observed variables are themselves random 
variables are model-based designs, where prior 
knowledge or assumptions (a model) are used to 
select sample units. 

9.2.3 Probablllty-based 
Designs (Random 
Sampling) 

The most basic probability-based design is 
simple random sampling, where all possible 
sample units in the population have the same 
probability of being selected, that is, all possible 
combinations of n sample units have the equal 
probability of selection from among the N units 
in the population. If the population N is finite 
and not excessively large, a list can be made of 
the N units, and a sample of n units is randomly 
selected from the list. This is termed listframe 
sampling. If the population is very large or 
infinite (such as locations in a lake), one can 
select a set of n random (x,y) coordinates for the 
sample. 

All sample combinations are equally likely in 
simple random sampling. There is no assurance 
that the sample actually selected will be repre
sentative of the population. Other unbiased 
sampling designs that attempt to acquire a more 
representative sample include stratified, system
atic, multistage, and adaptive designs. In 
stratified sampling, the population is subdivided 
or partitioned into strata, and each stratum is 
sampled separately. Typically, partitioning is 
done so as to make each stratum more homoge
neous than the overall population. For example, 
lakes could be stratified by ecoregion. System
atic sampling is the methodical selection of 
every kth unit of the population from one or 
more randomly selected starting units, and 
ensures that samples are not clumped in one 
region of the sample space. Multistage sampling 
requires selection of a sample of primary units, 
such as fields or hydrologic units, and then 
selection of secondary sample units such as 
plots or lakes within each primary unit in the 
first stage sample. 

Estimation of statistical parameters requires 
weighting of the data with inclusion probabilities 
(the probability that a given unit of the popula-



tion will be in the sample) specified by the 
sampling design. In simple random sampling, 
inclusion probabilities are by definition equal, 
and no corrections are necessary. Stratified 
sampling requires weighting by the inclusion 
probabilities of each stratum. Unbiased estima
tors have been developed for specific sampling 
designs, and can be found in sampling text
books, such as Thompson (1992). 

9.2.4 Model-based Designs 

Use of probability-based sampling designs may 
miss relationships among variables (models), 
especially if there is a regression-type relation
ship between an explanatory and a response 
variable. As an example, elucidation of lake 
response to phosphorus loading with the 
Vollenweider model (e.g., Dillon and Rigler 1974) 
required a range of trophic states from ultraoli
gotrophic to hypereutrophic. A random sample 
of lakes is not likely to capture the entire range 
(i.e., there would be a large cluster of me
sotrophic lakes with few at high or low ends of 
the trophic scale), and the random sample may 
be biased with respect to the regression model. 

In model-based designs, sites are selected based 
on prior knowledge of auxiliary variables, such 
as estimated phosphorus loading, lake depth, 
elevation, etc. Model-based designs may pre
clude an unbiased estimate of the population 
(e.g., regional trophic state), unless the model 
can be demonstrated to be robust and predic
tive. Toe population value is then predicted from 
the model and from prior knowledge of the 
auxiliary (predictive) variables. 

Identifying and sampling selected least stressed 
reference sites to develop an index is an ex
ample of samples for a model. Toe model is the 
index (e.g., IBI) and the responses of its compo
nent metrics. Reference sites alone cannot later 
be used for unbiased estimation of the biological 
status of lakes. Ideally, it may be possible to 
specify a design that allows both unbiased 
estimation of a population and index or model 
development. Statisticians should be consulted 
in developing the sample design for a biocriteria 
and biological monitoring program. However, 
managers should be aware that there is strong 
disagreement among statistical schools of 
thought on the subject of sampling design. 
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9.3 EVALUATION OF 
STATISTICAL POWER 

A principal aspect of probability sampling is 
determining how many samples will be required 
to achieve the monitor- _____________ _ 

ing goals and what is Statisticians should be con-
the probability of 
making an incorrect suited in developing the sample 

decision based on the 
design for a biocriteria and monitoring results. 

Toe primary tool for biological monitoring program; 
conducting these 
analyses is statistical however, managers should be 
power analysis. 
Evaluating statistical aware that there is strong 

power is key to devel
disagreement among statistical oping data quality 

criteria and perfor schools of thought on the 
mance specifications 
for decision making subject of sampling design. 
(USEPA 1996c) as well 
as evaluating the performance of existing 
monitoring programs (USEPA 1992d). Power 
analysis provides an evaluation of the ability to 
detect statistically significant differences in a 
measured monitoring variable. Toe importance 
of this analysis can be seen by examining the 
possible outcomes of a statistical test. Toe null 
hypothesis (HJ is the root of hypothesis testing. 
Traditionally, null hypotheses are statements of 
no change, no effect, or no difference. For 
example, the mean abundance at a test site is 
equal to the mean abundance of the reference 
sites. Toe alternative hypothesis (H) is counter 
to H 

0
, traditionally being statements of change, 

effect, or difference. Upon rejecting H 
0

, Ha would 
be accepted. 

Toe two types of deci
Evaluating statistical power is sion errors that could be 

made in hypothesis key to developing data quality 
testing are depicted in 
Table 9-2. A Type I criteria and performance 
error (i.e., false positive) 
occurs when H is specifications for decision 

0 

rejected although H 
0 

is 
making as well as evaluating really true. A Type II 

error (i.e., false negative) the performance of existing 
occurs when H

0 
is 

accepted although H 
0 

is monitoring programs. 
really false. Toe magni
tude of a Type I error is represented by a and 
the magnitude of a Type II error is represented 
by~- Decision errors are the result of measure-
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Table 9-2. Errors In hypothesis testing. 

State of affairs In the population 
Decision 

H0 Is True 

Accept H0 1-a 
(Confidence level) 

Reject H0 a 
(Significance level) 

(Type I error) 

ment and sampling design errors that were 
described in Section 9.2.1. A proper balance 
between sampling and measurement errors 
should be maintained because accuracy limits 
effective sample size and vice versa (Blalock, 
1979). 

9.3.1 Comparison of 
Significance Level and 
Power 

Regardless of the statistical test chosen for 
analyzing the data. the analyst must select the 
significance level of the test. That Is, the analyst 
must determine what error level is acceptable. 
The probability of making a Type I error is equal 
to the significance level (a) of the test and is 
selected by the data analyst. In many cases, 
managers or analysts define 1-a to be in the range 
of 0.90 to 0.99 (e.g., a confidence level of 90 to 
99 percent), although there have been environ
mental applications where 1-a has been set to 

0.80. Selecting a 95 percent 
confidence level implies A Type I error (i.e., false 
that the analyst will reject 
the H

0 
when H

0 
is really positive) occurs when H 

0 true (i.e., a false positive) 5 
ls rejected although H

0 
is percent of the time. 

res/fy true. A Type II error Type II error depends on 
the significance level, 

(I.e., false negative) sample size, number of 
replicates, variability, and occurs when H is 

0 which alternative hypoth
accepted although H Is esis is true. The power of a 

0 
test (1-.13) is defined as the 

rosily false. probability of correctly 
rejecting H when H

0 
is 

0 

false. In general, for a fixed sample size, a and J3 
vary inversely. Power can be increased (13 can be 
reduced) by increasing the sample size or 
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H0 ls False 

13 
(Type II error) 

1-13 
(Power) 

number of replicates. Figure 9-1 illustrates this 
relationship. Suppose the interest is in testing 
whether there is a significant difference between 
the means from two independent random 
samples. As the difference in the two sample 
means increases (as indicated on the x-axis), the 
probability of rejecting H 

0
, the power, increases. 

If the real difference between the two sample 
means is zero, the probability of rejecting H 

0 
is 

equal to the significance level, a. Figure lA 
shows the general relationship between a and J3 
if a is changed. Figure 1B shows the relation
ship between a and J3 if the sample size is 
increased. The tradition of 95% confidence (a = 
0.05) is entirely arbitrary; there is no scientific 
requirement that confidence be set at 95%. 
Indeed, for environmental protection, power is at 
least as important-and possibly more impor
tant-than confidence (Peterman 1990, 
Fairweather 1991). 

9.3.2 Basic Assumptions 

Usually, several assumptions regarding data 
distribution and variability must be made to 
determine the sample size. Applying any of the 
equations described in this chapter is difficult 
when no historical data set exists to quantify 
initial estimates of proportions, standard 
deviations, means, or coefficients of variation. 
To estimate these parameters, Cochran (1963) 
recommends four sources: 

• Existing information on the same population 
or a similar population. 

• A two-step sample. Use the first-step sam
pling results to estimate the needed factors, 
for best design, of the second step. Use data 
from both steps to estimate the final preci
sion of the characteristic(s) sampled. 



• A "pilot study" on a "convenient" or "mean
ingful" subsample. Use the results to 
estimate the needed factors. Here the 
results of the pilot study generally cannot be 
used in the calculation of the final precision 
because often the pilot sample is not repre
sentative of the entire population to be 
sampled. 

• Informed judgment, or an educated guess. 

For evaluating existing programs, proportions, 
standard deviations, means, etc. would be 
estimated from actual data. 

Some assumptions might result in sample size 
estimates that are too high or too low. Depend
ing on the sampling cost and cost for not 
sampling enough data, it must be decided 
whether to make conservative or "best-value" 
assumptions. Because of the fixed mobilization 
costs, it is probably cheaper to collect a few 
extra samples the first time than to realize later 
that additional data are needed. In most cases, 
the analyst should probably consider evaluating 
a range of assumptions regarding the impact of 
sample size and overall program cost. USEPA 
recommends that if the analyst lacks a back
ground in statistics, he/she should consult with 
a trained statistician to be certain that the 
approach, design, and assumptions are appro
priate to the task at hand. 

9.3.3 Slmple Comparison of 
Proportions and Means 
from Two Samples 

The proportion (e.g., percent dominant taxon) 
or mean (e.g., mean number of EPT taxa) of two 
data sets data sets can be compared with a 
number of statistical tests including the para
metric two-sample t-test, the nonparametric 
Mann-Whitney test, and two-sample test for 
proportions (USEPA 1996c). In this case, two 
independent random samples are taken and a 
hypothesis test is used to determine whether 
there has been a significant change. To compute 
sample sizes for comparing two proportions, Pi 
and p

2
, it is necessary to provide a best estimate 

for p
1 

and p2 , as well as specifying the signifi
cance level and power (1:13). Recall that power is 
equal to the probability of rejecting H 

0 
when H 

0 

is false. Given this information, the analyst 
substitutes these values into the following 
equation (Snedecor and Cochran, 1980) 
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Equation 1. 

where Z and Zzi correspond to the normal 
deviate. Common values of (Z + Zzif are sum
marized in Table 9-3. To account for p

1 
and p

2 

being estimated, t could 
be substituted for Z. In 

EPA recommends that if the 
lieu of an iterative 
calculation, Snedecor analyst lacks a background 
and Cochran (1980) 
propose the following in statistics, he/she should 
approach: (1) compute 

consult with a trained n 
0 

using Equation 1; (2) 
round n 

0 
up to the next statistician to be certain that 

highest integer, f; and (3) 
multiply n by ([+3)/(f+l) the approach, design, and 0 

to derive the final 
estimate of n. assumptions are appropriate 

To compare the mean to the task at hand. 
from two random 

:c· 
g, 1.0 
'fl ., 
"W a: 
'o 

Power(1-ll) 
~ :g <X2 
~ a1...a..--
a. 0.0-----------------

o.o Increasing Difference Between 
the Mean of Two Random Samples 

A) Increasing Significance Level from a. to a. 

:I:" 

g> 1.0 

l 
'o 
~ 
j 
e a 
a. 0.0-1--------------====a:.. 

0.0 
Increasing Difference Between 
the Mean of Two Random Samples 

B) Increasing Sample Size from n. to n. 

Figure 9-1. Illustration of significance (a) and 
power (1-~). 
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Table 9-3. Common values of (Za + ~p}2 for estimating sample size for use with Equations 1 and 2 
(Snedecor and Cochran 1980) 

Power, 
afor One-sided Test a for Two-sided Test 

1-8 0.01 0.05 0.10 0.01 0.05 0.10 

0.80 10.04 6.18 4.51 11.68 7.85 6.18 

0.85 11.31 7.19 5.37 13.05 8.98 7.19 

0.90 13.02 8.56 6.57 14.88 10.51 8.56 

0.95 15.77 10.82 8.56 17.81 12.99 10.82 

0.99 21.65 15.77 13.02 24.03 18.37 15.77 

samples to detect a change of (i.e., x---2·x_), the 
following equation is used: 

2 (s/ + S22) 
Ilo = (Zcx + Z213) 02 

Equation 2. 

where s 
I 

and s 
2 

are standard deviation of 
samples l and 2. 

Common values of (Z + Z?.11)2 are summarized in 
Table 9-3. To account for s 1 and s2 being 
estimated, Z should be replaced with t. In lieu 
of an iterative calculation, Snedecor and 
Cochran (1980) propose the following approach: 
(1) compute n

0 
using Equation 2; (2) round n

0 
up 

to the next highest 
For Jargs samp/0 sizes or integer, J; and (3) multiply 

n
0 

by (f+3J/(f+lJ to derive 
samples that are normally the final estimate of n. 

dlstributsd, symmstric A special case of Equation 
2 arises for biocriteria, 

confldsncs Intervals for when we compare the 
mean of a sample from a the msan are appropriate. 
lake to determine if the 
value is below some set 

limit, that is, if the lake is impaired or below a 
reference threshold. The threshold is fixed by 
previous investigations and decisions, and is not 
a random variable. We ask now whether we can 
detect a change of (i.e., C-x_

1
), where C is the 

biocriteria limit: 

2 (s/) 
no = (ZIX + 2 213) ~ 

Equation 3. 

In Equation 3, Z is most often one-tailed, 
because the concern is only whether the value is 
below the threshold. 

9.3.4 Sample Size 
Calculatlons for Means 
and Proportions 

For large sample sizes or samples that are 
normally distributed, symmetric confidence 
intervals for the mean are appropriate. This is 
because the distribution of the sample mean will 
approach a normal distribution even if the data 
from which the mean is estimated are not 
normally distributed. The Student's t statistic 
(t ) is used to compute symmetric confidence /2,n-l 
intervals for the population mean, µ: 

2 x - tcx/2,n-l .Js2 In~µ ~ X + ta,2,n-1.Js / n 

Equation 4. 

where X. is the sample mean and s2 is the 
sample variance. 

This equation is appropriate if the samples are 
normally distributed or the sample size is 
greater than 30 (Wonnacott and Wonnacott, 
1972), although Helsel and Hirsch (1992) 
suggest that highly skewed data might require 
more than 100 observations. 

Although several approaches exist to estimate 
confidence levels for any percentile, many rely 
on assuming a normal or lognormal distribu
tion. The approach presented here (Conover, 
1980) for more than 20 observations does not 
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~, t•,;- •. 

Example Sample S{ze Calc~lat{Of1S to/Comp~rfnsi Proj;_'ortions andPi,pulation Means 

Example 1-Sample size calculatipn for coinpar-.'. T/Je. example il/4.straies'that a statisticaily significant_ 
ing proportions ,- - · -difference can be easify·detected in proportions if -

-- . . , . - . -. · '. sufficient individuals are' sampie~;· However, it is 
To detect a difference: m proportto~s ?f 0,20 with 80- doubtfuUhai a difference·betwee11 40% and60% in 
two-sided test, a equal to 0.05,. 1'-B equal_f"<r0-90_, ,,, dominant taxon is biologically meaningful. -
and an estimate of p andp equal to Q.4'and.0.6, n -· • · ·-, -- - - · ._ ._. -

1 2 0 

is computed from Equation 1 as -·, ~- • -- , ;Example ?~Samp/11 size calc:ulation for compar~ · 
· Jng population m~ans 

' l(0.4)(0.6) + (0.6)(0.4)1.- .. . _ ·_ · 
n 0 =10.51 .. - _ -- __ -2 ,. =12 6__ .l·. 

- - . (0.6'-0.4-J-- - .. · . -;.:_• ·ro detect a difference· of 20iri mean abundance with 
,- . ~- twd~sided test. -The standard deviati~n; s, was es-

Rounding 126. 1. to theriext highest integer, f is equal .· timate~ as 30 fo_~ both. samples· based on· previous. 
to 127, anc1 n is computed as·126.1 x 1301128 ot studi~s; wass!31ected~s0.05;and1-Bwass_elected 
128.1. ·tfierefore 129 samples in each -randc,m : as_0:90. Substituting thtis~ values into Equation_2 
-sample, or258 total sarnples, are needed to detec(a ':· Yif!/ds' : · _-. - . . -. 

difference in proportions of 0.2: Since thl!)Se ~re prO:. . · : ·" :_(36213 o2J . · 
= 4 7 .3 portions, the result means that the total count in the __ · -• _ ~ o = 1 o -1 1 2 - -2 0 

-sample must be at least .129." For example, _to detect _ • 
the·above difference in the'proportion'of.domi~ant --•· Rounding 47.3 to the nexthighesfinteger, f _is equal. 
taxon (e.g., benthic macroinvertebrates or fish) of tWo to 48, and_ n (s computed as 47.3 x 51/49 or. 49.2. 
lakes, at leasf12_9 individuals must be counted and' ·The_r_efdre 50 samples in eachrandqmsample, or.100 
identified in each lake._ - ':"fotll/samples, are n~ to detect a difference of 20. · 

rely on these assumptions. Conover (1980) also 
provides a procedure for smaller sample sizes. 

To calculate the confidence interval correspond
ing to the median, lower quartile, or upper 
quartile, the following procedure is used. 

1. Order the data from smallest to largest 
observation such that 

Xl < - ··· < - X r-< ··· < - X p-< ··· -< X s-< ··· X n 

where xP corresponds to the median (i.e., 
p=0.5), lower quartile (i.e., p=0.25), or upper 
quartile (i.e., p=0. 75). 

2. Compute the values of r· and s· as 

r* =np-Za12(np(l-p))O 

s* =np+Za12(np(l-p))0.5 

Equation 5. 

where za,2 is selected from a normal distribution 
table. 

3. Round r· and s' up to the next highest 
integers r and s. The 1- lower and upper 
confidence limits for xP are xr and x •• respec
tively. 

It can be seen from Equation 5 that estimation 
of medians or quartiles from small samples can 
result in large confidence intervals for the 
estimate. For example, the 90% confidence 
interval for the lower quartile of a sample of 
n=l0 covers the first five observations. A 
sample of less than 10 
observations would have a Estimation of reference 
confidence interval extending 
below the smallest observa conditions should be 
tion. This is the reasoning 
behind a general "rule of based on a sample of 
thumb" that estimation of 

10 or more sites, if at all reference conditions should 
be based on a sample of 10 possible. 
or more sites, if at all pos
sible. 
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Case Study: Optimization of Benth/c Sampling in Florida Lakes 

To optimize its lake sampling protocols, Florida DEP 
performed a pilot study on 9 lakes. Each lake was 
sampled with twelve petite Ponar grabs (0.02 m2) dis-
trlbuted approximately equidistant in the subllttoral 
zone of the lake (2-4 m depth; Fig. 7-6). Each grab 
was kept separate in laboratory identification and enu-
meration. The lakes spanned a wide range in benthic 

1111 ITJ!l.<;rQlf'l.vertebrate diversity and abundance (Table 9-
4), from 7 to 63 taxa, and 228 to 3540 organisms In 

... f),24:Jir2 sampled. In seven of the nine lakes, the num
ber of taxa continued to increase with sampling ef-

" fort, and did not reach an asymptote with twelve Ponar 
samp/0s. 

To lffustrat0 th0 effects of compositing samp/0 casts, 
! ••· each sample of 12 grabs was composit9d into 2 repli-
111"'11" ''• ,"'Ill,""'• :::111:1•'",,,', ', " ,,,,,, "" ",, " '"'", , ,, 

::!:: cats~.~ 6 ~ts,~ tlu~t~tJch t}l!IJ1Ple consist9d 
of alternate casts (Rg. 7-6). This yielded 2 alternative 
S8f1Jp/lng protocols: 12 Ponar replicates for each fake, 
sndtKo replicates of 6 Ponars each. 4 candidate metrics 

•· werB calculated: number of taxa (cumulative for 
: composited samples), percent dominance, sensitive 
., taxa (ephemeroptera, trichoptera, odonata), and log 

abundance. Standard deviation of each metric, as mea
!!11!: ~~ht error In. determini"rig .Uw '?rue;. value for ~ch 

1 11 ll1 Jak9;was es'iimaied ·with ··#ie····rooi mean square error m 

, (RMSE) from ~ analysis of var/~ (Table 9-5). 

;,,,Al/metrics had a lower CC>9fflcient of variation.(CV) in. 
·:::: the composited protocol than in the ·uncomposited,· 

~~ showing the advantages of compositing multiple de-

;iilliii::::e!~~~~~ .. :::£! i~~,f~!ilie!~ ... ~~ar s~ch a~ Ponars. 
, Com~ed samples reducs costs .becauss fewer jars 
.... ... ~d r9COrds .. are required, and sampling time is re

duced .. some. . Laboratory analysis can be reduced 
by subsampllng a fixed number of organisms (e.g., 

,iii ... JOQ, ?PP, or300) from the composite sample for iden
llli:: tiffcatlon. It has been shown with the same Florida 

data (Barbour and 

volume) (Hurlbert 1971). Subsamples that are larger 
than the target number can be re.duc.ed 
computationally by rarefaction (Hurlbert 1971, Vinson 
and Hawkins 1996, Barbour a,nd Gerritsen 1996). 
Based on these results, Florida DEP adopted the fol
lowing sampling protocol for lake benthic inverte
brates: 

• 

• 

• 12 Ponars randomly deployed in 12 segments of 
the 2-4m depth zone of lakes fess than 1000 acres. 

Ponar casts are composited into a sing/0 sample 
and sieved through a 500 m mesh screen. 

• A subsample of 100 benthic macroinvertebrates 
is sorted and identified to the lowest practical 
taxonomic level. 

The sampllng protocol is duplicated at approxi
mately 10% of sites to estimate measurement 
error. 

Table 9-4. Number of taxa and lndlvlduals In 12 
I U ve P I fro m 9FI 0 rid a I a kea . cumua onarsampes 

Lake Cumulative taxa 

Overstreet 63 

Post 54 

Camel 54 
. Logan 42 

Mic 34 

Oche 31 

Del 16 

Pickett 9 

Adams 7 

CUmulllllve 
lndlvkluala 

768 

454 

3540 

1649 

2828 

1849 

228 

370 

495 

Gerritsen 1996) Table 9-5. Comparison of two sample processing protocols, Florida lakes. 
that subsampllng 

a~.(!£ nyml!flLPl 
organisms (100 

..... or more) yields 

,,,,,,,,!~f!quate estl-
···· ·· mates of number 

of taxa, which are 
actually more pre
cise than taxa 

· penslty (total taxa 
JO.a fixed a~a or 

mean of 12 Ponars mean of 2 samples of 8 composited Ponars 

Population Range s.d. CV Population Range s.d. CV 
mean (9 lakes) (Individual (average mean (9 lakes) (Individual (average 

(9 lakes) lake) lake) (9 lakes) lake) lake) 

No. oftaxa 8.85 2·19 3.62 40.9% 25.7 5.6-44.5 4.38 18.9% 

% 58.8% 40%-96% 14.8% 25.2% 50.4% 16%-96% 6.9% 17.7% 
dominance 

Sensl1fvu 0.39 0-1.7 0.628 181% 1.6 ~.5 1.27 79.4% 
ta>ca(ETO) 

Totallndlv 4.13 2.78-5.60 0.717 17.4% 6,12 4.68-7.48 0.145 2.4% 
(In) 
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- - . . 

Case ~udy: E.stimation of Power for T'IA Fish Samples · 

TVA samples reseivo~r . fish, b~nthic rria9ro-, ·2 .. , Test whethe~. a lake is ,below··~-. thi:e~hold 
··invertebrates, water column chlorophyll, dissolved oxy- . '(b'iocriteria) .· . _ . . .. .·· . _ · 
. gen,. and sediment co~taininatiim to rate the pvera/1 . Todetec:t a difference qf 1~in-me_an RFAI score:be~ ·. 
health of its reservoirs, 5 indices are calculated, one for · . low a threshold. The sarrie staiii:Jard deviation esti~ 
each indicator group. 

0 

Measurements are duplicated at . mat~ is uiict as above ilq2i; Table 9~6); a and 1-B 
selected rsservoirs to obtain estimates· of.variability. .. were seiected_as 0.05 arid 0:BOi respectiveiy, .but . . 

. . .. . . is-now one~side~. Substituting these vaiues· into:_· 
In 1996, fish sampling was repeated at seven resers : Eq(J8ction 2· yields:.. . -
.veilrs: The TVA Reservoir Fish Assembly Index (RFAI) · '. 2 · 

is composed of 12 metrics (see chapterB). flangei · ..4.027 . .··· ·· . ·. n0 =.6;18 _ = 1.002 102 of metric.values in 1996 (for all re~e.ivoir~)'and metric· .. 

standard deviations (from ·multiple determinations at . Rounding 1.002 to the next highest integer, f is equal· 
·_single reservoirs are given in Table_9-6.::. . . . to 2, and n is 'cqmputed as 1.002 x·si3 or-1;67,. 

From the st~ndard deiAation of the RFAI score, we': . Therefore~ 2 samples are needed tq detect a differ
can estimate the n~mber of samples ·required to de-/ enpe o~ _10 in RFAI scqr~ beloMi .a :fh;'eshofct wtth a 
tect differences among fakes. · .. · · - •· · · . · • . , prob~/;>11!ty ofO.B? qffin,dmg a true ~ifference. If/he._ 

· effect size;· or distance·. ~low the threshold, were.· · 
_ 1. Difference between two iakes (orbetwee~ ~~ sam~ in6reased t~ -15,tlum·the.requiredsamp/e size would:•· 
piing times within a lake) . . btf'1. Thusifwe find ~·RFAI value from~ sirlgle 

·To detect a difference of 10 iO'lhean RFAI score with unrepficateds~mpfe to-be 15pdints b~low athresti. · · 
a two-sided test . The standard d~viation, s,c Was e;- • ··old, then we would expecfthat replication woi.Jldiw 
timated.as 4;0.27for both sampltis (Table: 9~6); a. was cl'lange a c<,nclusioh that the'reservoir RF,AI is be-

. selectedas0.05;and1sBwassefe_ctedastiBO) Sub-: low-the tlifeshoid,.95% of the .time.· ,This example 
stituting these values into Equation 2 yields -shows the potential value of ~dsptive [!arlipling sirat- ·. 

· -, ., · :·-eg;es;:_whBfe a decision·to_iiic,:eBse Sampling effort·. 
· ·... - ·<{4.027 2 +4.0272): _ , . is,based_ on the vafuf3 cifthe firsnepflcate: If the . 
· n0 =7.85 . ·· .... ·=2.54 indexvalueisveryfarJ?efowatljreshold,.the/-eisnp_ 102 
. ·.. . . . . . . . . . ' . . . ' ... ·. : . neec{ to replicate~ As.- the indeX vafu~ app,:.o_aches': 

·.•• ijounding 2,54 to ·the next, highest in{eger, f is eq,i:1~/ • the threshoid, sampling effort (Jeeds' to'increase inc: 
to 3; sr,d n is compifted as 2.54 ?5 614 or 3.82: .Thf!re- · .. order "to -make a decislqn at the. prescribed power 

·. fore, 4 samples in each ~eservoir, c,( B t~tal sample~, . andsigiifocsnce: . At somfi point, the S:ainpling. effort_ : . 
a~e needed to detect a_d1ffe,:.er,ce of 1 O .m RFAI score ·· becomes so costiy tha·t fudgementjs reserved; i.e., · · 
:~tween nyo reservoirs; with a probability ·of 0.80 of. · no i:Jecision is inade.' . . - . . . • . - . ... . · 
Jinding a truli? dif!erence;' · · · 

.· Tabie 9-6. Minimum and ~axl~Um vaJiles, and ~tanda~d dev~atlons of ~peated : 
measures, of ~olr fls~ metri(?S and the _RFAI~ . , . . . . 

Metric Minimum . . Maximum (aH) sot ~ed · 
(all reservoirs, .. . measures (11=7) 
1990·96 · .·. 
12 ~7 

1.309 
0;756 
.0.463 
0.463, 
0.118 · 
0.122 

· o.1.1a·-
0.141· 

15.6IT 
0.0051'. 

18 56 4.027 
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9.4 MANAGEMENT 

9.4. 1 Personnel 

Trained and experienced biologists should be 
available to provide thorough evaluations, 
provide support for various activities, and serve 
as QC checks. They should have training and 

experience commensurate 
with the needs of the 

Protocols should be program. At least one staff 
member should be familiar developed for designing a 
with establishing a QA 

data base and for screen- framework. QA programs 
should document person

Ing, archiving, and nel responsibilities and 
duties and clearly delineate 

documenting data. project organization and 
lines of communication 

(USEPA 1995). A time line illustrating comple
tion dates for major project milestones or other 
tasks can be a tremendously useful tool to track 
project organization and progress. 

9.4.2 Resources 

Laboratory facilities, adequate field equipment, 
supplies, and services should be in place and 

operationally consistent 
For the field operations with the designed pur

poses of the program so 
aspect of an ecological that high-quality environ

mental data can be 
study, the major QC generated and processed 

in an efficient and cost
elements are instrument effective manner (USEPA 

1992b). Adequate trumcalibration and mainte
nomic references and 

nance, crew training and scientific literature should 
be available to support 

evaluation, field equipment, laboratory work, data 
processing, and interpre

sample handling, and 
tation. 

additional effort checks. 

9.5 OPERATIONAL QUALITY 
CONTROL 

Protocols should be developed for designing a 
data base and for screening, archiving, and 
documenting data. Data screening identifies 

1, ;. Six. qualitative and quantitative data characteris-
tics usually employed to describe data quality: 

ii: , 1. Precision-The level of agreement among 
repeated measurements of the same char
acteristic. 

2. Accuracy-The level of agreement between 
the true and the measured value, where the 
divergence between the two is referred to as 
bias. 

3. Representativeness-The degree to which 
the collected data accurately reflect the true 
system or population. 

4. Completeness-The amount of data collected 
compared to the amount expected under ideal 

, conditions. 

······ 5. Comparability-The degree to which data 
from one source. can be compared to other, 
similar sources. 

6. Measurabillty-The degree to which mea-
!'.,,,,, ...... ,... .... sured data exceed the detection limits of the 

analytical methodologies employed; often a 
function of the sensitivity of instrumentation. 

questionable data based on expected values and 
obvious outliers. Screening is especially impor
tant if data are gathered from a variety of 
sources and the original investigators and data 
sheets are no longer available. The following 
text box defines the qualitative and quantitative 
data characteristics that are most often used to 
describe data quality. 

These measurement quality indicators require a 
priori consideration and definition before the 
data collection begins. Taken collectively, they 
provide a summary characterization of the data 
quality needed for a particular environmental 
decision. Duplication of approximately I 0 
percent of the total sampling effort is a common 
level for operational QC. Replication of samples 
at a randomly selected subset of field sites 
(usually, 10 % of the total number is considered 
appropriate) is used to estimate precision, and 
representativeness of the samples and the 
methods; splitting samples into subsamples can 
be used to check precision of the methodology, 
and reprocessing of finished samples is used to 
check accuracy of laboratory operations. 
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9.5. 1 Field Operations 

For the field operations aspect of an ecological 
study, the major QC elements are instrument 
calibration and maintenance, crew training and 
evaluation, field equipment, sample handling, 
and additional effort checks. The potential 
errors in field operations range from personnel 
deficiencies to equipment problems. Field notes 
are integral to the documentation of activities 
and can be used to help locate potential record
ing errors. Training is one of the most impor
tant QC elements for field operations. Estab
lishment and maintenance of a voucher speci
men collection should be considered for biologi
cal data. Transcription errors during data enby 
can be reduced with double data enby. Table 9-
7 gives examples of QC elements for field and 
laboratory activities. 

9.5.2 Laboratory Operations 

The QC elements in laboratory operations 
include sorting and verification, taxonomy, 
duplicate processing, archival procedures, 
training, and data handling. Potential error 
sources associated with sample processing are 
best controlled by staff training. Controlling 
taxonomic error requires well-trained staff with 
expertise to verify identifications. Counting 
error and sorting efficiency are usually the most 
prominent error considerations; they can be 

Quality Assurance: Design, Precision and Management 

controlled by training and by duplicate process
ing, sorting, and verification procedures. See 
Table 9-7 for examples for QC elements for 
laboratory activities. 

9.5.3 Data Analysis 

Errors can occur if inappropriate statistics are 
used to analyze the data. Undetected errors in 
the data base or programming can be disastrous 
to interpretation. Problems in managing the 
data base can occur if steps are not taken to 
oversee the data handling, analysis, and sum
marization. The use of standardized computer 
software for data base management and data 
analysis can minimize errors associated with 
tabulation and statistical analysis. A final 
consideration is the possible misinterpretation 
of the findings. These potential errors are best 
controlled by qualified staff and adequate 
training. 

9.5.4 Reporting 

QC in reporting includes training, peer review, 
and the use of a technical editor and standard 
formats. The use of obscure language can often 
mislead the reader. Peer review and review by a 
technical editor are essential to the development 
of a sound scientific document. 
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Table 9-7. Example QC elements for field and laboratory activities 

Project 
Actlvltv 

Field Sampling 

Physical 
Habitat 
Assessment 
(Qualitative) 

Physical 
Habitat 
Assessment 
(Quantitative) 

Laboratory: 
Sample 
Sorting 

Laboratory: 
Sample 
Tracking 

Laboratory: 
Taxonomic 
Identification 

Data 
Management 

Data Analysis 

QC Element 

Replicated samples at 10 percent of 
sites by same field crew. 

Replicated samples at one to two of total 
sites by different field crew using same 
methods. 

Ensure appropriate training and 
experience of operators; multiple 
observers. 

Replicated measurements at 10 percent 
of sites. 

Sample residue checked for missed 
specimens to estimate sorting efficiency; 
check completed by separate lab staff. 

Logbook with record of all sample 
information. 

Independent identification and/or 
verification by specialist; ensure 
appropriate and current taxonomic 
literature available; adequate training 
and experience in invertebrate 
identifications; reference collection; 
exchange selected samples/specimens 
between taxonomists. 

Proofreading; accuracy of transcription. 

Hand-check of reduced data. 

Appropriate statistics; training. 

Evaluation Mechanism 

Calculate relative percent difference 
{RPD) of index value or individual metric 
score 

Calculate RPDs as above; use to 
evaluate consistency and bias. 

Resume or other documentation of 
experience; discuss and resolve 
differences in interpretation. 

Calculate RPDs between replicate 
measurements; compare to 
preestablished precision objectives. 

Calculate percent recovery; compare to 
preestablished goals. 

Not applicable. 

Calculate percent error; compare to 
preestablished goals. 

All transcribed data entries compared 
by hand to previous form-handwritten 
raw data, previously computer-
generated tables, or data reports. 

For computer-assisted data reduction, 
approximately 10 percent of reduced 
data recalculated by hand from raw data 
to ensure integrity of computer 
algorithm. 

Review by statistician or personnel with 
statistical training. 
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Chapter 10 

Biocriteria Implementation 

1 0.1 CHARACTERISTICS OF 
EFFECTIVE BIOCRITERIA 

Development of narrative or numeric biocriteria 
depends on the premise that biota provide a 
sensitive screening tool for measuring the 
condition of a water resource. Properly defined 
biocriteria can be used to protect the biological 
integrity of waterbodies and establish aquatic 
life use classifications. 

Following the development of biocriteria, sites 
are evaluated to determine how well they meet 
the biocriteria or whether they have been 
significantly degraded. This determination is 
made by comparing the aquatic biota at poten
tially disturbed sites to the biocriteria, which are 
in tum based on minimally impaired reference 
conditions. The greater the anthropogenic 
impact in a watershed, the greater the impair
ment of the water resource. A corollary is that 
drainage basins not subject to anthropogenic 
impacts contain natural communities of aquatic 
organisms that reflect unimpaired conditions. 
These assumptions provide the scientific basis 
for formulating hypotheses about impairments-
departures from the natural condition that 
result from human disturbances. 

The establishment of formal biocriteria warrants 
careful consideration of planning, management, 

and regulatory goals. Effective biocriteria 
function to: 

• Provide for scientifically Properly defined 
sound evaluations. 

biocriteria can be used 
• Protect the most sensitive 

to protect the biological biological value. 

integrity of waterbodies • Support and strive for 
protection of chemical, and establish aquatic 
physical, and biological 
integrity. life use classifications. 

Generally, optimal biocriteria 
share several common characteristics: 

• They include specific assemblage charac
teristics required for attainment of desig
nated use. 

• They are clearly written and easily under
stood. 

• They adhere to the philosophy and policy 
of antidegradation of water resource 
quality. 

• They are defensible in a court oflaw. 

In addition, biocriteria should be written to 
consider the best attainable condition at a site. 
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Overly stringent criteria that are unlikely to be 
achieved serve little purpose. Similarly, 
biocriteria that support a degraded biological 
condition defeat the intent of the Clean Water 
Act. Well-designed biocriteria are set at levels 
sensitive to anthropogenic impacts; they are 

not set so high that sites 

Ths bsst balance is that have reached their 
full potential are consid-

schievsd by developing ered in nonattainment 
or so low that unaccept

blocritsria that closely ably impaired sites are 
scored as meeting the 

represent the natural criteria. It will be diffi
cult to determine the full biota, protect against 
potential of a given lake. 

further degradation, and Balanced biocriteria will 
allow multiple uses to be 

stimulate restoration of considered so that any 
conflicting uses are 

degraded sites. evaluated at the outset. 
The best balance is 

achieved by developing biocriteria that closely 
represent the natural biota, protect against 
further degradation, and stimulate restoration 
of degraded sites. 

Several kinds of biocriteria are possible, and 
both narrative and numeric biocriteria have 
been effectively implemented. Narrative 
biocriteria consist of statements such as 
Maquatic life as it naturally occurs" or Mchanges 
in species composition may occur, but struc
ture and function of the aquatic community 
must be maintained." Numeric values, such as 
measurements of community structure and 
function, can also serve as biocriteria as such 
or as quantitative refinements of narrative 
biocriteria. To account for a measure's natural 
variability in a healthy environment, the 
numeric Criterion should be a defined range 
rather than a single number. Numeric criteria 
may also combine several such values in an 
index. Regardless of which kind is chosen, 
biocrfteria should be both quantitatively based 
and supported by effective implementation 
guidelines and adequate capabilities including 
people, resources. methods, historical data, 
and management support. Additional general 
guidance regarding the Writing of biocriteria is 
provided in EPA 440/5-90-004 (1990a) and 
EPA 822-B-92-002 (1992e). 

1 0.2 STEPS TO 
IMPLEMENTATION 

( 

The first phase in a biocriteria program is the 
development of narrative biological criteria 
(USEPA 1992e). These criteria are essentially 
statements incorporated into water laws and 
regulations to formally consider the fate and 
status of aquatic biological communities. These 
statements of intent should include the following 
objectives: 

1. Support the goals of the Clean Water Act to 
provide for the protection and propagation 
of fish, shellfish, and wildlife, and to restore 
and maintain the chemical, physical, and 
biological integrity of the Nation's waters. 

2. Protect the most natural biological commu
nity possible by emphasizing the protection 
of its most sensitive components. 

3. Refer to specific community characteristics 
that must be present for the waterbody to 
meet a particular designated use; for 
example, natural diverse systems with their 
respective communities or taxa indicated. 

4. Include measures of community characteris
tics, based on sound scientific principles. 
that are quantifiable and Written to protect 
or enhance the designated use. 

5. In no case should impacts degrading 
existing uses or the biological integrity of the 
waters be authorized. 

The use of multiple measures. or metrics, to 
develop biocriteria is a systematic process 
involving discrete steps. The process includes 
site classification (Chapter 4), a biological 
survey, evaluation of metrics with aggregation 
into indices (where indicated), formulation of 
biocrfteria, and monitoring and assessment. The 
conceptual model for processing biological data 
into a biocriteria framework is adapted from 
EPA 822-B-96-00l(USEPA 1996a) and summa
rized in Table 10-1. The process is as follows: 

Step 1: Preliminary Classification of the Re
source-The first decision that a resource 
agency must make is to determine the resource 
classes to which biocriteria will apply. Success
ful classification will result in less variation 
within a class, leading to more refined charac
terization of the reference condition and, there-
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fore, to criteria with better resolution in detect
ing impairment. The preliminary classification 
should be based on lake characteristics that are 
not subject to pollution or disturbance, such as 
size, depth, morphology, or characteristics of the 
lake watershed. 

Multijurisdictional collaboration is encour
aged so that common methods and metrics 
can be established among states or other 
monitoring entities, and common reference 
conditions for multijurisdictional ecoregions 
can be characterized. 

A set of reference sites are selected for each 
resource class; the reference sites are those 
least impacted by human influence, and they 
are characteristic of the resource class. 

Step 2: Biological Survey-To determine the 
discriminatory power of the metrics within a 
lake class, the best-quality sites available, as 
well as those known to be impaired, are sur
veyed for biota and physical habitat. The use of 
standardized field collection methods allows a 
better interpretation of the raw data than does 
the use of a conglomeration of techniques. 

Table 10-1. Sequential progression of the blocriteria process. 

Step 1 Preliminary Classification to Determine Reference Conditions and Regional 
Ecological Expectations 

- Resource classification 
- Determination of best representative sites (reference sites representative of 

class categories) 

Step2 Characterization of Reference Condition 
- Historical data 
- Survey of reference sites and selected test sites. 
- Applicable models 
- Expert consensus 

Step3 Final Classification 
- Test preliminary classification 
- Revise if necessary 

Step4 Metric Evaluation and Index Development· 
- Data analysis (data summaries) 
- Testing and validation of metrics by resource class 
- Evaluation of metrics for effectiveness in detecting impairment 
- Aggregation of metrics into index 
- Selection of biological endpoints 

Steps Biocriteria Development 
- Adjustment by physical and chemical covariates 
- Adjustment by designated aquatic life use 

Step& Implementation of Monitoring and Assessment Program 
- Determination of temporal variability of reference sites 
- Identification of problems 

Step7 Protective or Remedial Management Action Initiate 
- Programs to preserve exceptional waters 
- Implement management practices to restore the biota of degraded waters and 

to identify and address the causes of this degradation 

Steps Continual Monitoring and Periodic Review of References and Criteria 
- Biological surveys continue to assess efficiency of management efforts 
- Evaluate potential changes in reference condition and adjust biocriteria as 

management is accomplished 
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Step 3: Final Classification-The preliminary 
classification is tested with biological data to Outline of Evaluation Criteria for Bloassessment 
determine whether it is reflected in the biota. If Programs. 
necessary, the classification is revised. 

Any characterization of a reference condition 
should allow for the variability in biological data 
by using measures of central tendency and 
variability. Statewide or broader characterization 
of reference condition can be expected to exhibit 
high variance. The goal of classification is to 
minimize variability within classes by allowing 

the variability to be 
attributed to differences Blocriteria may be based 
among classes. 

on an aggregated Index, or 
Step 4: Mebic Evaluation 

9stab/lshed for several and Index Development
Potential metrics that 

biological metrics and have ecological relevance 
are identified in this step. 

adjusted by aquatic life Metrics are then evalu
ated for the ability to uses. The component 
differentiate between 

Information and data impaired and 
nonimpaired sites. Values 

should always be retained. from various scales of 
measurement are trans

formed to scores, which are normally incorpo
rated into an index, such as an Index of Biologi
cal Integrity (IBI) or an invertebrate index, which 
in turn becomes part of the final assessment. 
Metrics may also be used individually as indica
tors of biological condition in the overall assess
ment. 

Step 5: Biocriteria Development-Biocriteria may 
be based on an aggregated index, or established 
for several biological metrics and adjusted by 
aquatic life uses. The component information 
and data should always be retained so future 
indexes or improvements in initial indexes can 
be calibrated with the data, and continuity of 
information preserved over time. 

For example, a biocriterion for "Class A" lakes 
might be "a biotic index greater than the 25th 
percentile of least-impacted reference condi
tions." A "Class A" lake would be rated impaired 
if its biotic index fell below the 25th percentile of 
reference condition. 

Step 6: Implementation of the Monitoring and 
Assessment Program-Use of biocrtteria requires 
an operational monitoring and assessment 
program for two primary reasons: assessment of 
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1. Development of qual/ty assurance and quality 
control bioassessment program plans. 

2. Careful preparation of data quality objectives 
(DQOs) and design of field and laboratory stud
ies to ensure the collection of representative 
data that will enable the biologists to achieve 
the objective of their program. 

3. Preparation of standard operating procedures 
(SOPs) for field and laboratory methods. 

4. Staff with adequate training and experience; 
division of labor within the program that per
mits specialization. 

5. Use of approved methodology, use of techni
cally defensible methodology if approved meth
odology Is not available. 

A. Sample collection 

B. Sample processing 

C. Organism identification 

D. Counting 

E. Biomass measurements 

F. Data analysis and inte,pretation 

6. Adequate space and physical facilities. 

7. Adequate state-of-the-art field equipment, labo
rat(!ff instrumentation, and supplies. 

8. Adequate safety procedures. 

:;, ,9:,, l/s~ ~f replication In sample collect/on and 
1 

analysis to determine the precision. 

10. Frequent calibration of field and laboratory in
struments; log book documentation. 

11. Chain-of-custody procedures for proper sample 
identification, handling, and Jogging to prevent 

•·· ···•· misidentification and intermixing of samples. 

,,,,, 12., Development and use of a taxonomic reference. 
1 

library fof identifying specimens to the lowest 
possible taxonomic level. 

· ' 13. Development and use of a reference specimen 
collection and use of outside experts to solve 
difficult problems In specimen identification. 

14. Careful editing of data before they are placed 
in a computer file or used in reports. · 

15. Use of appropriate statistical analyses and 
other methods of data evaluation and inte,pre
tation. 
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potentially impaired test sites and continued 
monitoring of selected reference sites to deter
mine seasonal and annual variability and 
trends. A biocriteria program is the basis for a 
representative sampling program to determine 
statewide status and trends of the resource. 
The resources required to initiate a monitoring 
and assessment program are presented in the 
text box entitled "Outline of Evaluation Criteria 
for Bioassessment Programs." 

Step 7: Protective and Remedial Management 
Action-The purpose of the entire process is to 
improve the water resource quality. Where 
problems have been identified through this 
effort, land use changes, discharges, abate
ments, and in-lake use adjustments are part of 
the management response. This may be done to 
improve degraded lakes or reservoirs or to 
protect exceptionally good ones from future 
damage. It should be recognized that imple
menting management action is potentially a 
multi-year process. 

Step 8: Continual Monitoring and Periodic Re
views-The biocriteria-biomonitoring effort is 
designed to be a continuing process. Progress is 
expected but failures must be documented so 
monitoring and management efforts can be 
improved. The process progressively improves 
water resources by cycling back through the 
sequence. 

1 0.3 TECHNICAL 
CONSIDERATIONS 

The technical design of a biocriteria program 
affects the program's total cost. The sampling 
and analysis effort and data storage are two 
major cost elements of a biocriteria program. An 
optimal design balances the information needs 
of the monitoring agency with the cost of obtain
ing the information. 

1 0.3. 1 Taxonomic Level 

Assemblages in Tiers 2A and 2B are identified to 
the lowest practical taxonomic level. Species 
level identification can be time consuming, 
especially for phytoplankton and benthic 
macroinvertebrates, and identification to family 
or genus might be more cost-effective. 

1 0.3.2 Subsampllng 

Consistency of sampling methods and effort is 
critical in bioassessment. A sample is usually 
subsampled, in a random manner, to obtain a 
reasonable number of organisms for identifica
tion and enumeration (typically 100 to 500). 
Using fewer than 100 organisms might yield 
unreliable results, whereas using more than 500 
is not cost-effective. 

Taxonomic richness metrics. such as total taxa, 
diversity indices, and number of orders are 
sensitive to sample size. These values increase 
asymptotically with subsample size up to 500 
organisms. Percent composition metrics (e.g., 
feeding groups, higher tax 
metrics) are less sensitive An optimal design 
to subsample size; that is, 
the precision of an esti balances the information 
mate for percent composi
tion does not improve with needs of the monitoring 

subsamples greater than 
agency with the cost of 100 organisms. 

In order to control for the obtaining the information. 

effects of sample size, it is 
critical that the methods are consistent in the 
number of organisms identified. For example, if 
the target subsample is 100 organisms, then 
subsamples smaller than 80 organisms should 
be rejected and subsamples larger than 120 
organisms should be reduced mathematically by 
rarefaction (Hurlbert 1971) to make them 
comparable. 

1 0.3.3 Spatlal Varlablllty and 
Repllcatlon 

Replicating field samples by repeated measure
ments at a site is integral to biological surveys. 
These analyses have typically tested for signifi
cant differences between upstream and down
stream pairs of sites. Significant differences 
were inferred to be due to discharges. However, 
Hurlbert (1984) pointed out that treatment of 
multiple measurements as replicates to infer 
cause is incorrect use of statistical inference. He 
pointed out that the site is the sampling unit, 
and repeated measurement of a sampling unit is 
not replication. True replication is achieved by 
replicating independent sampling units. 

Repeated measurements. however, do have 
benefits, which must be weighed against the 
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cost. Repeated measurements are used to 
estimate measurement error, which is variability 
among measurements at the same site. Mea
surement error is due to spatial and temporal 
variability within a lake as well as actual errors 
made in sampling and analysis. It may be 
necessary- to detennine whether the measure
ment methodology adequately characterizes the 
site, and to determine the precision of metrics 
and indices (Fore et al. 1994). If measurement 
error is too large, it may be reduced by repeated 
measurements at a site or by a change of 
methodology (sample more microhabitats for a 
larger composite sample; increase subsample 
size). If the measurement error is acceptable, it 
is necessary- only to take repeated measure
ments (replicates) for quality assurance at 
randomly selected sites (typically 10 percent of 
all sites). The QA replicates are then used to 
estimate measurement error. 

Repeated measurements are used to sample 
more microhabitats at each site because the 
spatial distribution of organisms at a site can be 
patchy and a single measurement might not 
represent the composition of the assemblage. 
This usually results in a better estimate of the 
assemblage at the site. Since the site is the 

sampling unit, the mea-
lndex period sampling, in surement methodology can 

be altered to reduce 
which measurements are measurement error. This is 

usually done by sampling 
made during the same multiple locations or 

habitat types, with several period each year (e.g., 
deployments of the speci

midsummer), Is intended fied sampling gear, and 
combining the hauls into a 

to control short-term single composite sample. 
With a composite sample, a 

varfabl!ity. single measurement is 
taken, but the measure

ment is thought to be more representative of the 
site than a single, non-composited sample. 
Composite sampling that is representative of the 
sites is usually the most cost-effective sampling 
methodology. It avoids the costs of multiple 
measurements, allowing more sites to be 
sampled and increasing statistical sample size. 

1 0.3.4 Temporal Varlablllty 

All aquatic assemblages go through annual 
cycles of composition and abundance changes. 
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In addition, short-lived species also exhibit 
short-term temporal variability. Index period 
sampling, in which measurements are made 
during the same period each year (e.g., mid
summer), is intended to control short-term 
variability. Index period sampling is effective if 
assemblage composition and abundance are 
relatively stable and predictable among years. If 
the assemblage is not stable within the index 
period, it might be necessary- to make repeated 
measurements during a season or year to obtain 
growing season or annual average estimates of 
the metrics. Repeated measurements over a 
season or year are more expensive and reliable 
than index-period sampling. For cost-effective
ness, assemblages that can be adequately 
characterized using index period sampling are 
therefore preferable to those which require 
repeated sampling, unless the information from 
the repeated sampling is more valuable. 

In view of major seasonal changes in lakes, it is 
possible to have more than one index period. 
Warm temperate and subtropical lakes, in 
particular, might require two or more index 
periods because biological activity remains high 
year-round. Multiple index periods must be 
analyzed separately. Therefore, there will also be 
separate reference expectations and biocriteria 
for each season represented by an index period. 
1\vo index periods require double the sampling 
effort of a single index period but provide greater 
information on biological variability throughout 
the year. 

1 0.3.S Classlflcatlon 

Each lake class requires a separate reference 
characterization (hence, separate reference sites) 
and separate biocriteria. For better statistical 
validity, each class should have a minimum of 5 
or 10 reference sites (preferably up to 30 sites). 
Excessive proliferation of lake classes results in 
an unwieldy and expensive biocriteria program. 

1 0.3.6 Status and Trends 

Estimating status and trends of lakes as a 
resource requires a different sampling design 
from that proposed here. Unbiased estimation of 
status requires random selection of sampling 
units (lakes) within sampling strata (lake 
classes). One approach is to assign all lakes to 
the classes and then randomly select a sample 



of lakes from each class Gist-frame sampling). 
An alternative approach is to use a grid and 
sample lakes nearest the grid points, as is being 
done in EMAP (USEPA 1991e). 

Trends can be assessed in single lakes or in a 
region. Several years of sampling are required 
for trend assessment. EPA 841-R-93-003 
(USEPA 1993d) outlines trend analysis methods 
for lakes. 

1 0.4 PROGRAM RESOURCES 

A successful bioassessment and bioeriteria program . 
depends on (1) a clear d_efinition of goals,' (2Fihe. 

- active use of biomonitoring data·';if deci?ion mak- _· 
ing, and (3) the a/location otadequate resources to 
ensure a high-qualitypr~gram . . 

The implementation of a bioassessment and 
biocriteria program requires proper management 
and the appropriate combination of resources 
and expertise. Agencies already having well
developed programs usually have experienced 
and well-trained biologists, appropriately 
equipped facilities, and properly maintained 
sampling gear. Areas just beginning a 
bioassessment and/ or biocriteria program need 
to evaluate their existing biological expertise, 
facilities, and equipment and expand accord
ingly. A cost-effective way to accomplish this is 
to coordinate efforts and share data with adja
cent states or tribes, especially when lake or 
reservoir systems cross political boundaries. 

1 0.4. 1 Program Elements 

Monitoring agencies can and should enhance 
their programs through cooperation with other 
agencies. For example, they should seek coordi
nation with staff from state fishery, land man
agement, geology, agriculture, and natural 
resource agencies. If federally employed aquatic 
biologists are stationed in a state or if the state 
has substantial federal lands, cooperative 
bioassessments and biocriteria development 
programs could be initiated. Scientists at 
universities should also be included in the 
planning and monitoring phases of the pro
gram-their students make excellent field 
assistants and future ecologists and natural 
resource managers. The selected team of 

Biocriteria Implementation 

specialists from this above pool of talent can 
also provide the "expert consensus" referred to 
earlier in defining reference conditions and 
developing biocriteria. 

A cost-effective way to develop a bioassessment 
and biocriteria program is to coordinate efforts 
and share date with adjacent states or tribes, 
especially when lake or reservoir systems cross 
political boundaries. 

1 0.4.2 Personnel and 
Resources 

Several trained and experienced biologists and 
natural resource specialists should be available 
to provide thorough evaluations, support 
various activities, and manage quality. They 

-A.biocriteri<Jl.·and biomonitoring·program :has sev~·· 
·erai'reqi.Jired elements; as well as dptionai ele
:rnehts;.that determine the costs ·and resources of: 

••.• th~ /5i6gram:··'j:,j,ogram elemerit~ include: . •· · · 
. •:- \ ;.'• 

_ !Ir. • · Quality assurance ·and qi.iality. conti:c,I (e.g:, 
-. starrctlflrd bi,erating procedures, train Ing). -

·~ 'qelinf)ated.relerence condi,ti~nsiwith annuaf 
n:,on.iJorif1g_ ofse(ected sites,'. ;,: · 

•- .. . M~ltfpl~ assemblage· biosu'ives,.> .. 
:,' .: 

-. • -:Habitat assessment. 

/ •. ·; _ Statu; ana trends moriit~ring of~ representa- -
'. .. •;fiv_e.scimple oflake.s (optional). - ·- ... 

'-· .. ·.-• -·t. . ·. ·- ,- . ·. . . -. _ .. _ . -

• ·_ Computer hardware ·arid software_ (database_ 
-- -- :: '. management, data analysis)andsfaff:training . . 

·•_. .· bocumentat(on of program and study plans, pe- . 
: 'iiodic updates of'analyses, and periodic review 
. ,:. <,(refe,renc"' conditions and biocriteria. -

should have training and experience commensu
rate with the needs of the program. At least one 
staff member should be familiar with establish
ing a quality assurance framework. 

Laboratory and field facilities and services should 
be in place and operationally consistent with the 
designed purposes of the program so that high
quality environmental data can be generated 
and processed in an efficient and cost-effective 
manner (USEPA 1992b). Adequate taxonomic 
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references and scientific literature should 
support data processing and interpretation. 

Quality management is an impo~t planning 
aspect that focuses attention on establishing 
and improving quality in all aspects of the 

biocriteria development process. Quality 
management requires that all personnel in-

. volved in a biocriteria project (from senior 
management to field and laboratory technicians) 
be aware of and responsive to data needs and 
expectations. 
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Glossary of Terms 

a posteriori classification: a classification 
made based upon the results of experimenta
tion. 

a priori classification: a classification made 
prior to experimentation. 

alkali lakes: also referred to as "soda lakes;" 
characterized by high pH (2!:=pH 10) and a high 
concentration of salts. 

antidegradation statement: statement that 
protects existing designated uses and prevents 
high-quality waterbodies from deteriorating 
below the water quality necessary to maintain 
existing or anticipated designated beneficial 
uses. 

aquatic assemblage: an association of interact
ing populations of organisms in a given 
waterbody, for example, fish assemblage or a 
benthic macroinvertebrate assemblage. 

aquatic community: an association of interact
ing assemblages in a given waterbody, the biotic 
component of an ecosystem. 

aquatic life use: a beneficial use designation in 
which the waterbody provides suitable habitat 
for survival and reproduction of desirable fish, 
shellfish, and other aquatic organisms. 

assemblage structure: the make-up or 
composition of the taxonomic grouping such 
as fish, algae, or macroinvertebrates relating 
primarily to the kinds and number of organ
isms in the group. 

beneficial uses: desirable uses that water 
quality should support. Examples are drinking 
water supply, primary contact recreation (such 
as swimming}, and aquatic life support. 

Best Management Practice (BMP): an 
engineered structure or management activity, 
or combination of these, that eliminates or 
reduces an adverse environmental effect of a 
pollutant. 

biological assessment: an evaluation of the 
biological condition of a waterbody that uses 
biological surveys and other direct measure
ments of resident biota in surface waters. 

biological criteria: numeric values or narra
tive expressions that describe the reference 
biological condition of aquatic communities 
inhabiting waters that have been given a 
designated aquatic life use. 

biological indicators: plant or animal species 
or communities with a narrow range of ecologi
cal tolerance that may be selected for empha
sis and monitored because their presence and 
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relative abundance serve as a barometer of 
ecological conditions within a management unit. 

biological integrity: the condition of the 
aquatic community inhabiting unimpaired 
waterbodies of a specified habitat as measured 
by an evaluation of multiple attributes of the 
aquatic biota. Three critical components of 
biological integrity are that the biota is (1) the 
product of the evolutionary process for that 
locality, or site, (2) inclusive of a broad range of 
biological and ecological characteristics such as 
taxonomic richness and composition, trophic 
structure, and (3) is found in the study biogeo
graphic region. 

biological monitoring: the use of a biological 
entity as a detector and its response as a 
measure to determine environmental conditions. 
Toxicity tests and biological surveys are com
mon biological monitoring methods. 

biological survey (biosurvey): the process of 
collecting, processing, and analyzing representa
tive portions of a resident aquatic assemblage to 
determine the assemblage structure and function. 

biota: plants, animals and other living resources 
ofa region. 

bisection scoring: used when metric value 
distribution is based upon data from unim
paired reference sites. The 25th percentile 
becomes the minimum value for the highest 
score: the difference between the 25th percentile 
and 0 is divided into two equal parts. 

canonical correlation analysis (CC): a linear 
multivariate ordination procedure using linear 
canonical equations with multiple dependent 
and independent variables. 

canonical correspondence analysis: a non
linear multivariate ordination procedure. 

Carlson's Trophic State Index (TSI): a numeri
cal index for estimating lake trophic state on a 
scale of 0 to 100 with each increase of 10 in the 
index representing a doubling of algal biomass. 

coefficient of variation: standard deviation 
(from the mean) expressed as a percentage of 
the mean. 

community component: any portion of a 
biological community. The community compo
nent may pertain to the taxonomic group (fish, 
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invertebrates, algae), the taxonomic category 
(phylum, order, family, genus, species, stock), 
the feeding strategy (herbivore, omnivore, 
predator), or the organizational level (individual, 
population, assemblage) of a biological entity 
within the aquatic community. 

designated use classifications: classification of 
a waterbody or segment based on the purposes 
(beneficial uses) for which the waterbody may be 
used as specified in water quality standards. 

diatoms: any of a number of related micro
scopic algae, one-celled or in colonies, whose 
walls consist of two parts or valves and contain 
silica. 

discriminant analysis: a type of multivariate 
analysis used to distinguish between two 
groups. 

ecological or environmental indicators: 
measurable features of an ecosystem that 
singularly or in combination with other features 
provide managerially useful evidence of water 
resource or ecosystem quality, or reliable 
evidence of trends in quality. Indicators can be 
biological, physical, or chemical measurements, 
and can sometimes have elements of more than 
one discipline: for instance, concentrations of 
chemicals in fish tissue. 

ecological integrity: the condition of the biotic 
(aquatic community) and abiotic components 
(water chemistry and habitat) of unimpaired 
waterbodies as measured by assemblage struc
ture and function, water chemistry, and habitat 
measures. 

ecological properties: biotic and habitat 
attributes of a waterbody. 

ecoregions: a relatively homogeneous area 
defined by similarity of climate, landform, soil, 
potential natural vegetation, hydrology, or other 
ecologically relevant variable. 

epifauna: benthic animals living on the sedi
ment or among rocks and other structures. 

epilimnion: the upper waters (above the 
metalimnion) of a thermally stratified lake. 

expert consensus: a method used to establish 
reference condition when no candidate sites are 
available based on the collective experience and 
expertise of regional biologists. 



flowage lakes: areas of a river system which are 
sufficiently deep, slow moving and wide to have 
lacustrine characteristics. Unlike reservoirs, 
they typically have wide inflow and outflow 
regions. 

forebay zone: same as the lacustrine zone of a 
reservoir. 

frustule: the hard shell of a diatom. 

gradient analyses: a suite of statistical tech
niques including principal component analysis, 
canonical correlation's analysis, and canonical 
correspondence analysis used to examine the 
relationships between biotic and environmental 
factors. 

habitat: a place where the physical and biologi
cal elements of ecosystems provide a suitable 
environment including the food, cover, and 
space resources needed for plant and animal 
livelihood. 

hypoxic: waters that have a very low oxygen 
level. 

infauna: animals that live within the sediments, 
often in holes they have dug. 

inflow zone: area where a river enters a reservoir. 

interquartile coefficient: the ratio of the 
interquartile range of a metric to its scope for 
detection. 

lacustrine zone: area of a reservoir which is 
most lake-like: current velocities are much 
slower than for riverine or transitional zones. 
Little sediment deposition normally occurs since 
most sediment load has been deposited in the 
riverine or transitional zones; may thermally 
stratify; primary productivity predominates. 

lake: a body of fresh or salt water of consider
able size, whose open-water and deep-bottom 
zones (no light penetration to bottom) are large 
compared to the shallow-water (shoreline) zone, 
which has light penetration to its bottom. 

limnology: the study of the functional relation
ships and productivity of freshwater biotic 
communities as they are affected by the dynam
ics of physical, chemical and biotic environmen
tal parameters. 

littoral zone: the area of a lake near the shore 

Glossary of Terms 

from the region of the highest seasonal water 
level to the deepest point at which attached 
submerged macrophytes occur. 

log linear models: statistical modeling tech
niques for dealing with categorical data. 

marl lakes: lakes in which solid calcium car
bonate precipitates during periods of high 
photosynthesis forming a characteristic marl 
bench in the euphotic zone. 

metalimnion: the stratum of steep thermal 
gradient that separates the epilimnion from the 
hypolimnion in a thermally stratified lake. 

morphoedaphic index (MEI): the ratio of 
dissolved solids (measured as total dissolved 
solids, alkalinity, or conductivity) to mean lake 
depth; MEI has been used to predict the total 
fish production, phytoplankton standing crop, 
and total phosphorus concentration of lakes not 
subject to cultural eutrophication. 

multiple metric or multimetric approaches: 
analysis techniques using several measurable 
characteristics of a biological assemblage. 

multiple use: when a water body has more than 
one beneficial use designation. 

multivariate community analysis: statistical 
methods (e.g., ordination or discriminant 
analysis) for analyzing physical and biological 
community data using multiple variables. 

ombrotrophic bog: an acidic wetland which 
receives all of its nutrients from atmospheric 
deposition. 

ordination analysis: a set of techniques in 
which sampling units are arranged in relation to 
one or more coordinate axes such that their 
relative positions to the axes and to each other 
provide maximum information about their 
ecological similarities. 

oxycline depth: depth at which dissolved 
oxygen levels fall below a threshold value. 

paleollmnology: the study of the environmental 
history of inland waters, based primarily on 
analysis of biological, chemical, and physical 
characteristics of sediment cores. 

pelagic zone: the area of open water beyond the 
littoral zone. 
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predictive models: statistical models that can 
be used to predict biological response based on 
ecological (habitat) variables. 

Principal Components Analysis "(PCA): a linear 
multivariate ordination technique that deter
mines a reduced set of coordinate axes. 

principal axes: new variables created by ordina
tion analysis that account for variation in the data. 

profundal zone: the sediments beyond the 
littoriprofundal zone. 

reference site: a site on a waterbody which 
represents the best attainable physical habitat, 
water chemistry, and biological parameters for 
specific environmental conditions. 

reference condition: The chemical, physical, or 
biological quality or condition exhibited at either a 
single site or an aggregation of sites that represent 
the least impared or reasonably attainable 
condition at the least impared reference sites. 

regression: any of a number of statistical 
techniques In which the relationship of one (or 
more) variable(s) Is (are) estimated as a function 
of another variable or variables. 

reservoir: a lake created for human use often 
as the result of impoundment of a river system; 
classified as lake type 73 by Hutchinson (1957). 

risk assessment: a scientific process that 
includes hazard identification, receptor charac
terization and endpoint selection, stress-re
sponse assessment, and risk characterization. 

riverine zone: the relatively narrow and well
mixed area of a reservoir Immediately down
stream of the river inflow where current veloci
ties decrease and significant sediment transport 
still occurs. 

robust: insensitive to assumption violations, i.e., 
holds even when the probability model is incorrect. 

scope for detection: the range from 0 to the 
lower quartile for metrics that have high values 
under unimpaired conditions (e.g., EFr index) or 
that range from the upper quartile to 100 for 
metrics that have low values under unimpaired 
conditions (e.g., percent Chironomidae). 

spatial variability: variation in a biological 
parameter due to different ecological conditions 
among sites. 

A-4 

temporal variability: variation in a biological 
parameter due to temporal fluctuations In 
ecological condition such as changing water 
chemistry or sunlight, e.g., diurnal and seasonal 
variations. 

Total Maximum Daily Load (TMDL): The total 
allowable pollutant load to a receiving water 
such that any additional loading will produce a 
violation of water-quality standards. 

transitional zone: area of a reservoir between 
the riverine and lacustrine zones; current 
velocities are Intermediate, significant sedimen
tation occurs, light penetration increases and 
primary productivity increases. 

trisection scoring: used when metric value 
distribution Is based upon data from reference 
and impaired sites (population distribution). The 
range of values from the 95th percentile to 0 is 
divided into thirds with the top third receiving 
the highest score, the middle third receiving the 
intermediate score, and the bottom third receiv
ing the lowest score. 

trophic state index: any numerical index for 
estimating trophic state of a lake. 

unimodal response: a response in which a 
species has [a single) peak abundance at [an) 
optimal value [or range) of an environmental 
variable and Its abundance is lower at higher or 
lower values of [that) environmental variable. 

univariate tests: statistical tests for comparing 
two or more groups; techniques include t-test, 
analysis of variance, sign test, Wilcoxon rank 
test, and the Mann-Whitney U-test. 

water quality standards: provisions of state or 
federal law which consist of a designated use or 
uses for the waters of the United States, water 
quality criteria for such waters based upon such 
uses. Water quality standards are to protect 
public health or welfare, enhance the quality of 
the water and serve the purposes of the Clean 
Water Act (40 CFR 131.3) (USEPA 1983) a law or 
regulation that consists of the beneficial desig
nated use or uses of a waterbody, the numerical 
and narrative water-quality criteria that are 
necessary to protect the use or uses of that 
particular waterbody, and an antidegradation 
statement (ITFM 1994). 
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Comparison of Existing Lakes 
Protocols 

1\vo research programs-the U.S. Geological 
Survey's North American Water Quality Assess
ment (NAWQA) and the USEPA Office of Re
search and Development's Environmental 
Monitoring and Assessment Program (EMAP)
incorporate biological monitoring components 
similar to those of USEPA's Biological Monitor
ing Programs. The following discussion com
pares these programs, as well as a program 
implemented by the Tennessee Valley Authority 
('IVA) and USEPA's Clean Lakes Program. 

NAWQA, EMAP, TVA, and Clean 
Lakes Program 

NAWQA and EMAP are scientific research 
programs with objectives quite different from 
those of state-level biological assessment 
programs (USEPA 1990a, Meador et al. 1993). 
NAWQA and EMAP differ in the waterbodies they 
address: NAWQA is designed for streams and 
rivers and EMAP is designed for all environ
ments. including streams and lakes (EMAP
Surface Waters). The two programs are set apart 
by the statistical and experimental designs used 
to accomplish their program. 

The NAWQA and EMAP programs make assess
ments of the environment and trends in envi
ronmental quality at the national or regional 

scales. In these programs, USGS or USEPA 
scientists and technicians are directly respon
sible for collecting data from the field and 
analyzing results. NAWQA and EMAP also use 
different statistical designs to assess national 
trends. The NAWQA approach is to sample 
repeatedly at equal time intervals at the same 
stations (Gurtz 1994) and to apply nonpara
metric statistical algorithms to the data, 
adjusted for seasonal variation (Meador et al. 
1993). The EMAP approach is to overlay a 
region or landscape with a grid and then to 
monitor a randomly selected subsample of the 
grid (USEPA 1991d). Both methods are useful 
to evaluate trends in environmental quality. 

The 1VA program, which monitors ecological 
condition of reservoirs.also covers a large 
percentage of the country. The assessment is 
based on sediment quality, dissolved oxygen 
content (DO), chlorophyll a concentration, a 
benthic macroinvertebrate index, and a 
Reservoir Fish Assemblage Index (RFAI) (1VA 
1994). 

USEPA's Clean Lakes Program provides 
support to water quality agencies for lake 
assessment, protection, and restoration. The 
program requires assessments of dissolved 
oxygen (DO), chlorophyll a. Secchi disk 
transparency, macrophytes, sediment chemi-
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cal characterization, and tributary streamflow 
measurements. A complete description of the 
Clean Lakes Program recommended sampling 
methodology is found in the Clean Lakes 
Program Guidance Manual (USEPA 1980a). 

State Mandates 

USEPA's Biological Monitoring and Biological 
Criteria Programs are targeted to state and 
tribal water quality and environmental manage
ment agencies. Monitoring data is collected at 
the state or local watershed level by state agency 
personnel or by suitably trained organizations to 
Identify problems and report on control effective
ness. The Biological Monitoring Program accom
plishes its mission through training and the 
translation of research techniques to rapid, 
efficient and defensible protocols these tech
niques can be used on an operational basis by 
state personnel and others to develop biological 
criteria that can be used in management deci
sion making. 

The broad water quality goals of the Clean Water 
Act are translated by each of the states into 
water quality standards designed to protect 
beneficial uses (USEPA 1996a). The USEPA 
biological monitoring program therefore looks 
to individual states and tribes rather than 
federal agencies for the assessment of those 
beneficial uses, as they have been designated 
In various administrative codes. The protocols 
presented in this document are designed to 
assist states and tribes in making their 
beneficial use assessments in biological terms. 
The protocols and measurement techniques 
will also help states fulfill their obligation to 
report to Congress biennially on the attain
ment of designated beneficial uses of their 
surface waters (USEPA 1994f). 

Monitoring Biotic Integrity 

Although the statistical designs used by EMAP, 
NAWQA, and USEPA's biological monitoring 
programs differ, the monitoring components are 
generally complementary. These programs 

assess conditions of lakes, rather than produc
ing comprehensive inventories of biological 
resources. Some but not all major biological 
assemblages-invertebrates, fish, plants, birds, 
microorganisms-are sampled, identified, and 
counted, using a standardized technique, during 
a well defined season of the year. 

In this kind of monitoring, the focus is on the 
full array of species captured by the sampling 
methods to provide cost-effective sampling and 
standardization. The methods described in this 
document do not target rare species. Issues of 
seasonal variation and bias in the sampling 
protocols are standardized or "indexed" to 
simplify statistical analysis (Sokal and Rolfe 
1969). These monitoring programs produce 
sensitive and robust estimates of the biological 
integrity of the aquatic system, as well as the 
impacts that anthropogenic activities might have 
on the environment in terms of degrading the 
aquatic life designated use (Fausch et al. 1984, 
Karr 1991. USEPA 1989b). 

It is desirable for all agencies to use similar 
water quality monitoring protocols so that data 
can be shared and compared. The national 
water quality monitoring council,(NWQMC) 
which succeeded the Intergovernmental Task 
Force on Monitoring (ITFM) is the forum for that 
kind of information exchange, and several of the 
recommendations of the task force address the 
issue of data comparability (ITFM 1992). How
ever. in the case of biological monitoring. species 
characteristics differ regionally, and sampling 
techniques are not expected to be the same 
across ecoregions. In USEPA's Biological Moni
toring Program and Biological Criteria Program, 
sampling techniques and index period must be 
identical for the reference condition and the test 
locations, and the use of common techniques 
across agencies within a region would signifi
cantly improve the efficiency and power of 
biological monitoring activities. Table B-1 
compares lake habitat and biological monitoring 
among EMAP, 1VA, and the USEPA Biological 
Monitoring Program. NAWQA has not published 
specific protocols for lakes and reservoirs. 
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Table B-1. Comparison of lakes protocols with EMAP, TVA Reservoirs, and Clean Lakes. 

I. Habitat 
Assessment 

II. Benthic 
Invertebrates 

Ill. Fish 

IV. 
Zooplanklon 

CD 
c,J 

USEPA Lakes BlomonHorlng/ 
BlocrHerla Program 

Single qualitative estimate to 1 0 
stations, vegetation type, canopy layer, 
understory, ground cover, shoreline 
substrate, bank features, human 
influence, bottom substrate, fish cover, 
water quality 

I Preferred sampling in the sublittoral 
zone (profundal zone is an alternative) 
(Tier 2) Sampling gear depends on 
substrate: 
Rocks or gravel - dome sampler: 
Sand - Peterson or Van Veen. 
Mud-Ponar. 
Clay - Peterson or Van Veen. 
Lake-wide composites of 2 to 3 
casts at 3 to 10 stations. 
100 individuals at "lowest taxon"; 
alternatives are more than 100 
individuals or identification to family 
(100 individuals). 

Electrofishing; gill nets, seines, tykes, 
and minnow traps. 
Identify, measure length and weight of 
fish. 
Inspect all fish for external anomalies 
(supplemental). 

Vertical tow with 1 0µm mesh net 
(Tier 3). 
Identify 100 organisms to family or 
species; measure Daphnla. 

EMAP TVA Raservolra 

10 stations, observations are made 10m I Water quality. 
from shore; plot dimensions are 15m 
x 15m, vegetation type, canopy layer, 
understory, ground cover, shoreline 
substrate, bank features, human 
influence, bottom substrate macrophyte 
cover, fish cover, littoral microhabitat, 
water quality. 

Sublittoral zone. Line of sight transect across width of 
reservoir; 10 samples collected at equal K-Bcores. 
intervals along transect. 150 individuals. 
Ponar sampler for mud substrates. No. 60 mesh used to sort organisms Peterson sampler for rocky substrate. 

larger than 250µm. 
Organisms Identified to lowest level, 
generally species or genus. 
Organisms reported as no/m2

• 

Electrofishing, gill nets, seines, tykes, 
and minnow traps. 
Identify, measure length and weight of 
fish. 
inspect all fish for external anomalies. 

Vertical tow with dual (bongo) net; 48-
and 220µm mesh. 
Identify to species; measure. 

15 electroflshing runs (300m each) in 
each location of reservoir (Inflow, 
transition, forebay); all habitats (e.g., 
bluff, rip-rap, mud) sampled in 
approximate proportion to their 
occurrence in the sampling location. 
Identify, measure length and weight of 
fish. Young of the year fish counted 
separately from adults. Inspect all fish 
for external diseases, parasites, 
anomalies. 

No protocols recommended. 

Clean Lakes Program 

Water quality. 

Preproject monitoring (phase 1) 
requires: 
General discussion of fish populations 
and ecological relationships. 
Standard fish flesh analyses for organic 
and heavy metal contamination if there 
is significant public consumption. 

~ No specific protocols recommended for 
phase 2 and 3 monitoring. ~ 

i, Ill 

No protocols recommended. g 
~ 
~ 
en' 
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rp Table B-1. (continued) 
~ 

V. Sediment 
Diatoms 

VI. Birds 

VII. 
Phytoplankton 
(including 
Chlorophyll) 

VIII. 
periphyton 

IX. 
Submerged 
Macrophytes 

EPA Lakes BlomonHorfng,' 
Blocrlterla Program 

Sediment grab for recent diatoms 

(Tler2). 

Sediment cores for paleollmnology 
(supplemental). 

Identify to species. 

No protocols recommended. 

Chlorophyll a (Tiers 1-3) Seasonal 
composite from 6 to 12 spaced samples 
(Tier 3). 

Sample 3 to 5 substrates, composite 
300-500 diatom frustules Identified to 
species (supplemental). 

Estimate cover, identify dominant 
species (Tier 1 ). Tiers 2-3: 5 to 1 o 
samples. Sample with rake. Identify to 
species, weigh each (net weight). 

EMAP 

Single sediment core at Index site with 
modified K-B corer. 

Special team of ornithologists visit lake. 

May-July. Canoe shoreline transect; 
record birds seen or heard for 5 minutes 
at 200m Intervals. 

Chlorophyll a only (1.5m). 

No protocols recommended. 

Estimate percent cover (habitat 
component). 

TVA Reservoirs 

No protocols recommended. 

No protocols recommended. 

Chlorophyll a: Mean of euphotlc zone 
concentration. 

Growing season mean of 6 to 10 
sampling periods. 

No protocols recommended. 

Macrophyte coverage detennined by 
color aerial photography. 

Boat surveys to identify dominant 
species. 

Clean Lakes Program 

t 
~ 
S: 
)( 

a, 

No protocols recommended. 

No protocols recommended. 

Chlorophyll a: Depth Integrated from 
the top 6ft. of the water column 
preferably from the deepest part of the 
fake. Monthly sample September-April, 
biweekly sample May-August. 

No protocols recommended. 

Document species composition, 
distribution, and depth during the 
growing season. Include community 
types and abundance along with 
species list. 



Appendix D 

Biological Assemblages 

D.1 ALGAE 

Algae dominate the primary production of most 
lake ecosystems, occurring as free-floating 
phytoplankton or attached periphyton. Phy
toplankton are the base of most lake food webs, 
and fish production is linked to phytoplankton 
primary production (e.g., Ryder et al. 1974). 
Excessive nutrient and organic inputs from 
human activities in lakes and their watersheds 
lead to eutrophicatlon, characterized by in
creases in phytoplankton biomass, macrophyte 
biomass, nuisance algae blooms, loss of water 
clarity, and loss of oxygen from bottom waters. 
From a human perspective, problems may also 
include loss of aesthetic appeal, decreases in 
desirable gamefish, loss of accessibility from 
increased macrophyte production, and in
creased cost of treating drinking water. 

Measurements of algae include estimation of 
total biomass with water column chlorophyll a 
concentration, and identification and counts of 
individual species within several subgroups, 
including periphyton (attached forms). periph
ytic diatoms, phytoplankton (free-living, float
ing), phytoplankton diatoms, and sediment 
diatoms. Diatoms are identifiable by their 
frustules (valves) of silica and thus do not 
require preservation and identification of soft 
parts (Dixit et al. 1992). Analysis of diatoms can 

be done on frustules preserved in lake sedi
ments, attached assemblages on natural 
substrates (rocks, macrophytes), or attached 
assemblages that colonize artificial substrates. 
Planktonic chrysophyte scales are also pre
served in lake sediments, and their spatial 
distribution is less variable than that of 
diatom assemblages (Smol et al. 1984). 

Algal assemblages respond rapidly (in days) to 
changes in their environment with concomi
tant changes in overall abundance, growth 
rates, and species composition, and therefore 
do not integrate conditions of the lake. Algal 
species have characteristic optimal nutrient 
and trace element requirements, and specific 
tolerances for cations, salinity, pH, etc. (e.g., 
Tilman 1982). Changes in physical and 
chemical water quality (nutrient concentra
tions, loadings, salinity, temperature, turbid
ity) can thus lead to a rapidly changed species 
composition (Charles and Smol 1994, Dixit et 
al. 1992). These mechanisms form the basis of 
algal associations, seasonal assemblage 
succession (Hutchinson 1967), and the well
known responses to nutrient enrichment 
(Reynolds 1984). Temporal variability is the 
greatest disadvantage of indicators based on 
measurements of the algal assemblage, and 
either repeated sampling or temporally inte
grated samples are required to obtain a 
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seasonal or annual assemblage estimate. The algal 
assemblage seasonal succession cycles are only 
general and their exact timing and composition 
are not predictable (Reynolds 1984). In addition, 
assemblage composition and abundance are 
influenced by grazing pressure from zooplankton. 
For example, lakes with abundant, large-bodied 
zooplankton suspension feeders may have greater 
water clarity than similar lakes without the 
grazers (e.g., Edmondson and Litt 1982). Other 
advantages and disadvantages of using algal 
assemblages are listed in Table D- 1. 

Primary Production 

Nutrient enrichment from human activities 
generally leads to increased biomass of algae in 
lakes. Measurement of algal and other plant 
biomass, or a surrogate (e.g., chlorophyll a), is a 
good indicator of eutrophication and is clearly 
related to biological integrity, meeting the first 
criterion for successful metrics. Trophic state is 
an expression of the production of a lake 
ecosystem. We use Carlson and Simpson's 
(1996) definition of trophic state based solely on 
biomass and operationally measured by vari
ables that estimate biomass. 

Carlson's Trophic State Index (TSO (Carlson 
1977) is the most widely used index for 
eutrophication in lake monitoring programs, 
and is based on epilimnetlc chlorophyll a 
concentration, total phosphorus concentration, 
and Secchi depth. Index values range from 
below O (ultraoligotrophic) to above 100 

(hypereutrophic}. Each of three measures 
(chlorophyll, total P, Secchi) is used to calculate 
an independent index, and the indices can be 
compared to identify whether algal growth is 
limited by phosphorus, light, or other nutrients. 
Chlorophyll is the most accurate and is the 
preferred indicator of trophic state. Total phos
phorus and Secchi depth indices are also used 
as surrogates in the absence of chlorophyll data, 
and can be used to identify factors contributing 
to algal growth when all three are measured 
(Carlson and Simpson 1996). Measurement of 
primary productivity is not recommended 
because it is expensive to measure and fre
quently difficult to interpret. 

Other indices have been developed and might be 
appropriate for different lake ecoregions in the 
country. A nitrogen index can be included to 
identify nitrogen limitation (Carlson 1992, 
Kratzer and Brezonik 1981). Other trophic state 
models (e.g., Dillon and Rigler 1974, Larsen and 
Mercier 1976, Vollenweider 1975) use annual 
phosphorus loading rates or retention fractions, 
and rely on measurements of nutrient concen
trations rather than the biological response to 
nutrient loading. See Carlson and Simpson 
( 1996) for a complete discussion of the trophic 
state concept. 

Both algae and macrophytes contribute to a 
lake's plant biomass, therefore, metrics for both 
algal and macrophyte biomass are preferred for 
whole-lake trophic state (Canfield et al. 1983, 
Carlson and Simpson 1996) (see section 4.2 for 
macrophyte biomass). 

Table D-1. Advantages, disadvantages, and alternatives to using algal assemblages. 

Advantages Disadvantages Alternatives 

Species composition, abundance Require taxonomic expertise for Water quality measures (N, P). 
respond to water quality: species indentification. pH, alkalinity measurement. 

- Nutrients (N, P, Si) Strong temporal variability; do not Metals analysis. - pH, alkalinity integrate (except sediment 80D,COD. - Metals diatoms). 
- Temperature ATP Quantitative inference of water 

Field sampling relatively easy. quality requires large calibration 
Identification rapid to division and data set. 
family level. 
Simple biomass indicators 
(chlorophyll a or dry weight). 
Historic and prehistoric record in 
sediment diatoms. 
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The Tennessee Valley Authority (TVA) uses 
chlorophyll a concentrations for one of its 
reservoir assessment metrics. The metric is 
based on the mean groWing season water 
column concentration and a single maximum 
concentration (Dycus and Meinert 1994, TVA 
1995). Reservoirs are considered mesotrophic or 
oligotrophic, based on natural watershed 
geochemistry and expected chlorophyll a con
centrations. Low, moderate, and high mean 
concentrations of chlorophyll a are rated 
"good",'" fair," and "poor," respectively, With 
differing defmition of these three categories for 
mesotrophic and oligotrophic reservoirs. A very 
high single-sample maximum (> 30 µg/L) 
reduces the rating by one class. Thus, a good 
rating implies chlorophyll concentrations Within 
the range expected and no extreme blooms. In 
addition, for mesotrophic reservoirs unusually 
low concentrations(< 3 µg/L) are rated "fair." 
Also, if this low concentration occurred despite 
sufficient phosphorus, it was considered an 
indication of limitations other than nutrients 
and resulted in a poor rating. 

Phytoplankton Species 
ComposHtlon 

Many different levels of algal monitoring and 
assessment exist. Metrics based on indicator 
taxa can be quite simple, such as qualitative 
estimates of relative dominance of algal divisions 
(Table D-2). For example, dominance by diatoms 
might be rated "good", and dominance by 
cyanobacteria might be rated "poor," requiring 
only a rapid, qualitative estimate of the relative 
abundances of diatoms and cyanobacteria. 
Indicator genera could also be used, For ex
ample, abundant populations of the 
cyanobacteria Oscillatoria or Anabaena indicai:e 

Table D-2. Potential algal metrics. 

eutrophication (e.g., Edmondson and Lehman 
1981). Certain diatoms and chrysophytes are 
sensitive to pH and dissolved aluminum 
(Charles and Whitehead 1986, Smol et al. 1984). 

Algal assemblage data, consisting of taxonomic 
identifications and abundance (relative or 
absolute) of each taxa, can be analyzed in two 
ways:(1) by determining assemblage metrics 
based on species structure, or (2) by multivari
ate assemblage analysis. Simplified field and 
laboratory procedures are possible for some (but 
not all) of the species structure metrics. 

Due to the high temporal variability of plankton, 
several samples during the groWing season 
might be needed for accurate assemblage 
analysis. 

Assemblage metrics, as defined and used in 
assessment of biological integrity, rely on the 
comparison of a metric to a reference value. 
Assemblage metrics possible for use in algal 
analysis include (Bahls 1993): 

• Diversity metrics, such as number of taxa , 
percent contribution of dominant taxon, and 
Shannon-Wiener diversity which incorpo
rates both number of taxa and evenness, 
and is less sensitive to sample size. 

• Indicator taxa (e.g., bloom-forming 
cyanobacteria) respond to acid, eutrophica
tion, metals, organics, salinity, and climate. 
Responses are reliable to water chemistry 
and many responses of individual species 
are unimodal. 

• Indices and ratios . 

• Pollution tolerance index, based on toler
ance groups of Lange-Bertalot (Bahls 1993). 

Metric Optimal Condition Impaired Condition 

Trophic state. Similar to reference expectation. Substantially higher or lower. 

No. ofTaxa. High Reduced number of taxa. 
% dominance. Low High dominance. 
Indicator taxa, ecological Similar assemblage to reference. Abundance of indicator, taxa or 
categories, and tolerance indices. high index values (e.g., 

cyanobacteria acidophilic taxa, 
tolerant species, etc.) 

Similarity indices. Similar to reference. different. 
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This index is functionally similar to the 
Hilsenhoff Biotic Index for invertebrates 
(Hilsenhoff 1987). 

• Similarity indices, comparing the similarity 
in assemblage composition to reference 
conditions (canonical correspondence, other 
ordination; Jaccard's similarity, other). 

• Ratios of algal divisions (e.g., 
cyanobacteria:total) or other functional 
groupings (e.g., motile cells:total). 

• Ecological categories. 

• Trophic state categories (eutrophic, olig
otrophic, acidophilic). 

• Inferred water chemistry. 

• Requires a large calibration data set to 
develop predictive model of water chemistry. 

Spatial Variability-Phytoplankton can be 
patchily distributed in a lake, affecting the 
variability of a sampling program. Most phy
toplankton patchiness is the result of water 
motion and identifiable water masses, such as 
Langmuir circulation, vertical stratification, and 
embayments with limited exchange to open water 
due to morphometry or submerged vegetation. 
Effects of these can be minimized by taking 
vertically integrated samples in mid-lake, with a 
vertical tow, a pump, or a series of bottle samples. 

Temporal Variabllity-The largest single disad
vantage of phytoplankton sampling, including 
biomass and chlorophyll a measurement, is 
temporal variability. The algal assemblage 
seasonal succession cycles are only general, and 
their exact timing and composition are not 
predictable (Reynolds 1984). The variability is 
best controlled with repeated sampling (typically 
monthly or weekly) using a minimum of 10 
samples to obtain either an annual average or 
an index period average (e.g., growing season, 
spring overturn, peak biomass) (Knowlton and 
Jones 1989). 

Sedimented Diatoms 

Diatoms and chrysophytes preserved in lake 
sediments are integrators of lake history and 
make it possible to infer changes in other biotic 
assemblages (Charles et al. 1994, Dixit et al. 
1992). Environmental variables, such as alka-
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linity, aluminum, dissolved organic carbon, 
salinity, nickel. conductivity, calcium, total 
nitrogen, total phosphorus, Secchi transpar
ency, and trophic state have been inferred using 
diatom-based predictive models (Charles et al. 
1994, Dixit et al. 1992, Fritz 1990). 

The diatom fossil record can aid in establishing 
reference conditions. See Appendix C for meth
ods. Surface sediments represent recent or 
current lake conditions and usually integrate 
the assemblage over 1 or more years (Dixit et al. 
1992). Presettlement conditions may be charac
terized by sediment cores of 0.5 to l .0m depths 
(Charles et al. 1994). Dating sediment cores is 
possible using pollen or radioactivity of 21 0Pb 
(radon decay product). 

Perlphyton 

Periphyton Spatial Variabllity-Periphyton 
abundance and species composition might be 
variable around the periphery of a lake owing to 
differences in water quality, local variation of 
runoff from the shore, differences in substrate, 
and other factors. Periphyton may be scraped 
from natural substrates, or artificial substrates 
may be deployed for periphyton colonization 
(Kentucky DEP 1993, Bahls 1993, Florida DEP 
1996, Oklahoma CC 1993). A composite sample 
from several substrates at several sites should 
remove most of the effects of local spatial 
variability. 

Temporal Variabllity---Like phytoplankton, 
periphyton are subject to changing water 
chemistry and seasonal succession. Sampling 
during an index period in a time of relative 
stability might remove most of the confounding 
effects of time. 

Response of Metrics-Although periphyton have 
been used successfully in streams (e.g., Bahls 
1993, Patrick 1949), their application as lake 
indicators is relatively new. Metrics ofperiph
ytic diatoms have shown promise for 
bioassessment, based on investigation of 
undisturbed reference lakes in Montana 
(Gerritsen and Bowman 1994), but actual 
response to disturbance or pollution is as yet 
unknown. Periphyton are considered an experi
mental assemblage for lake assessment because 
of limited information on response to stressors. 



D.2 SUBMERGED 
MACROPHVTES 

Aquatic plants respond to nutrients, light, toxic 
contaminants, salt, and management. A lack of 
macrophytes might indicate water quality 
problems due to herbicides, salinization, or 
excessive turbidity. Submerged and floating 
macrophytes respond to nutrients in the sedi
ment (Barko et al. 1992), and an overabundance 
of submerged or floating leaved plants can be an 
indicator of excess nutrients. Exotic species 
(e.g., Eurasian water milfoil) often become 
dominant and cause weed problems under 
eutrophic conditions. In addition, submerged 
macrophytes are sensitive to shading by turbid
ity and by dense periphyton growth. Many 
species are sensitive to phytotox.ins, such as 
copper and herbicides. 

Submerged macrophytes are extensively man
aged. Exotic species frequently dominate 
eutrophic lakes, and control attempts include 
harvesting, herbicides, and grass carp. Natural 
macrophytes are managed where they are 
thought to interfere with recreation. 

Extreme eutrophication in shallow lakes may 
have alternate stable states: one dominated by 
macrophytes, the other by phytoplankton 
(Scheffer et al. 1992). Management of such lakes 
to promote the macrophyte dominated state 
includes removal of planktivorous fish and 
introduction of macrophytes and piscivorous 
gamefish (Hosper et al. 1992). 

Macrophytes respond more slowly to environ
mental changes than do phytoplankton or 
zooplankton and might be better integrators of 
overall environmental conditions (Table D-3). 
This would allow a single sampling event per 
year, during the time of maximum abundance of 
macrophytes. Both floating leaved and emergent 
plants are easily assessed from aerial photo
graphs, which permit estimates of total area 
covered and percent cover (density) within 
stands. For the purposes of lake assessment, 
emergent vegetation (i.e., semi-terrestrial) is lake 
habitat, but floating and submerged vegetation 
are lake biota. 

Macrophyte Indicators 

Extent and Percent Cover-Extent and percent 
cover of rooted vegetation are easily obtained 

Biological Assemblages 

from rapid surveys or remote sensing (aerial or 
satellite imaging). These methods have been 
used successfully to monitor the status and 
trends of submerged vegetation in estuaries 
(e.g., Orth and Moore 1983). Extent of both 
floating-leaved and emergent vegetation can be 
estimated from aerial photos or from shorezone 
surveys. Wetlands can also be estimated from 
maps developed by the National Wetlands 
Inventory (NWI). although these would not 
indicate the extent of littoral emergent vegeta
tion in most lakes. When compared to expected 
or reference values, the extent and percent cover 
of macrophytes and emergents provide an 
assessment of the overall integrity of the lake 
system. Loss of emergents and wetlands on a 
lake margin indicates lost wildlife habitat and 
possibly increased nutrient and sediment input. 
Nuisance weed problems might indicate 
eutrophication, and loss of native macrophytes 
(compared to reference) might indicate excess 
turbidity or toxic contamination. 

Technical Issues 

Spatial Variability-With suitable substrate and 
sufficient light, macrophytes colonize the littoral 
areas in lakes and reservoirs. Spatial variability 
of cover and extent within these areas can be a 
result of one or more of the factors listed below: 

• Substrate type-bedrock would be colonized 
by periphyton instead of macrophytes. 

• Topography. 

• Disease. 

• Insect infestation. 

• Local sources of nutrients and turbidity. 

Vegetation functional measurements such as 
net growth, primary productivity, etc., are time 
consuming and require repeated monitoring at 
different times in the growing season. It is not 
clear that the information gained from func
tional measurements is any better for assess
ment and management purposes than remote, 
wide-scale measurements. 

Assemblage Metrics-Identification of taxa and 
relative abundance counts or biomass estimates 
of each allow calculation of similar assemblage 
metrics described for the algae assemblages 
(Table D-4). 
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To minimize effects of variability, several sites 
are sampled in a lake and combined into a 
composite sample. 

Temporal VariabUity-Aquatic macrophyte 
assemblages on the whole are usually at maxi
mum cover and extent in midsummer. Temporal 
variability is avoided by sampling the macro
phyte assemblage at approximately the same 
time every year. Interannual variability of 
macrophyte cover can be high (Scheffer et al. 
1992); if so, total vegetated area may not be an 
effective metric. 

Research Needs-It is generally accepted that 
macrophytes respond to nutrients by expanding 
their extent and cover. Research is needed to 
determine which species respond to contami
nants such as acid, metals, organics, and 
salinity. Macrophytes might respond to indi
vidual contaminants or only a combination of 
contaminants. They might respond to contami
nants only at extreme levels or conditions. 

D.3 BENTHIC 
MACROINVERTEBRATES 

Benthic invertebrate assemblages in lakes 
correspond to particular habitat types and can 
be classified according to the three basic habi-

tats of lake bottom: littoral, sublittoral, and 
profundal. The littoral habitat of lakes usually 
supports larger and more diverse populations of 
benthic invertebrates than do the sublittoral 
and profundal habitats (Moore 1981, 
Wiederholm 1984). The vegetation and substrate 
heterogeneity of the littoral habitat provide an 
abundance of microhabitats occupied by a 
varied fauna, which in turn enhances inverte
brate production. The littoral habitat is also 
highly variable due to seasonal influences, land 
use patterns, riparian variation, and direct 
climatic effects producing high-energy areas. 
The epifauna species composition, number of 
individuals, areal extent, and growth form vary 
with the species composition of the macrophyte 
beds, making it difficult to determine the 
benthic status accurately. 

The sublittoral habitat, below the area of dense 
macrophyte beds. but above typical ther
moclines, lacks the heterogeneity of the littoral 
habitat; However, it is also less subject to littoral 
habitat variables and influences. The sublittoral 
habitat is rarely exposed to severe hypoxia but 
might also lack the sensitivity to toxic effects 
that is found in the profundal habitat. The 
sublittoral habitat supports diverse infauna! 
populations, and standardized sampling is easy 
to implement because a constant depth and 

Table D-3. Advantages, disadvantages, and alternatives to using macrophyte assemblages. 

Advantages Disadvantages Alternatives 

Respond to: Subject to management (pla
removed, poisoned). - Nutrients 
Not important in some regio- Metals 

nted, TSI 
Sacchi 

ns. Nutrient analysis. 
- Herbicides Metals analysis. 
- Turbidity Herbicide analysis. 
- Water level change 

Structural component; littoral 
habitat for fauna. 
Sampling relatively easy (aerial 
photography or transects); simple 
abundance metrics. 
Integrators of environmental 
conditions. 
Endpoints of concern (weeds, 
wetlands, SAV loss). 
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substrate can be selected for sampling. There
fore, the sublittoral habitat is the preferred 
habitat for surveying the benthic assemblage in 
most regions. 

The profundal habitat, in the hypolimnion of 
stratified lakes, is more homogeneous due to a 
lack of habitat and food heterogeneity, and 
hypoxia and anoxia in moderately to highly 
productive lakes are common. The profundal 
habitat is usually dominated by three main 
groups of benthic organisms including chirono
mid larvae, oligochaete worms, and phantom 
midge larvae (Chaoborus) (Wiederholm 1984). 
Many species of chironomids and tubificid 
oligochaetes are tolerant to low dissolved 
oxygen, such that these become the dominant 
profundal invertebrates in lakes with hypoxic 
hypolimnia. As hypoxia becomes more severe 
tubificids can become dominant over chirono
mids (Hergenrader and Lessig 1980). In cases of 
prolonged anoxia, the profundal assemblage 
might disappear entirely. If hypoxia is rare in 
reference lakes of the region, and if toxic sedi
ments are suspected to occur in some lakes, 
then the profundal habitat might be preferred 
for the region. 

Benthic macroinvertebrates are moderately long
lived and are in constant contact with lake 
sediments. Contamination and toxicity of 
sediments will therefore affect those benthic 
organisms which are sensitive to them 
(Wiederholm 1984). Acidification of lakes is 
accompanied by shifts in the composition of 
benthic assemblages to dominance by species 
tolerant of acidic conditions (Perry and 
Troelstrup 1988, Schindler et al. 1989). Effects 
of rapid sedimentation are less well-known but 

Table D-4. Potential macrophyte metrics. 

appear to cause shifts toward lower abundances 
and oligotrophic species assemblages as well as 
more motile species (Masters 1992, Wiederholm 
1984). 

Benthic macroinvertebrates are present year.:. 
round and are often abundant, yet not very 
motile. However, the benthos integrate environ
mental conditions at the sampling point (Table 
D-5). To date, 1VA, EMAP, and several states 
(Florida, Oklahoma, North Dakota) have sur
veyed benthos as part of lake bioassessment in 
the United States. Developmental work by 1VA, 
USEPA, and several states is likely to refine 
metrics based on macroinvertebrates. 

Invertebrate Indicators 

Primary emphasis in the past has been placed 
on chironomids and oligochaetes as indicators 
of lake trophic status. Several indices and 
classification systems have been developed for 
lake trophic state using chironomid and oli
gochaete assemblages as indicators (e.g., 
Naumann 1932). The trophic indices, most of 
which were developed for lakes of northern 
Europe, rely on relative abundances of chirono
mid species, the ratio of tolerant to intolerant 
tubificid oligochaetes, or the ratio of oligocha
etes to chironomids (reviewed in Wiederholm 
1980). Ratios are unstable metrics because 
numerator and denominator are independent 
(Barbour et al. 1992); proportions or percentage 
metrics work better. 

1V A is using benthic macroinvertebrate compo
sition as one of five assessment indicators in 
reservoirs (Dycus and Meinert 1992, Dycus and 

Metric Optimal Condition Impaired Condition 

% cover or biomass In available Similar to reference. Substantially more or less than 
habitat colonized. reference. 
% cover, biomass in vegetated Similar to reference. Substantially more or less than 
areas. reference. 
No. of taxa. High Low 
% cover, biomass of dominant Low High 
species. 
No. of exotic species. Zero ~1 

% cover, biomass of exotics. Zero High 
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Meinert 1993, Dycus and Meinert 1994). 1VA 
benthic composition metrics evaluate richness, 
composition, abundance, and indicator taxa. 
The condition of macroinvertebrate assemblages 
in 1VA reservoirs is strongly associated with 
hypoxia in the reservoirs (after Dycus and 
Meinert 1992). The EMAP surface waters pilot 
project is also using benthic macroinvertebrates 
for assessing the biological condition of lakes 
and has found that number of taxa among 
benthic macroinvertebrates corresponds to level 
of disturbance in a watershed (USEPA 1993a). 

Lake benthic metrics that are responsive to 
stresses, are in general, similar to stream 
invertebrate metrics (Table D-6). Metrics used 
successfully by 1VA in assessing reservoirs 
include OVA 1994, 1VA 1995): 

• Number of taxa. 

• Number of long-lived taxa (Corbicula, 
Hexagenia, mussel, snails). 

• Number of EPT taxa (Ephemeroptera, 
Plecoptera, Trlchoptera). 

• Proportion as Tubiflcidae. 

• Proportion as dominant taxon. 

• Total abundance excluding Chironomidae 
and Tubiflcid.ae. 

• Percentage of samples on a transect with no 
organisms present. 

Invertebrate metrics demonstrated to respond to 
stresses in Florida lakes include ( FDEP 1994, 
Gerritsen and White 1997): 

• Number of taxa. 

• Shannon-Wiener diversity. 

• Percent oligochaetes. 

• Number of ETO taxa (Ephemeroptera, 
Trichoptera, Odonata). 

• A tolerance index similar to HBI. 

Biological assessment using benthic 
macroinvertebrates must focus on a subset of 
assemblages (defined by habitat and season) to 
avoid costly sampling of all assemblages. 
Assemblage composition is affected by sub
strate, macrophytes, depth, and season. The 
optimal assemblage for reasons of cost, variabil
ity, and interpretation appears to be the sublit
toral assemblage of epifauna and infauna. The 
littoral assemblage is highly variable and costly 
to sample, and the profundal assemblage might 
be uniformly impacted by hypoxia in many 
regions of the country. Hypoxia might be natural 
in deep, mesotrophic lakes or in warm water 
lakes. If hypoxia is an expected profundal 
condition, sublittoral benthos is the preferred 
assemblage. If hypoxia is rare or not expected in 
the reference condition, profundal benthic 
sampling might be preferred. 

Table D-5. Advantages, disadvantages, and alternatives to using macroinvertebrate assemblages. 

Advantages 

Respond to: 
- DO 
- Sediment metals 
- Other sediment toxins 
- Organic enrichment 

- Fish 
Integrators of environmental 
conditions. 
Lowmoblllty. 
Moderate temporal variability. 
Trophic link to fish, birds. 
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Disadvantages 

High spatial variability due to 
habitat dependence. 
Littoral habitat sampling difficult. 
Metrics not well developed or 
tested In lakes. 
Laboratory identification and 
count can be time-consuming, 
requires expertise. 

Alternatives 

DO 
Sediment TOC. 
Toxicity bioassays. 

Fish assemblage. 
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Technical Issues 

Spatial Variability-To account for spatial 
variability within the sampling area of a lake, at 
least three grabs must be taken. The grabs can 
be combined into a composite sample to save 
money, but valuable information is lost. For 
example, data on spatial variability is lost, but 
more importantly effects of one sample with a 
very large density of a single taxon will be more 
significant in a composite sample than in the 
average of individual samples. In large lakes or 
lakes with heterogenous bottom substrate, five 
or more sites might need to be sampled. Selec
tion of the epifauna or infauna for sampling will 
depend on the major substrate type present and 
the overall objectives of the biosurvey. For 
example, with sediment problem the benthic 
infauna would be the appropriate part of the 
assemblage to sample. If the major substrate 
type present is hard substrate or vegetation, the 
epifauna should be sampled. 

Toxic or contaminated sediments are more likely 
to be a stress on profundal invertebrates be
cause sediments accumulate in the deep, 
depositional areas and infauna! oligochaetes 
might be more sensitive to toxicity than are 
other invertebrates. However, the sublittoral 

Table D-6. Potential benthic metrics. 

Metric 

No. of taxa. 

Shannon-Weiner diversity. 

Mean no. of individuals per taxon. 

% contribution of dominant taxon. 

% intolerant species. 

% oligochaetes. 

ETO taxa (ephemeroptera, trichoptera, odonates). 

% non-insects. 

Crustacean + mollusc taxa. 

% crustaceans and molluscs. 

Tolerance indices (e.g., HBI [Hilsenoff 1987]; Hulbert's 
Lake Condition Index [LCI]). 

% suspension feeders. 

% shredders. 

Abundance (exclude Chlronomidae and Tubificidae). 

No. of samples with no organisms present. 

Biological Assemblages 

habitat has certain advantages for sampling 
macrobenthos because it is subject to hypoxia 
less frequently than the profundal habitat and 
because the sublittoral area typically has 
greater number of taxa, including some mayflies 
and caddisflies than the profundal area. 

Temporal Variability 

The issue of seasonality needs further investiga
tion to determine the most effective index period 
for sampling or the sampling frequency. Sam
pling period can be either during the most 
stressful period or during a time after recruit
ment when the populations have stabilized. The 
selected period should be of the least conse
quence to the identification and sampling 
process, especially if the sampling is designed 
for volunteer monitoring groups. For example, 
samples taken right after recruitment will have 
early instars that are difficult to identify. If more 
than one period is designated, the appropriate 
sampling frequency needs to be established. 

Sampling Strategies 

The sampling area should focus on the most 
predominant substrate available and the metrics 

Response to stress 

Reduced 

Reduced 

Variable 

Elevated 

Reduced 

Elevated under organic enrichment. 

Reduced under enrichment or DO stress. 

Reduced 

Reduced under acid stress. 

Reduced under acid stress. 

Reduced 

Reduced 

Reduced under enrichment (not useful in very large lakes). 

Reduced 

Increased 
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should be developed independent of microhabi
tat variation. The type of sampling gear will 
depend on the substrate being sampled as each 
substrate has its own optimal sampling gear. 
Standardized sampling techniques for each gear 
type should be implemented to allow for the 
comparison of data. Processing of samples 
should be standardized by using a standard net 
size of 595 µm (No. 30 mesh). 

The objective is to adequately characterize the 
sampling unit which is a single lake, 
embayment, or lake basin. Heterogeneity within 
a sampling unit (lake) is not of interest in 
bioassessment. Samples from several sites are 
combined into a single composite for analysis 
and characterization of the lake. To get a 
representative sample of benthic invertebrates, 
it is necessruy to sample at several locations. 
such as, three to five areas of the sublittoral 
zone around the lake. Sampling at each site 
might also consist of several grab, which can be 
composited to save money. 

Research Needs-Six recommendations for 
further study were identified during the develop
ment of this document by the Benthic 
Workgroup: 

1. Metric development and calibration must 
allow for regional modifications. The need 
for regional modification of metrics must be 
clear so that states do not discount the 
program as "not working" if the metrics 
being used are not suitable for their region. 

2. Sampling methodology must be based on 
regional characteristics and must be appro
priate to the needs of states. Regional 
adaptations will be based on substrate, 
habitat, lake type, and other environmental 
characteristics. Design strategies should 
also include ways to evaluate the design, 
and identify specific problems/ characteris
tics so that states can easily identify 
whether or not a specific design is working 
in their region. One suggestion was that a 
questionnaire accompany the guidance to 
specifically identify whether the sampling 
methods were found to be suitable for the 
region after use for a predetermined period 
of time. 

3. The appropriate number of replicate 
samples needs to be investigated in order to 

tighten confidence intervals and to resolve 
the best returns on the data for the invest
ment. A determination must also be made 
as to whether multiple sampling efforts 
should be conducted on the same day or on 
separate days. 

4. Investigate seasonality so that the best 
index period(s) is selected for sampling. 
Ideally.sampling should occur during the 
period that will least affect the field identifi
cations and yield the most valuable informa
tion. More than one index period might be 
needed to address specific objectives. Cost
effective strategies will focus on reduced 
frequency of sampling. 

5. Investigate the applicability of vertical 
stratification of biomass as in estuarine 
sediments, and develop a surrogate infauna! 
trophic index for lakes that might have 
universal application. 

6. Investigate the occurrence and causes of 
morphological deformities of benthic organ
isms in response to stressors. This type of 
metric would provide information on indi
vidual health or sublethal effects. 

7. Evaluate potential for field identification as 
cost saving measure. 

D.4 ZOOPLANKTON 

Lake zooplankton consist primarily of crusta
ceans, rotifers, and, to a lesser extent, semi
planktonic insect larvae of the genus Chaoborus. 
Many zooplankton species found in north 
temperate lakes are cosmopolitan or wide
ranging in their distribution (Hutchinson 1967). 
There is a strong positive relationship between 
the number of crustacean zooplankton species 
and lake surface area (Dodson 1992, Fryer 
1985), and weaker positive relationships be
tween number of species and lake productivity, 
and the number of neighboring lakes (Dodson 
1992). 

More than any other assemblage, zooplankton 
structure and function are controlled externally 
by both higher and lower trophic levels (fish 
predators and algal food) and internally by 
planktonic predators (Lewis 1979, Zaret 1980, 
Carpenter et al. 1987) (Table D-7). Zooplankton 
composition and abundance are variable in time 
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with numbers changing one to three orders of 
magnitude within weeks. The complexity of open 
water zooplankton dynamics is in part due to 
trophic interactions taking place in a three
dimensional environment of reduced structure 
(Gerritsen 1980). 

The trophic cascade can be modified by nutrient 
enrichment and internal interactions (Carpenter 
et al. 1987) and can in turn affect physical 
characteristics such as light penetration and 
temperature (Mazumder et al. 1990). 

Zooplankton Indicators 

Zooplankton indicators that have been investi
gated rely on measurement of plankton size 
structure, and trophic categories (Sternberger 
and Lazorchak 1994) (Table D-8). From the 
ecological interactions listed above, zooplankton 
body size is a potential indicator of the presence 
or absence of planktivorous forage fish, and of 
the absence or presence, respectively, of large 
piscivores. Use of zooplankton body size as an 
indicator (Mills and Schiavone 1982, Mills et al. 
1987, O'Gorman et al. 1991) showed that mean 
zooplankton body size can predict populations 
of yellow perch and migration of alewives. 
Furthermore, dominance by large, visible 
Daphnia species (e.g .. D. pulex, D. galeata) 
indicates the presence of large piscivores, 
circumneutral pH, and the absence of blue
green algal blooms (Edmondson and Litt 1982, 
Mills et al. 1987). 

Several zooplankton species, especially some of 
the larger predators and Daphnids, are sensitive 
to acidification, and acidic lakes have fewer 
zooplankton taxa than circumneutral lakes 
(Baker and Christensen 1991). Large Daphnia (> 
1 mm) are used as an indicator of trophic 
balance in operational biomanipulation in 
Europe (Hasper et al. 1992, Hasper and Meijer 
1993), and lakes with large Daphnia have lower 
chlorophyll concentrations than comparable 
lakes without (Mazumder 1994). 

The EMAP Surface Waters program is testing 
selected zooplankton metrics in New England 
lakes. EMAP zooplankton sampling consists of a 
single vertical tow at the deepest point of a lake, 
using a dual (bongo) net, with a fine (48µm) net 
and a coarse (202µm) net (USEPA 1994a, 
USEPA 1994b). 

Technlcal Issues 

Spatial Variability-Zooplankton are subject to 
many of the same water movements that affect 
phytoplankton. In addition, many species 
perform diurnal vertical migration. Integrated 
sampling of the mid-lake water column with a 
vertical or oblique tow is usually sufficient for 
relative abundances of zooplankton species. To 
avoid possible effects of vertical migration, 
samples should not be taken near dawn or 
dusk. 

Table D-7. Advantages, disadvantages, and aHernatives to using zooplankton assemblages. 

Advantages Disadvantages Alternatives 

Respond to: Response to human stressors and Fish assemblage. 
impacts not well documented. - Fish Trophic state (Secchi depth, 
Interpretation difficult: respond to chlorophyll, phosphorus). - Phytoplankton 
both higher and lower trophic 

- Thermal loading Algae 
levels. 

- Acidity Do not integrate well (high 
- Pesticides temporal variability). 

Field sampling and counting 
relatively easy (but does require 
taxon. expertise). 
Trophic link to fish. 
Sedimentary record for some 
groups. 
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Index Period-Zooplankton assemblages are not 
stable in time undergoing seasonal succession. 
To the extent that assemblages are seasonally 
predictable, they can be sampled within an 
index period. Mid-summer or mid-winter are 
relatively stable periods. Midsummer is pre
ferred to coincide with other assemblages. 

Research Needs-Although preliminary results 
from EMAP are encouraging. the responsiveness 
and reliability of many zooplankton-based 
metrics are not yet well known. Response of 
zooplankton metrics to stressors, needs to be 
tested in different regions of the country. 
Seasonal variability and predictability of zoo
plankton assemblages needs to be analyzed to 
determine optimal index periods and the mini
mum number of samples required to character
ize a lake. 

D.5 FISH 

Ffsh populations are powerful structuring forces 
on other lake assemblages through feeding 
interactions (trophic cascades). Abundant 
populations of piscivorous fish reduce 
planktivorous forage fish species, releasing 
predatory zooplankton from predation, resulting 
in dominance by large-bodied, suspension
feeding zooplankton (e.g .• Brooks and Dodson 
1965, O'Brien 1979). The large suspension
feeding zooplankton can in turn reduce phy
toplankton abundance, increasing water clarity 
and altering the thermal structure of the lake 
(Mazumder et al. 1990). The trophic cascade 
also influences, and is influenced by, nutrient 
dynamics (Carpenter et al. 1987). 

Table D-8. Potential zooplankton metrics. 

Metric 

% large Daphnla (> 1 mm). 

No. of taxa. 

% dominance. 

It is well known that fish production is tied to 
lake primary production (e.g .• Oglesby 1977, 
Ryder et al. 1974). In fact, oligotrophic lakes 
are often fertilized by fishery agencies to en
hance sport fish production. In addition, there 
are regional, geographic differences in fish 
abundance that are not explained by trophic 
state (Nurnberg 1996). Moderate to severe 
eutrophication reduces and might eliminate 
desirable sport fish due to loss of habitat, poor 
water quality, and food web simplification (NRC 
1992). Fish are highly dependent on habitat for 
spawning and for refuge. Some species (e.g., 
yellow perch, most salmonids) spawn in 
streams; others require clean rock or gravel 
habitat in the lake. Submerged vegetation 
provides cover for both forage fish and 
piscivores, and recolonization of littoral areas by 
macrophytes increases sportfish abundance, as 
well as improving water quality. 

More than any other assemblage, fish are subject 
to management which can confound assessment 
efforts (Table D-9). Exotic piscivorous sport fish 
(e.g., striped bass, Pacific salmon) are wide
spread in lakes throughout the United States, 
and many of these populations are maintained 
by regular stocking. Stocking to maintain a 
population results in an artificially large popula
tion-especially juveniles-with resultant trophic 
cascade effects on zooplankton and phytoplank
ton. This problem is especially pronounced in 
"put and take" fisheries, where large numbers of 
hatchery-reared adults are released for a fishing 
season and decimate invertebrate assemblages 
during the season. In general, if exotic piscivo
rous species reproduce naturally, biological 
integrity is less likely to be affected. 

Response to stress 

Low 

Reduced under contamination or stress. 

High 

Size structure (% of large animals or% of small animals). Dominated by small species (e.g., rotifers). 

Trophic structure metrics Simplified trophic structure. 
- No. of trophic links 
- Complexity measures 
- % large predators 
- No. of predator species 
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Fish lndBcators 

Assemblage Composition and Abundance---Mea
surements of fish assemblage composition and 
relative abundance can be incorporated into several 
metrics, including the Index of Biotic Integrity OBI), 
an index of several assemblage-level metrics and 
their variations, and multivariate assemblage 
analysis. Field measurements for these are the 
relative abundances of species in the habitat. 

Index of Biotic Integrity (IBI)-The Index of Biotic 
Integrity (IBI) incorporates attributes of fish 
assemblages to evaluate human effects on a 
stream and its watershed (Karr 1991, Karr et al. 
1986). Those attributes cover the range of 
ecological levels from the individual through 
population, community, and ecosystem. IBI 
consists of 6 to 12 measures, or metrics, in 4 
broad categories: species composition, trophic 
composition, fish abundance, and condition 
(Karr 1991). A site is assigned scores for the 
resemblance of each metric to the reference 
(unimpacted or least impacted) condition 
expected for that area. Total scores of all metrics 
result in an overall score for the site. 

As with other multimetric indices, component 
metrics of IBI require adaptation and calibration 
to the geographic regions in which they will be 
applied, thus incorporating biogeographic 
variation of assemblages and systems into the 
assessment (Karr 1991). This may include 

deletion or replacement of selected IBI metrics 
and is done with the development of a reference 
site data base. Local adaptations of IBI for 
streams have been developed for several regions 
of the United States (Karr 1991, Leonard and 
Orth 1986, Miller et al. 1988, Steedman 1988). 

Although lakes and reservoirs differ in physical 
attributes from rivers and streams (the former 
being more homogenous). the valued attributes, 
or biological integrity, of fish assemblages apply 
equally. These attributes include species compo
sition, trophic composition, abundance, and 
condition. Differences between lake and stream 
habitats lie in the expectations for the attributes 
and will be reflected in reference site data. An 
index used by TV A on its reservoirs is based on 
12 metrics and is called the Reservoir Fish 
Assemblage Index, or RFAI (Jennings et al. 
1995, Hickman and McDonough 1996) (Table D-
10). The status of this index is discussed under 
Research Needs. 

The major problem in applying IBI to lakes is 
obtaining representative samples of fish assem
blages in lakes. Quantitative sampling in lakes 
is not as reliable as that in streams because of 
lake morphology, bottom types, and gear 
efficiency. Modification of IBI for lakes may 
include use of relative abundances based on 
subsamples from constant-effort sampling. 
Sampling gear and protocols for different 
habitats of lakes will need to be standardized. 

Table D-9. Advantages, disadvantages, and alternatives to using fish assemblages. 

Advantages Disadvantages Alternatives 

Respond to: Filed sampling is time consuming DO 
- DO 
- Pesticides 
- Metals 
- Organic enrichment 
- Eutrophication 
- Acidification 
- Thermal loading 

and expensive, with high spatial 
variance and gear problems. 
Intensively managed. 

- Stocking 
- Angling impact of sampling 

The only index which has been 
developed (RFAI), has only been 
tested regionally. 

Trophic state. 
Toxicity bioassays. 
Contaminant analysis. 

pH, alkalinity measurement. 

Tolerances to stress known. 
Integrators of environmental 
conditions. 
Easy taxonomic ID; expertise 
widespread. 
Universal endpoint. 
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Qualitative Screening-Widespread familiarity with 
the condition of sport and forage fish in natural 
resource agencies permits qualitative screening 
assessment using expert knowledge of local and 
state fisheries experts (USEPA 1989b). The intent 
is to serve as a screening tool and to maximize the 
use of existing knowledge of fish assemblages with 
a questionnaire polling state fish biologists and 
university ichthyologists believed knowledgeable 
about the fish assemblages in lakes of concern. 
Unlike field surveys, questionnaires can provide 
infonnation about tainting or fish tissue contami
nation and historical trends and conditions. 
Disadvantages of questionnaires include inaccu
racy caused by hasty responses, a desire to report 
conditions as better or worse than they are, and 
insufficient knowledge. 

Contaminants in FYsh 1Tssue-Contarninant 
concentrations in fish tissue have been monitored 
to assess the extent of environmental contamina
tion and to estimate risks to human health from 
consuming fish. Contaminant concentration is an 
excellent indicator of health risk, but it is not an 
indicator of biological integrity. 

Pathology-Pathological abnormalities Oesions, 
tumors, growth anomalies) of fish are monitored 
as overall indicators of environmental degrada-

tion, including effects of severe eutrophication, 
sediment contamination, and acidification. 
Significant rates of pathology typically occur 
only in the most severely polluted habitats and 
in populations of nonmigratory, bottom-feeding 
fish. Pathology can be incorporated into 
multimetric indices, such as IBI (Dionne and 
Karr 1992). 

Technlcal Issues 

The major problem in developing fish indices for 
lakes is obtaining representative samples of fish 
assemblages in lakes. Quantitative sampling in 
lakes is not as reliable as in streams because of 
lake morphology, bottom types, and variable 
gear efficiency. Modification of IBI for lakes can 
include use of relative abundances based on 
subsamples from constant-effort sampling. 
Sampling gear and protocols for different lake 
habitats will need to be standardized. 

Spatial and Temporal VariabUity-Fish are highly 
mobile and respond rapidly to gradients in 
physical habitat and water chemistry. They 
actively avoid harmful conditions. Physical and 
chemical parameters that affect fish spatial 
distribution include: 

Table D-10. Fish assemblage metrics under investigation by TVA. After Dycus and Meinert (1994) and 
Hickman and McDonough (1996). 

Metric 

Species Richness and Composition 
- No. of taxa. 
- No. of Lepomis sunfish species. 
- No. of sucker species. 
- No. of intolerant species. 
- % tolerant individuals. 
- % dominance by one species. 

Trophic Composition 
- No. of pisclvore species. 

- % omnivores. 
- % lnvertivores. 

Reproduction Composition 
- No. of lithophilic spawning species. 

Abundance 
- Total Individuals. 

Fish Health 
- % Individuals with anomalies. 

Optimal Condition Impaired Condition 

High 
High 
High 
High 
Low 
Low 

High 

Low 
High 

High 

Similar to reference. 

Low 

Reduced 
Reduced 
Reduced 
Reduced 
High 
High 

Reduced 
High 
Low 

Low 

Reduced 

Increased 
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• Habitat . 

• Cover . 

• Dissolved oxygen . 

• pH . 

• Temperature . 

• Turbidity . 

• Light . 

Many fish seek specific habitats for activities 
such as feeding, resting, and spawning. Their 
movement between habitats is dependent on 
time of day and season. Although fish popula
tions are relatively stable compared to smaller, 
shorter-lived plankton and benthos, fish mobil
ity and behavior make fish difficult to sample. 

Index Period-Sampling during the spring 
coincides with optimal biological conditions and 
may show recovery from environmental stress 
periods. However, to avoid spring spawning, 
sampling is usually conducted in late summer 
and early fall. Seasonal changes in the relative 
abundances of the fish assemblage occur 
primarily during reproductive periods and (for 
some species) the spring and fall migratory 
periods. If fish sampling is required during this 
period, then changes in relative abundance will 
be important. Mid to late summer is often a time 
of oxygen stress and should show the greatest 
effects from environmental stress. 

Sampling Gear-Obtaining both qualitative and 
quantitative data on fish populations is limited 
by gear selectivity and the fish mobility (USEPA 
1992b). All sampling gear is selective. The 
habitat or portion of habitat sampled and 
efficiency of gear for a particular species in one 
area does not necessarily apply to different 
species nor to the same species in another area. 
Temporal and spatial changes in relative abun
dance of a species can be assessed under a 
given set of conditions if those species are 
readily collected with a particular kind of gear. 

Electrofishing is the technique used most often 
by agencies that monitor fish assemblages. The 
EMAP Surface Water Northeast Lake Pilot 
Survey found electrofishing the most effective 
single-gear technique (USEPA 1994a, USEPA 
1994b). The RFAI for 'IVA reservoirs includes 

electrofishing as a collection technique 
(Hickman and McDonough 1996). Other consid
erations with respect to electrofishing are: 

• Many agencies already have the equipment 
available. 

• Electrofishing is easy to use and produces 
quick results. 

• It is depth- and species-selective and does 
not effectively sample catfish or any fish in 
deeper water. It can be difficult to get close 
to some fish (e.g., northern pike). 

• It can be difficult to get equipment into 
remote areas. 

Seining, an active sampling technique, can be 
used in the littoral areas (straight seines). Haul 
seines and trawls are used in deeper open water 
areas. Seining or trawling is not effective in 
areas with bottom obstructions that can tear or 
foul the net. Although the results are expressed 
as number of fish captured per unit effort, 
quantitative seining is very difficult. This 
method is more useful in determining the variety 
of fish rather than the number of fish inhabiting 
the water. 

Athough gill nets are a passive technique with 
several disadvantages, they might be the most 
appropriate gear type for sampling deep sublit
toral habitats. Gill nets are size-selective. 
depending on mesh size and do not obtain 
representative samples of the total population. 
They are most effective on lake herring. trout. 
lake whitefish, yellow perch, walleyes, and 
northern pike (USEPA 1992b). There is a high 
mortality rate of fish caught in gill nets and 
occasional mortality of nontarget species such 
as turtles, muskrats. beavers. and diving 
waterfowl. Trap and fyke nets are effective in 
shallow areas. Like gill nets. they are also 
passive and do not obtain a representative 
sample of the total population. Meador et al. 
(1993) and Weaver (1993) recommended a 
multi-gear approach that takes advantage of 
differences in gear selectivity and efficiency to 
achieve a more accurate representation of the 
fish assemblage structure. 'IVA uses shoreline 
electrofishing for the shallow littoral zone and 
experimental gill nets for the sublittoral/limnetic 
zone (Hickman and McDonough 1996). 
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Research Needs-1V A has been actively develop
ing assessment tools for its reservoirs for several 
years. The move to a multimetric approach for 
reservoir fish began in 1990. Successive steps in 
this development process have brought contin
ued improvement to the RFAI. Potential im
provements in the fish indices include using a 
simple random sampling design rather than a 
fixed station design to enhance statistical 
validity with little increase in variability. Use of 
the index in reservoirs or other river systems is 
necessary to test its performance under a wider 
range of conditions than is available in the 

Tennessee River. Correlation with known 
human-induced impacts remains a critical need 
before general acceptance of the fish index as a 
reliable method to address reservoir environ
mental quality. 

A related issue is the effect of game fish man
agement on IBI or other fish assemblage metric 
scores. Nearly all lakes are stocked or have been 
stocked in the past, and these practices can 
affect the biological assemblages in a lake. 
Stocking lakes with large piscivores is also used 
in biomanipulation to improve water clarity of 
eutrophic lakes (e.g., Hosper et al. 1992). 
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Statistical Analysis Methods for 
Biological Assessment 

INTRODUCTION 

A central premise of biological assessment is 
comparison of the biological resources of a 
waterbody to an expected reference condition 
(Figure E-1). Impairment of the waterbody is 
judged by its departure from the expected condi
tion. This approach presumes that the purpose of 
management is to prevent, identify, and subse
quently repair anthropogenic damage to natural 
resources. Biological assessment of waterbodies 
is predicated on our ability.to define, measure, 
and compare an assessment endpoint between 
similar systems. This guidance outlines analytic 
methodologies to perform two tasks shown in 
Figure E-1: 

• Characterization of the biological expectation. 

• Determining whether a site deviates from 
that expectation. 

All of the methods considered here use the same 
general approach: sites are assessed by compar
ing the assemblage of organisms found at a site 
to an expectation derived from observations of 
many relatively undisturbed reference sites 
(Figure E-1) The expectations are modified by 
classifying the reference sites to account for 
natural variability, and each assessment site is 
classified using non-biological (physical, chemi
cal, geographic) information. Biological vari-

ables are tested for response to stressors by 
comparison of reference unimpaired sites and 
known impaired sites. A set of "rules" are 
developed from this information, which are 
then used to determine if the biota of a site 
deviate from the expectation, indicating that 
the site is impaired. 

Several analytic methods have been developed to 
assess the condition of water resources from 
biological data, beginning with the saprobien 
system in the early 20th century to present-day 
development of biological markers. This appen
dix outlines three methods for analyzing and 
assessing waterbody condition from assemblage 
and community-level biological information: 

1. Multimetric assessment using an index 
that is the sum of several metrics. This is 
the basis of the Index of Biotic Integrity 
(IBI) (Karr et al. 1986). the Invertebrate 
Community Index (ICI) (Ohio EPA 1990); 
the Rapid Bioassessment Protocol (USEPA 
1989b); and state indices developed from 
these (e.g., Southerland and Stribling 1995, 
Barbour et al. 1996a, Barbour et al. 1996b). 

2. Multlmetric assessment using an index 
that is developed from a multivariate 
discriminant model to discriminate refer
ence from impaired sites. This is the basis 
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Blologlcal Indicator 1 

Figure E-1 Graphical representation of 
bloassessment. Assessment sites a and b are 
compared to an Ideal biological expectation. SHe 
a Is near to Hs expectation; Site b deviates from it 
and Is considered to be Impaired. 

of stream bioassessment in Maine (Davies et · 
al. 1993), and of the estuarine invertebrate 
indices developed by the EMAP-Estuaries 
program (USEPA 1993e. USEPA 
1994h,USEPA 1994i, Engle et al.1994). 

3. Assessment using multivariate ordination of 
species abundances. This methodology has 
been used widely in assessment of streams 
in Britain (e.g., Wright et al. 1984); assess
ment of marine macroinvertebrates in the 
North Sea (e.g., Warwick and Clarke 1991); 
and in assessment of benthic 
macroinvertebrates in the Great Lakes (e.g., 
Reynoldson et al. 1995). 

Many other methods are possible, as well as 
permutations of the three methods above, all of 
which are beyond the scope of this document. 
The three approaches were selected because: 

• They use community and assemblage data . 

• The methods are not restricted to any one 
assemblage. The examples all use benthic 
macrolnvertebrates and fish (freshwater and 
estuarine), but any other assemblage could 
also be used, such as phytoplankton, 
zooplankton or macrophytes. 

• The methods are general, and have been 
used by many agencies in many areas. The 

examples used to illustrate the methods 
have also been carried out over wide geo
graphic areas with many sites, demonstrat
ing the generality of the methods. 

• The examples used to illustrate the methods 
are concise. Methods were fully docu
mented, and have been carried to comple
tion, that is, assessment of biological 
impairment and non-impairment. 

The optimal analysis methodology should also 
be cost-effective and easy to communicate to 
managers and the public. Both the multimetric 
index and the discriminant model index (ap
proaches l and 2) are easy to apply in a con
tinuing operational monitoring program because 
data from an individual site are entered into a 
formula, and the site's deviation from reference 
conditions can be known immediately (Gerritsen 
1995). The ordination approach (3) requires 
reanalysis of a the entire reference data set for 
each new batch of monitoring sites. The 
multimetric index (approach 1) is the easiest to 
explain to managers and the public because it 
does not rely on specialized concepts such as 
multivariate statistics. The ordination approach 
(3) may be most cost-effective if the biological 
survey is a single event-a large number of sites 
are surveyed once, and there is no plan to 
continue monitoring or to survey new sites. 

Characterization of Reference 
Conditions 

Reference conditions establish the basis for 
comparison and for detecting impairment of 
waterbodies. They should be applicable to an 
individual waterbody, such as a stream or lake 
and also to similar waterbodies on a regional 
scale (USEPA 1996a). 

Classlflcatlon Tools 

The objective of classification is to group similar 
waterbodies together, so that reference condi
tions will reflect reasonable expectations for 
assessing waterbodies. There are two funda
mental approaches to classifications: a priori or 
rule based, where known rules are applied to 
classifying objects; and a posteriori, or data
based, where rules for classifying objects are 
derived from data obtained from the objects 
(waterbodies) themselves (Conquest et al. 1994). 
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For example, a rule-based classification may 
divide mountain and lowland streams by 
elevation or stream gradient. An a posteriori 
classification would examine data from all 
streams, and determine if there is a basis for 
separating them into two or more classes (not 
necessarily including elevation or gradient). The 
a posteriori approach requires a relatively large 
sample of reference sites to derive the classes 
and rules, with both biological and physical
chemical data from each site. 

The basic assumption of classification is that 
physical habitat and water quality largely 
determine the composition of biological commu
nities in waterbodies. Therefore, if waterbodies 
are classified adequately, reference biological 
community types should correspond to the 
classification. Classification is often an iterative 
process of refining the classification scheme as 
new data are obtained, until a satisfactory 
classification emerges that accounts for varia
tion in the reference site biological data. 

Several statistical tools can assist in site classifi
cation. but there is no set procedure. If a priori 
classification is based on well-developed prior 
knowledge, then graphical analysis of biological 
data, followed by any necessary modifications 
and tests of the resultant classification, may be 
sufficient. 

If a rule-based classification is not self-evident, 
then it may be necessary to develop an alterna
tive classification from the data using one or 
more analytical classification approaches. 
These methods include several cluster analysis 
methods, and several approaches to ordination 
analysis, including principal components 
analysis (PCA), correspondence analysis (CA) 
and its variants, and non-metric multidimen
sional scaling (NMDS). 

In statistical terminology, each site is a sample 
unit (SU) (Ludwig and Reynolds 1988). Ideally, 
sample units should be independent, which is 
generally achievable in small streams and in 
many lakes, where each waterbody can be a 
separate sample unit. Large lakes and reser
voirs, large rivers, and estuaries may include 
several sample units within the same waterbody. 
For large and complex lakes and estuaries, it 
may be necessary to define a site as a contigu
ous basin or embayment. Any portion of the 
waterbody that is partially isolated from the rest 
by bottom topography or water motion should 

be considered a separate site and sampled 
accordingly. This also applies to the three zones 
of large reservoirs (riverine, transition, and 
forebay) and to salinity zones of estuaries (e.g., 
fresh, mesohaline polyhaline), which have 
different biological communities and dynamics 
even though they are not hydrologically isolated 
(Thornton 1990b). Thus, large waterbodies 
(including large reservoirs) may comprise several 
sites or SUs. Sites (SUs) are considered inde
pendent and are kept separate in analysis; no 
"average" is estimated for a multiple-site 
waterbody. Multiple sites are not strictly 
independent and will need to be considered 
carefully in reference condition characterization 
and in metric response evaluation. 

Large rivers may be more problematic in that 
sites on a river are serially linked by water flow. 
Sites are defined as river reaches of some 
minimum length that exhibit some (but not 
complete) independence. Sample units (reaches) 
may be defined by length (e.g., a set length or a 
multiple of stream widths). as the reach between 
major tributaries, or as segments downstream of 
major impacts and discharges (e.g., urban 
areas). 

Graphical Analysis 

A key graphical display is box-and-whisker plots 
(Figure E-2). These show population attributes 
of the data: central tendency, spread, and 
outliers. In the display used here, the central 
point is the median value of the variable; the 
box shows the 25th and 75th percentiles 
(interquartile range); and the whiskers show 
values within the inner fences (Figure E-2). 
Points beyond the fences may be considered 
outliers or extreme values. Box-and-whisker 
plots are simple, straightforward, powerful, and 
the interquartile ranges are used to evaluate 
whether there is a real difference between two 
areas and whether a metric is a good candidate 
for use in assessment. Graphing the data 
should always be a first step in data analysis. 

Statistical methods used 'by biologists are 
frequently tests of whether two or more popula
tions have different means using t-tests, analy
sis of variance, or various nonparametric 
methods. However, the fundamental problem of 
biological assessment is not to determine 
whether two populations (or samples) have a 
different mean, but to determine whether an 
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Figure E-2. Box and whisker diagram (after Tukey 
1977). The box Is the Interquartile range (25th -
75th percentile). Inner fences are the quartiles z 
1.5 x Interquartile range; outer fence is 3 x 
Interquartile range. Ends of whiskers are the most 
extreme observations within the inner fences. 

individual site is a member of the least-impaired 
reference population (Figure E-1). !fit is not, 
then a second question is how far it has devi
ated from that reference. Therefore, biological 
assessment requires the entire distribution of a 
metric, which is effectively displayed with a box
and-whisker plot. 

Ordination Methods 

The purpose of ordination analysis is to reduce 
the complexity of many variables (for example, 
abundance of 200 species from 50 sites) into 
fewer variables. such that the sites and the 
species are ordered on the new variables (Figure 
E- 3). The new variables are called the principal 
axes of the analysis; the first axis accounts for 
the most variation in the original data, the 
second accounts for somewhat less variation, 
and so on. Typically, only the first two to four 
axes of the analysis are presented because higher 
axes contribute little to the variance explained 
and because one cannot present or conceptualize 
more than three axes simultaneously. 

Principal Components Analysis-One of the most 
commonly used ordinations is principal compo
nents analysis (PCA). In PCA, the new variables 
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(principal axes) are linear combinations of the 
original data; that is, the relationship between 
each principal axis and the abundance of each 
species can be expressed as a straight line, as in 
simple linear regression (Jongman et al. 1987). 
Thus, PCA is a multivariate extension of linear 
regression (Figure E-3), making the assumption 
that a variable will have a maximum value at 
one end of a principal axis and minimum value 
at the other. Because the principal axes can be 
seen as environmental gradients to which the 
species respond, ordination is also called 
gradient analysis (Jongman et al. 1987). 

The procedure of PCA is an eigenanalysis of the 
correlation matrix among variables in the 
original data matrix. The variables may be 
species abundance, calculated assemblage 
metrics, or environmental (chemical and habitat) 
variables. Eigenanalysis results in as many 
eigenvalues as there are rows (or columns) in 
the correlation matrix, and each eigenvalue and 
corresponding eigenvector describes an axis of 
the ordination. The eigenvalue of an axis is the 
variance accounted for by that axis. Often, only 
the first two or three axes explain significantly 
more variance in the original data than a 
random axis. Rules for determining the number 
of significant axes are explained in Jackson 
(1993b). Details of formulas and calculations 
for PCA, as well as variations of PCA, are in 
Ludwig and Reynolds (1988). 
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Figure E-3. Ordination. The relationship of 
species 1 and species 2 can be described by 
translating and rotating the axes, so that most of 
the variance is on the first axis. In this 2-
dlmensional example, the observations have been 
reduced to a single dimension, the first axis, which 
is a linear combination of species 1 and species 2. 
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Because PCA is linear, and assumes multivariate 
normal distributions, data transformations are 
often necessary. Species abundance data usually 
have many zeros in the data matrix, and no 
transformation will normalize them. PCA is not 
useful for species abundance data, although it 
can be made to work well for data that are normal 
or can be transformed to a normal distribution 
(e.g., environmental variables, assemblage at
tributes such as number of taxa , etc.). 

Correspondence Analysis Famlly-A problem 
with linear ordinations such as PCA is that 
species do not always respond linearly to 
gradients; in fact, a unimodal response to 
environmental gradients is much more common 
(Jongman et al. 1987). A unimodal response is 
one in which a species has peak abundances at 
certain optimal values of an environmental 
variable (for example, pH or nutrient concentra
tion) and abundances are lower at both higher 
and lower values of the environmental variable. 
There are many examples of environmental 
optima for aquatic organisms; optima are 
supported by uptake kinetics, and they form the 
basis for resource-based competition and 
seasonal succession (e.g., Tilman 1982). 
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Multivariate ordination based on unimodal 
responses to environmental gradients is called 
correspondence analysis. As in PCA, correspon
dence analysis also seeks new variables to 
explain the species abundances on fewer axes 
and is frequently "detrended" to eliminate a 
mathematical artifact from its calculation 
(Jongman et al. 1987). 

Ordination can also be done to develop associa
tions between the species abundances and 
measured environmental variables. In this case, 
both species abundance and the environmental 
variables are related to the principal axes and 
the whole procedure can be regarded as a 
multivariate, multiple regression. The linear 
form is called canonical correlation (CC); the 
unimodal form is called canonical correspon
dence analysis (CCA). Because it assumes 
unimodal responses, CCA is thought to be a 
realistic and robust multivariate ordination (ter 
Braak 1986, Palmer 1993). 

In CCA, each species, site, and environmental 
variable has a score on each of the principal 
axes. Results of CCA are presented graphically 
by plotting the scores on two of the axes (usually 
the first two) (Figure E-4). Plotting site scores 

with environmental 
variable scores shows the 
relationship between the 
sites and the environ-
mental variables and can 
also show clustering of 
sites. 

Nonmetric Multidimen
sional Scal.fng
Nonmetric multidimen
sional scaling (NMDS) is 
increasing in use in 
ecological application 
because it offers several 
advantages over other 
ordination methods. 
Because the ordination 
works on a matrix of 
distance ranks, it is 
distribution-free and 
hence unaffected by non
normality and 
nonlinearity in the data 
(Ludwig and Reynolds 
1988). It is robust and 
produces interpretable 
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Figure E-4. Canonical corresponence analysis of periphytic diatom 
assemblages from Rocky Mountain lakes. Site scores (points) and 
environmental variables (arrows) on the first two axes. Points within ovals 
are lakes with dams at their outlet; single point inside diamond is dammed 
by a natural glacial moraine. 
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ordinations from different ecological data sets. 
The disadvantages of NMDS are that it is 
iterative and subject to local minima (SYSTAT 
1992) and that no canonical form has yet been 
developed. It is possible, however, to estimate 
correlations of environmental (explanatory) 
variables with the axes of NMDS. 

Like cluster analysis, NMDS uses a distance 
metric among sample units (sites), and results 
can be sensitive to the choice of the distance 
metric (Jackson 1993a). Bray-Curtis distance 
and the relative distance metrics (relative 
Euclidean distance and chord distance) tend to 
work best (Kenkel and Orloci 1986, Ludwig and 
Reynolds 1988). 

The objective of NMDS is to obtain a "best fit" 
between the dissimilarity measures and the 
distances calculated in ordination space. The 
dissimilarities have as many dimensions as 
there are sites, but the ordination reduces these 
to a smaller number, usually 2 or 3. The 
procedure is to rank the distances in the simi
larity matrix from smallest to largest, then to 
calculate an Initial starting ordination (termed 
the initial configuration) directly from the 
dissimilarity matrix. Intersite distances are 
calculated from the initial configuration, ranked, 
and compared to the ranked dissimilarities. A 
best solution is sought iteratively, changing the 
configuration so that the two rankings (dissimi
larities and configuration) become more similar. 
Goodness of fit of the configuration to the 
dissimilarities Is measured by Kruskal's stress 
coefficient (Ludwig and Reynolds 1988) or 
Guttman's coefficient of alienation (SYSTAT 
1992). Iterations stop when stress or alienation 
reaches a minimum value. 

NMDS is available on many commercial statisti
cal software packages. Distance measures used 
by ecologists, especially Bray-Curtis distance 
and chord distance, are not usually available in 
these packages and must be calculated sepa
rately. Relative Euclidlan distance is also only 
rarely available; however, if an input matrix of 
percent abundances of species· is used, then 
Euclidean distance will yield relative Euclidean 
distance. 

Results from NMDS are a final configuration, 
consisting of coordinates for each site in the 2 or 
3 dimensional ordination. As in other ordina
tions, points close to each other in the ordina-
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tion space (Figures E-3 and E-4) represent sites 
with similar species composition. 

Classification Analysis-Classification, or the 
placement of objects into categories, is an innate 
human activity. A wide variety of formal classifi
cation procedures have been developed (see 
Gauch 1982 for a review). Only two will be 
discussed here, cluster analysis and two-way 
indicator species analysis (1WINSPAN). 

Cluster Analysis-Cluster analysis is known as 
an agglomerative classification, that is, it 
successively builds clusters until all objects 
have been joined in a single cluster. Cluster 
analysis begins with a matrix of intersite dis
similarities. The smallest dissimilarity in the 
matrix is selected and those two sites are joined 
in a cluster. The algorithm then calculates the 
dissimilarities between the new cluster and all 
other sites or clusters. Again, the smallest 
dissimilarity is selected, the two objects are 
joined, and the process repeats itself until all 
objects are joined. Results can be shown in a 
dendrogram (Figure E-5), where the bars con
necting clusters represent the dissimilarity 
between them. Final clusters are identified by 
choosing a cutoff dissimilarity value. The cutoff 
dissimilarity value clearly affects the number of 
clusters (Figure E-5): it may range from one to 
the number of sites. The number of clusters 
should be small, and should explain as much 
variance of the biological data as possible. 

Classification with cluster analysis is not as 
straightforward and objective as is implied by a 
dendrogram produced by a mathematical algo
rithm. First, several algorithms may be used for 
recalculating dissimilarities among agglomerated 
clusters of sites, and each algorithm may pro
duce different results. A favored algorithm for 
ecological data is the unweighted pair-group 
method (UPGMA) (Ludwig and Reynolds 1988, 
Reynoldson et al. 1995). Second, the dissimilarity 
measure affects results. As in NMDS analysis, 
relative dissimilarity measures (relative Euclid
ean, chord distance) and Bray-Curtis distance 
work best for species-abundance data (Ludwig 
and Reynolds 1988). Finally, as noted above, 
selection of a distance cut point for defining 
clusters is subjective (Figure E-5). 

TI.vo-way Indicator Species Analysis 
(1WINSPAN)-1WINSPAN was developed by Hill 
(1979), and is a divisive technique. Instead of 
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Figure E-5. Dendrogram from cluster analysis. 
Cutpoints a, b, c are at distances 0.75, 1.0, 1.25, 
respectively, and result in 5, 4, and 2 clusters, 
respectively. 

building up clusters from individual sites, 
divisive methods start with the entire data set 
and divide it into two. The division process is 
repeated until a specified number of clusters are 
obtained (Gauch 1982). 1WINSPAN first ordi
nates the data, then divides the sample into two 
clusters near the middle of the first ordination 
axis. Ordination is by reciprocal averaging, 
which is a variation of correspondence analysis. 
New ordinations are repeated on each daughter 
cluster, and the daughters are in turn divided 
on their first ordination axis. 1WINSPAN is only 
available in specialized software packages. 

Discriminant Model-The objective of a discrimi
nant model is to predict community type, or 
community composition, from non-biological 
data. Development of such a model requires a 
data set with both biological and non-biological 
data, and testing of the model requires a sec
ond, similar data set. Discriminant analysis is 
best illustrated with a simple example (e.g .. 
Ludwig and Reynolds 1988, Johnson and 
Wichern 1992). Suppose that abundances of 
two species are examined in riffle and pool sites 
of streams (Figure E-6) and we wish to develop a 
model that will discriminate between riffle and 
pool sites, using only the biological data. As 
shown in the figure, pool sites tend to have 
greater abundances of both species. Using 
either species alone to form the rule would lead 
to frequent errors. Discriminant analysis finds 
a best fit straight line to separate the groups; 
the heavy line of Figure 6 is the border and the 
hatched line perpendicular to it is the discrimi
nant function. Sites with positive scores are 

more likely to be pools, and sites with negative 
scores are more likely to be riffles. 

Discriminant function analysis involves compu
tation of a pooled variance-covariance matrix of 
the groups, and solving for the coefficients of the 
discriminant function. Formulae and computa
tions are shown in Ludwig and Reynolds (1988), 
Johnson and Wichern (1992), Pielou (1977), and 
other multivariate statistics textbooks. Dis
criminant analysis also allows calculation of 
multivariate distance (Mahalanobis D2) between 
groups, and an F-test for group differences. A 
limitation of discriminant function analysis is 
that it is linear; strong nonlinearity of the data 
will reduce its power to separate groups. 

Rule-Based Classificatlon: 
Characterization of Reference 
Conditions 

The objective of reference characterization is to 
describe (characterize) each of the reference 
classes in terms of biological indicators and 
other descriptive variables. The first step is to 
support or reject the a priori classification, 
followed by modifying it to arrive at a parsimoni
ous and robust classification; that is, one with 
the fewest classes that explains the most 
variance in the reference data set. 

There is no single "best" classification nor are 
resources generally available to determine all 
possible differences between all waterbodies in a 
region. The key to classification is practicality 
within the region or state in which it will be 
applied; local conditions determine the classes. 
Classification will depend on regional experts 
familiar with the range of conditions in a region 
as well as biological similarities and differences 
among waterbodies. Ultimately, classification 
can be used to develop a predictive model of 
those chemical and physical characteristics that 
affect the values of the biological metrics and 
indices in reference sites. 

A useful classification scheme is hierarchical, 
beginning at the highest (regional) level and 
stratifying as far down as necessary (Conquest 
et al. 1994). The procedure is to classify 
waterbodies according to region and then to 
increase the stratification in the classification 
hierarchy to a reasonable point for the given 
region. Although several classification levels are 
possible, in practice, only one, or at most two, 
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Figure E-6. Illustration of discriminant function 
analysis. Neither species A nor species B can be 
used alone to distinguish riffle from pool sites. 
Discriminant analysis estimates a linear border 
between the two site classes (heavy line), and a 
discriminant function (graduated line). The 
discriminant function Is a linear combination of 
the Input variables (species A and species B), and 
yields a probablllty that a site belongs to the riffle 
or pool class. 

relevant levels would typically be used. Classifi
cation should avoid a proliferation of classes 
that do not contribute to assessment. One or 
two relevant levels of the hierarchy will yield the 
best classification scheme. Potential hierarchical 
classifications for streams, lakes, and estuaries, 
respectively, are given in Gerritsen 
(1995),USEPA (1996a), and USEPA (1997a). 

Confirmation of a priori 
Clasalflcatlon 

Unlvarla.te Tests-Univariate tests of classifica
tions include all the standard statistical tests for 
comparing two or more groups: t-test, analysis 
of variance, sign test, Wilcoxon rank test. and 
Mann-Whitney U-test (USEPA 1996b, Ludwig 
and Reynolds 1988). These methods are used to 
test for significant differences between groups 
(classes) to confirm or reject the classes. They 
are univariate, with a single dependent (re
sponse) variable. Biological variables (metrics) 
may require transformation to meet assump
tions oft-tests and ANOVA, or non-parametric 
tests (e.g., rank tests, Mann-Whitney) may be 
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used. See USEPA (1996b) for discussions on 
the use of these and other univariate tests for 
biocriteria. Failure to confirm the classification 
for any single response variable does not mean 
that it will fail for other response variables. 
Because assessment is based _on multiple 
variables (metrics or species composition), 
multivariate tests might be more convenient 
than a succession of individual tests. 

Discriminant Analysis-Discriminant analysis 
can be used as a form of multivariate, one-way 
analysis of variance that tests differences 
between a set of groups based on several 
response variables. It is used as a test of 
classifications (Conquest et al. 1994), provided 
that the assumptions of linearity and normality 
are met. Many statistical software packages 
provide discriminant analysis. 

Gradients-On occasion, environmental gradi
ents might not allow formation of discrete site 
classes. For example, the number of zooplank
ton taxa in lakes is usually related to lake size 
(e.g., Dodson 1992). Similarly, fish and inverte
brate number of taxa in streams is typically 
related to stream size (order, discharge or 
watershed area) (e.g., Ohio EPA 1987, DeSh~ 
1995) 

Ordination-The a priori classification may also 
be confirmed with one of the ordination meth
ods. Sites are plotted in ordination space using 
different symbols for the a priori classes. If 
classes overlap completely in ordination space, 
then there is no apparent difference in their 
species composition (or other variables used in 
the ordination), and it may be appropriate to 
aggregate the coinciding classes. Species or 
variable scores can be plotted in ordination 
space to determine which contribute most to 
separation among classes. Correlation coeffi
cients of environmental variables with the site 
scores will show if there are environmental 
gradients that are associated with the ordination 
and with the site classes. Examples and de
tailed methods for ordinations are given in 
Jongman et al. (1987) and Ludwig and Reynolds 
(1988). 

A Posteriori Classlflcatlon 

This method of classification determines classes 
from the structure of the data, rather than from 
pre-existing knowledge or hypotheses. Because 
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the principal goal of classification in biocriteria 
programs is to account for biological variation, / -----... ...... ' the biological data (typically species composition 
data) are used for classifying. As with a priori 
methods, only data from reference sites are used 
to develop the classification (e.g., Moss et al. 1987, 
Wright et al. 1984, Reynoldson et al. 1995). 

Test sites must also be assigned to appropriate 
classes, so that they can be compared to refer
ence sites. Because anthropogenic degradation 
affects the biota of the waterbodies, assigning 
test sites to classes using their biological data 
may lead to incorrect classification (Figure E- 7). 
Therefore, the classification also requires a 
method to assign test sites to classes, using 
non-biological measures that are not affected by 
anthropogenic degradation. Following an a 
posteriori classification, this is typically a 
discriminant function model that is constructed 
from the reference data set (Norris 1995). 

Identifying Classes 
Classification is a subjective activity even when it 
is done with seemingly objective quantitative 
methods. The subjectivity is due in part to the 
information that will be used to decide if objects 
are similar or not, and in part to the methods 
and their variations that will be used to classify 
the objects. For example, we may say that Miami 
is similar to Havana. We may also say that, 
during the Cold War era, Havana was similar to 
Moscow. Does it then follow that Miami is similar 
to Moscow (SYSTAT 1992)? This example illus
trates that the variables used to determine 
similarity (climate, economic system) profoundly 
affect the resultant classification. 

There are several different quantitative methods 
to classify objects, each of which may result in 
different classification. Furthermore, each 
classification method requires subjective deci
sions on the similarity measure to use in the 
classification and on the number of classes to 
identify. Thus, classification remains subjective, 
even when done with seemingly quantitative 
algorithms. Classifications developed from 
biological data should make sense in the physi
cal and chemical context of the habitats. A 
posteriori classification is developed from the 
biological data set. Species abundance data are 
examined, and groups of sites are identified that 
are similar to each other. Usually, this is done 
with a similarity (or dissimilarity) measure and a 
form of cluster analysis. Subjective decisions 
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Figure E-7. Misclassification of test sites. A test 
site (X) that was originally in assemblage Type A 
has been degraded (arrow). If biological data are 
used to classify the test site, then it would be 
classified as Type B because it is now more similar 
to Type B. If, on the other hand, non-biological 
measures that are not affected by degradation are 
used to classify the test site, then It would be 
correctly identified as Type A and the degree of 
biological degradation could be assessed. 

are required to select the classification method
ology, the similarity measure, and the number 
of groups to identify. 

As was stated above, the general objective of 
classification is parsimony of classes (few classes) 
to obtain a large partitioning of variance among 
the classes. Too few classes results in large 
variability within each class, and too many classes 
results in trivial differences among classes. 

Assigning Test Sites to Classes 
After reference site classes have been deter
mined, using cluster analysis or some other a 
posteriori classification a model is developed to 
enable test sites to be assigned to one of the 
reference classes. This is typically a discrimi
nant model developed from non-biological data 
of the reference sites. Data for the discriminant 
model should be measurements that are not 
affected by anthropogenic degradation, such as 
stream gradient, sinuosity, natural water 
chemistry. lake depth, watershed soil type, etc. 
(Norris 1995). The output of a discriminant 
model is a discriminant function that assigns 
sites to one of the classes. It is developed from 
reference site data, and should be tested with an 
independent reference site data set. 
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Multlmetrlc Index Method 

The indices currently used are variations of the 
Index of Biotic Integrity (IBI) for fish assem
blages in streams, developed by Karr and his co
workers (e.g., Karr 1981, Karr et al. 1986). The 
concept was extended to benthic invertebrate 
assemblages (Ohio EPA 1987, USEPA 1989b, 
Barbour et al. 1992, Kerans and Karr 1994). 

Each index is the sum of several (up to 12) 
standardized component metric scores. Metric 
scores are usually on an ordinal scale of 1 to 5 
(Karr et al. 1986), or Oto 6 (USEPA 1989b) or as 
a percentage of the reference metric value 
(Maxted et al. 1994). Component metrics consist 
of measures such as total number of taxa, 
percent abundance of the dominant taxon, 
number of species and percent abundance of 
intolerant groups, and percent abundance of 
functional feeding groups such as planktivorous 
fish or invertebrate shredders. 

Metric Varlablllty 

Metrics that are too highly variable within the 
reference sites are unlikely to be effective for 
assessment. Relative variability is often mea
sured with the coefficient of variability, defined 
as the standard deviation divided by the mean 
(expressed as percent): 

s 
CV==xlOO 

X 

The CV is a measure of how large the variability 
is compared to the mean. Ideally the CV should 
be small, which can be achieved with a small 
variance or with a large mean value. However, 
some metrics might have low values under 
reference conditions (e.g., number of exotic 
species), and CV will always be large for such 
metrics. For example, if a sample of 10 refer
ence sites, each with 10 taxa, includes a single 
site With a single exotic species, then the CV of 
the number of exotic species is over 300 per
cent. Furthermore, the multimetric approach 
calls for comparison of metric values to a 
percentile of the reference population values and 
is thus a distribution-free approach. Because 
the CV is the ratio of the sample standard 
deviation to the mean, it might not adequately 
express variability for non-normal distributions. 

An alternative measure to the CV is the 
"interquartile coefficient," which is based on 
quartiles of the reference distribution and the 
expected change of the metric rather than its 
parameters (Gerritsen and Bowman 1994). In 
operational bioassessment, metric values below 
the lower quartile of reference conditions are 
typically judged as not meeting reference 
expectations (e.g., Ohio EPA 1990). The range 
from 0 to the lower quartile can be termed a 
"scope for detection." For those metrics with low 
values under reference conditions and high 
values under impaired conditions, the scope for 
detection is the range from the 75th percentile 
to the maximum possible value (e.g., 100 
percent) (Figure E- 8). 

The larger the scope for detection, compared to 
the interquartile range, the easier it will be to 
detect deviation from the reference condition. 
The "interquartile coefficient" is thus defined 
here as the ratio of the interquartile range to the 
scope for detection: 

IQ 
Crg =

Ds 

where IQ = interquartile range 

25th percentile (for metrics that 
decrease with impairment); or 

0 s = 
{ 

maximum possible value - 75th 
percentile (for metrics that 
increase with impairment 

The interquartile coefficient is analogous to the 
CV and is used similarly, but it is bidirectional 
and is calculated from percentiles in the same 
way that assessment uses percentiles. In 
general, an interquartile coefficient greater than 
1 indicates excessive variability of a metric. 

Metric Response 

Response of metrics to stresses is evaluated by 
comparison of reference sites to test sites. The 
simplest comparison is using box-and-whisker 
plots of the metric distribution in reference and 
test sites (Figure E-8) or by univariate tests of 
metrics in reference and test sites. Alterna
tively, it may be possible to develop an empiri
cal model of metric response to stressors. 

E-10 --------------------------------



Biological Assemblages 

variance in the test sites should be 
a. larger than that in the reference 

sites (Figure E-8). If possible, it is 
advisable to separate test sites 

D lnterquartlle 
range 

□ 

according to the stressors or types 
of impairment (e.g., habitat degra
dation, toxic substances, organic 
enrichment) so that response to 

scope for □ each stressor can be determined. 
detecting 

impairment When selecting metrics, it is 
important to visually examine the 

Reference Impaired Mixed distribution of metrics in reference 
Sites Sites Non-Reference 

(Impaired and 
unimpaired) 

sites and in impacted sites. 
Metrics are selected for inclusion 
based on their responsiveness, 
typically by visual examination of 
box and whisker plots (e.g., Fig. E-

b. 8) or scatterplots (Barbour et al. 
1996a, Fore et al. 1996). If there 

w 
::::, 
_J 

~ 
0 
a: 
tu 
::ii: 

□ 

scope for 
detecting 

impairment 

f "'""rtHo range 

@ 
□ 

is no overlap of the data points, or 
if the overlap is restricted only to 
the whiskers of the box plots, then 
the metric responds strongly to the 
impairment. A strong response 
here implies that at least 75% of 
affected sites have no overlap with 
at least 50% of the reference sites. 
A minimum response strength 
might be defined as no overlap of 

Reference 
Sites 

Impaired 
Sites 

Mixed 
Non-Reference 

(imrraired and 
unmpalred) 

the median of one site type with 
the quartile of the other; implying 
that at least 50% of affected sites 
are below the 25th percentile of 

Figure E- 8. Assessing candidate metrics that have (a) high reference sites. 
values under reference conditions, and (b) low values under 
reference conditions. Many biologists may be tempted to 

use statistical significance tests to 
select metrics, but slavish reliance on signifiSeveral approaches are available including 

multiple regression, canonical correlation, cance tests does not contribute to biological 
understanding (Yoccoz 1991) and may weaken a canonical correspondence analysis, and log
multimetric index. If sample size is small (say, linear models (Ludwig and Reynolds 1988, 

Jongman et al. 1987). n = 6 in both reference and impact sites), then 
significance tests (at a = 0.05) will have low 

Metrics are judged responsive if there are power and responsive metrics may be rejected. 
significant differences in central tendency or in On the other hand, if sample size is large (say, 
variance between reference and test sites (Figure n = 30 in both site categories), then it would be 
E- 8). If the test sites are known to be affected possible to detect a statistically significant 
by anthropogenic pollution or disturbance, then difference that is biologically meaningless. In 
mean or median values of responsive metrics . this case, metrics that do not contribute to 
should be substantially different between meaningful assessment could be selected, 
reference and test sites (Figure E-8). If the test simply because statistical significance was 
sites simply do not meet reference criteria (i.e., detected. A better measure is the expected 
they might be a mix of impaired and unimpaired frequency with which a metric will fall below a 
sites, or sites with different stressors), then the threshold to register impairment. Frequency 
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can be estimated with a box and whisker plot, 
but not with a significance test. For example, if 
the median of impaired sites is below the quar
tile of reference sites (Figure E-4), then we 
estimate that impaired test sites will be below 
the reference quartile in at least 50% of all 
observations. 

Metrics that are responsive to known or un
known stresses are retained for index develop
ment. Finally, responsive metrics are evaluated 
for redundancy, where redundancy means a 
tight correlation (r>0.9) and a linear relation
ship. A metric that is linearly correlated with 
another mJght not contribute new information to 
the assessment. Pairs of metrics with correla
tion coefficients greater than 0.9 should be 
examined carefully to determJne whether they 
are linear and if both metrics are necessary. 
Often, strongly correlated metrics are calculated 
from the same raw data, or their method of 
calculation ensures correlation. For example, 
Shannon-Wiener diversity and percent abun
dance of the domJnant taxon are linearly corre
lated in any data set. A scatterplot of the 
strongly (>0.9) correlated metrics should be 
examined; if there is an apparent nonlinear or 
curved relationship, then both should be 
retained. If all the points fall very close to a 
straight line, then one of the metrics can be 
safely elimJnated. 

Multlmetrlc Index 
Development 

Multlmetric indices are typi
cally developed by summJng J_ 95%118 
the metrics that proved respon
sive to disturbance. The first 
step is to standardize the 
different numerical scales of 
metrics (e.g., number of taxa; 
% of individuals that are 
predators) into unitless scores 

s::: 
!e. 
::I, 
0 

i 
C: 
CD 

- □ 
0 

1 

median 
mean 

25%1L 

(e.g., Karr et al. 1986, 
Gerritsen 1995). The scores 
may be ordinal, or they may be Reference 
a percentage of a reference distribution 
value. Ordinal scores are more 
commonly used, and corre
spond to categories such as 

likewise compared to index values at reference 
sites. Index values at reference sites are then 
used to establish biocriteria. Socio-political 
decisions must then determine the numerical 
values of biocriteria corresponding to aquatic life 
use categories. 

Metric Scoring 
Several methods may be used for scoring 
metrics, all of which are based on the metric 
distribution in reference sites. Metrics may be 
given ordinal scores (most often 1, 3, or 5); 
corresponding to impaired, intermediate, or 
unimpaired biota, respectively, or may be given 
a score which is the metric's percentage of the 
reference value (Figure E-9). 

All of these require comparison to some measure 
of the reference value distribution: an upper 
percentile, a lower percentile, or a central 
tendency (Figure E-9). Although a central 
tendency of the reference sites (e.g., the mean 
value) may be intuitively attractive as a basis of 
comparison, there are two important reasons for 
using percentiles instead: 

• An assessment methodology must be able to 
take into account natural variability of 
ecological systems. We know that aquatic 
biota may differ from rtffie to rtffie in the same 
untmpacted stream. Central tendency does 
not take into account the natural variability, 
and scoring criteria based on central tendency 

Ordinal Percentage Ordinal Percentage Score Score Score Score Score 

-100 

-
5 -

100 -
5 -3 - 50 100 ------- 3 -- - 50 - - -

- - 50 -1 -
- 1 -- ----

Upper Lower Central 
percentile percentile tendency 

Scoring Methods 

"impaired" and "unimpaired." Figure E-9. Illustration of alternative scoring methods, using an 
The index is the sum (or mean) upper percentile, a lower percentile, or a central tendency. Most 
of the metric scores, and is common score breakdowns (5-3-1 ordinal, or percentage) are shown 

for each, but other ordinal scores have also been used (e.g., 6-4-2-0). 
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may result 1n lowered scores for many sites 
that are within the expected variability of 
natural, undisturbed sites. 

• A second disadvantage of central tendency 
measures occurs when reference sites, upon 
which the reference condition is empirically 
based, are known to be affected to some 
degree by human activities. Reference sites 
are often selected to be the least 
anthropogenically affected in a region, but 
may still be subject to regional and wide
ranging impacts (e.g., USEPA 1996a). 
Examples include estuaries and large rivers 
which receive inputs from their entire 
watersheds, and small streams and lakes in 
extensively altered agricultural ecoregions 
(e.g., the Combelt Plains). Use of central 
tendency then reflects the general (and 
unquantifiable) degradation of the region 
and will not result in reference conditions 
that represent the biological potential. 

Two approaches are used to develop metric 
expectations and scoring criteria (Simon and 
Lyons 1995). The first approach uses defined 
reference sites that meet criteria for representa
tive reference sites. Data from the reference 
sites are used to define expectations and de
velop metric scoring criteria (Simon and Lyons 
1995). The principal scoring criterion (between 
meeting and not meeting reference expectations) 
is typically based on a lower percentile of the 
reference distribution; for example, the 25th 
percentile (Ohio EPA 1990, Barbour et al. 
1996a, Barbour et al. 1996b). In this method, 

values above the 25th percentile are considered 
unimpaired (similar to reference conditions} and 
values below the 25th percentile are considered 
impaired to some degree. The range from O to 
the 25th percentile is bisected, with values in 
the top half receiving a score of 3 and those in 
the bottom half receiving a score of 1 (FigureE-
9). This approach also lends itself to scores 
using percent of reference value (Figure E-9}. 

The second approach does not include definition 
of reference criteria, but uses information from 
the entire range of sites, from the most to the 
least affected by anthropogenic pollution and 
disturbance. A large and representative survey 
data set is required to develop the reference 
criteria. Reference expectations and scoring 
criteria are based on the best values observed 
for each metric, even if the best values do not 
occur in the least affected sites (Simon and 
Lyons 1995). The most common scoring method 
is trisection (Karr et al. 1986) using the 95th 
percentile of the metric distribution. Metric 
values from O (or the lowest possible value) to 
the 95th percentile are trisected; values in the 
top one-third receive a 5, values in the middle 
third receive a 3, and values in the bottom third 
receive a 1 (most impaired). 

Choice of scoring method should be based on the 
approach used for defining reference sites, rather 
than on the method that will produce the most 
conservative or most liberal scoring. If reference 
sites are representative of relatively unimpaired 
conditions, then the lower percentile cutoff and 
bisection is preferred. If reference sites are not 

definable, then scoring criteria 
based on the "best" values are 35 ~--------------------~ 

• the only alternative. 
(IS 30 

To account for covariables such ~ 
as size, the data are plotted, a 

i locally weighted estimate is made 
C: 25 

of the appropriate percentile 1 20 (95th or 25th), and the range 
ffi 15 below it is trisected or bisected 

(Figure E-10). i 2 10 
(.) Additive Index :a 5 The index is the sum of the tS! 

scores of the selected metrics 
0 4 6 6 10 12 that prove responsive to distur

bance. Criteria for index values 
are also generated from the 

Figure E-10. Total crustacean zooplankton taxa in North American reference sites, just as with 
lakes (redrawn after Dodson 1992). 

Log Lake Area (m2
) 
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individual metrics. A perfect index score is 
unlikely in the reference sites, therefore, a 
reference expectation is developed for the total 
score. Because the index is the sum of several 
metrics, the Central Limit Theorem predicts that 
it will have a lower coefficient of variation than 
individual metrics, and can be approximated 
better by a normal distribution than can indi
vidual metrics (Fore et al. 1994}. Because of 
these properties, multimetric indices can 
usually distinguish 3 to 5 statistically significant 
gradations of impairment, based on comparison 
of a single sample to the reference distribution 
(Fore et al. 1994, Gerritsen 1995). 

Discriminant Model Index 

Discriminant analysis may be used to develop a 
model that will divide, or discriminate, observa
tions among two or more predetermined classes. 
Output of discriminant analysis is a function 
that is a linear combination of the input vari
ables, and that obtains the maximum separa
tion (discrimination) among the defined classes. 
The model may then be used to determine class 
membership of new observations. Thus, given a 
set of unaffected reference sites, and a set of 
degraded sites (due to toxicity, low DO, or 
habitat degradation), a discriminant function 
model can identify variables that will discrimi
nate reference from degraded sites. 

Developing biocriteria with a discriminant model 
requires a training data set to develop the 
discriminant model, and a confirmation data set 
to test the model. The training and confirmation 
data may be from the same biosurvey, randomly 
divided into two, or they may be two consecutive 
years of survey data, etc. All sites in each data 
set are identified by degradation class (e.g., 
reference ~ impaired) or by designated aquatic 
life use class. To avoid circularity, identification 
of reference and impaired, or of designated use 
classes, should be made from non-biological 
information such as riparian zone modification; 
known discharges, known contamination, 
toxicity, nonpoint sources, impervious surface in 
the watershed, land use practices, etc. 

One or more discriminant function models are 
developed from the training set, to predict class 
membership from biological data. After develop
ment, the model is applied to the confirmation 
data set to determine its performance: The test 
determines how well the model can assign sites 

to classes, using independent data that were not 
used to develop the model. More information on 
discriminant analysis is in any textbook on 
multivariate statistics (e.g., Ludwig and 
Reynolds 1988, Jongman et al. 1987, Johnson 
and Wichern 1992). 

Classification of Estuaries with a 
Discriminant Model Index 
A straightforward a priori classification for 
estuaries was that used by EMAP-Estuaries: 
first, regionalization into the biogeographic 
provinces used by NOAA, the U.S. Fish and 
Wildlife Service and USEPA; second, stratifica
tion of estuaries by physical characteristics of 
shape and size; and third, measurement of 
physical covariates that affect assemblage 
composition, principally salinity, depth, and 
sediment attributes (for benthos) (USEPA 
1993e). 

Estuaries were classified as large estuaries, 
large tidal rivers, and small estuaries. Data 
collected in 1990 showed that large estuaries 
had the greatest number of taxa, and tidal rivers 
the fewest taxa. On that basis, the three estuary 
classes were retained for further analysis. 

It has long been known that estuarine faunal 
diversity is highest at the seaward end of estuar
ies, in full-salinity seawater. The lowest number 
of taxa are found in brackish waters that are too 
saline for freshwater organisms, and too fresh for 
marine-adapted organisms. To characterize 
reference conditions in EMAP estuaries, it was 
therefore necessary to predict the number of taxa 
that could be found at any given salinity. Figure 
E-11 shows effect of the covariate, salinity, on 
the number of taxa captured in benthic grabs. In 
the example shown, the reference expectation for 
EMAP estuaries in the Virginian Province was a 
third order polynomial regression of a running 
average 90th percentile of the data shown, given 
by the line in the figure. 

Of five possible covariates considered in EMAP
estuaries, only salinity was deemed to have a 
strong enough effect on benthic macroinver
tebrates to justify adjusting reference expecta
tions for it (USEPA 1993e, USEPA 1994h). The 
observed number of taxa per site was corrected 
by dividing by the expected number of taxa for 
the site, obtained from the regression model, to 
yield percent of expected number of taxa (USEPA 
1993e, Engle et al. 1994, USEPA 1994h). 
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Index: 
From the set of sampled sites in the EMAP data 
set, reference and degraded sites were identified 
based on predetermined criteria. Criteria for 
reference sites were: 

• Summertime bottom DO never less than 1 
ppm. 

• No contaminants observed in the sediment 
(1980). 

• No toXicity observed in the sediment. 

Reference sites had to meet all three criteria. 
Reference site salinities ranged from < 5 ppt to > 
18 ppt. 

Sites were rated as degraded if they met either 
of the two following criteria: 

• One or more hypoxic events with bottom DO 
< 0.3 ppm. 

• The concentration of at least one sediment 
contaminant exceeding the ER-M value, and 
Ampelisca bioassay indicated toxicity(< 
75% survival and significantly different from 
control) (USEPA 1993e). 

Stepwise discriminant analysis was used to 
determine which metrics could best discriminate 
between reference and degraded sites. Because 
number of taxa was deemed an important 
indicator by itself, it was "forced" into the 
discriminant model. The eventual discriminant 
model had five variables: 

• % expected number of taxa . 

• No. of amphipods . 

• % of abundance as bivalves . 

• Mean weight per polychaete. 

• No. of capitellid polychaetes. 
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The model correctly classified 89% of degraded 
sites, and 86% of reference sites, using the 
learning data set to test its performance. Dis
criminant scores were normalized to a range of 0 
to 10, for ease in communication of index scores 
(USEPA 1993e). 

The original discriminant model was developed 
from the 1990 EMAP-Virginian Province sam
pling effort. The model was subsequently tested 
with the EMAP-Virginian Province data set 
collected in 1991, an independent test (USEPA 
1994h). The 1990 model failed to discriminate 
the 1991 data correctly, so a new discriminant 
model was developed using both 1990 and 1991 
data sets. The revised model used the following 
3 variables: 

• Mean abundance of opportunistic species. 

• Biomass/abundance ratio for all species. 

• Mean number of infauna! species per grab. 

The revised model was subsequently tested with 
another independent data set, the 1992 Virginian 
Province data. The revised model correctly dis
criminated the 1992 reference and degraded sites, 
and the model was not further modified (USEPA 
19941). The model correctly identified 83% of 
reference sites and 100% of degraded sites. 

Designated Aquatic Life Use Classes 
An alternative to the above methodology is to 
develop biocriteria directly for administrative 
aquatic life use classes (Davies et al. 1993). In 
this approach, data from a set of sites (the train
ing set) are assigned to predetermined aquatic life 
use classes. The classes are determined by 
regulation and might be (for example): (a) pristine; 
(b) altered habitats, but native species maintained; 
(c) discharges and vegetation permitted, native 
communities altered, but flshable-swimmable 
goals met: or (d) nonattainment. Experts assign 
sites to one of the four classes based on the 
narrative descriptions of the aquatic life use 
classes (above) and biological data from the 
training set sites (Davies et al. 1993}. 

One or more discriminant models to predict class 
membership are developed from the training set. 
The purpose of the discriminant analysis here is 
not to test the classification (the classification is 
administrative rather than scientific), but to 
assign test sites to one of the classes. 

An example of this approach is the biocriteria 
adopted by Maine for streams (Davies et al. 
1993). Stream biologists assigned a training set 
of streams to four life use classes. A two-stage 
discriminant modeling process was used to 
develop discriminant models for assigning test 
streams to use classes. The first stage was a 
model to predict membership in each of the four 
classes, expressed as a.probability for each. The 
second stage was a set of three discriminant 
models that predict two-way class membership 
(i.e., nonattainment (NA) versus A or B or C: NA 
or C versus A or B; and NA or C or B versus A). 
A selection procedure was used to select predic
tive variables for the models, and the second
stage models were constrained to exclude predic
tive variables used in the first-stage model. This 
approach is detailed by Davies et al. (1993). 

Multlvarlate Ordination Model 

The third approach that has been successfully 
used for development of biocriteria uses multi
variate ordination to determine if test sites are 
different from reference sites. The comparisons 
are usually made graphically, in ordination 
space (c.f., Figures E-1, E-3, and E-9); such that 
if a site is outside of the area on an ordination 
diagram defined by reference sites, it is judged 
to be degraded. 

Classification of reference sites is often a poste
riori. using one of several clustering methods on 
the biological data. Following definition of 
biological clusters (reference classes), a discrimi
nant model is developed using physical-chemi
cal data to allow classification of test sites (Moss 
et al. 1987, Wright et al. 1984, Reynoldson et al. 
1995, Norris 1995). 

Cluster analysis must be done with great 
caution because there are many similarity 
measures and many clustering algorithms, 
many of which may produce different, and often 
unintelligible, results (Ludwig and Reynolds 
1988, Jackson 1993a). In general, the best 
results for bioassessment purposes have been 
achieved with UPGMA, and with 'IWINSPAN, a 
divisive technique (Reynoldson et al. 1995, Moss 
et al. 1987, Gauch 1982). The most successful 
similarity measures have been Bray-Curtis 
similarity, chord distance, and relative Euclid
ean distance (Kenkel and Orloci 1986, Ludwig 
and Reynolds 1988). 
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Ordination analysis is often done after detennina
tion of clusters, to see whether the identified 
clusters also separate in ordination space. The 
clusters are now treated the same as an a priori 
classification. Ordination methods most often 
used at this stage include correspondence analy
sis and non-metric multidimensional scaling (e.g., 
Moss et al. 1987, Reynoldson et al. 1995). 

Test sites are then assigned to one of the 
reference classes with the discriminant model 
(using physical-chemical data), and test sites 
are compared to their respective reference 
population in ordination space. 

The ordination approach is illustrated with the 
classification of benthic macroinvertebrate 
assemblages from Great Lakes reference sites 
(Reynoldson et al. 1995). Cluster analysis of 
benthic macroinvertebrates from 96 reference 
sites revealed five groups of sites. Cluster 
analysis used the Bray-Curtis distance measure, 
and the clustering algorithm was unweighted 
pair group mean averages (UPGMA) (Reynoldson 
et al. 1995). The sites were subsequently 
visually depicted with ordination by NMDS, 
which showed each cluster occupying a unique 
area in ordination space. 

Following classification, a discriminant model 
was developed to identify class membership of 
sites using physical and chemical (i.e., non
biological) data. The model was developed with 
the reference sites as the calibration data set, 
for subsequent use with test sites to identify the 
class of benthic assemblage the test site should 
belong to. Sites were selected for uniform 
characteristics(< 2 km from shore,< 30 m 
depth, fine-grained sediment), and the criterion 
for reference sites was large distance(> 10 km) 
from known discharges (Reynoldson et al. 1995). 
First, explanatory- variables for input into the 
discriminant function analysis were identified 
with correlation analysis of physical-chemical 
variables. Variables that were significantly 
correlated with any of the three ordination axes 
were used for the discriminant analysis. Of 25 
variables examined, 18 were strongly correlated 
with the ordination and were input into the 
stepwise discriminant analysis. Of these, nine 
produced the best model to predict class mem
bership. Biological assemblage group member
ship was correctly predicted by the discriminant 
model for 87% of the sites, ranging from 64%-

B/ologlcal Assemblages 

100% for each of the five assemblage groups 
(Reynoldson et al. 1995). 

Biological integrity of test sites was assessed by 
first assigning a test site to one of the five 
assemblage groups, based on the discriminant 
model applied to the site's physical-chemical 
data. The biological assemblage structure of the 
test site was then compared to assemblage 
structure of the reference sites of that group, by 
plotting the positions of reference sites and the 
test site in ordination space, and determining if 
the test site was within the region defined by the 
reference sites (e.g., Figure E-12). The approach 
was used for an assessment of benthic sites in 
Collingwood Harbour, Ontario, which had been 
contaminated with metals. Benthic 
macroinvertebrate assemblages were different 
from reference sites within two boat slips, and 
the authors concluded that sediment 
remediation was justified in the boat slips. 
Outer reaches of the harbor exceeded Ontario 
sediment metals criteria but benthic assem
blages in the outer harbor were similar to 
reference sites of their respective classes. 
Because there were no discernible biological 
differences, the authors concluded that sedi
ment remediation could not be justified in the 
outer harbor (Reynoldson et al. 1995). 
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Figure E-12. Assessment by ordination. Solid circles 
are reference sites, known impacted sites (triangles) 
deviate from the reference group, primarily on the 
first axis. Impairment may be judged by whether a 
site is outside the region bounding reference sites 
(ellipse), or by the distance between a site and the 
reference centroid (arrow). 
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Executive Summaries of State Pilot 
Studies 

The following includes executive summaries 
from three states (Maine, Vermont and Wiscon
sin) that performed and completed pilot studies 
based upon the Lake and Reservoir Bioassess
ment and Biocriteria Technical Guidance 
Document. These pilot studies are distinct from 
the case studies incorporated throughout this 
document and, thus, are presented separately. 
The purpose of each pilot study was not to 
evaluate individual state sampling field methods 

but rather to test the utility of the data analy
sis and biocriteria development guidance in 
this manual. Each state adapted its study to 
incorporate its available data. All three states 
reported favorably on the usefulness of this 
guidance manual and indicated the various 
stages of their own biocriteria development. 
For more information regarding these studies, 
please contact the state's project leader as 
listed in each executive summary. 

Geographic Analysis and Categorization of Maine Lakes: A Trlal of 
the Dra'ft Lake Bloassessment and Blocrlterla Technical Guidance 

Maine's test of the Draft Lake Bioassessment 
and Biocriteria Technical Guidance focused on 
lake classification, selection of reference sites 
and metric evaluation from extant data. Dataset 
limitations prevented the creation of a lake 
biocriteria program for the entire state; instead, 
various aspects of the guidance were 'spot 
tested.' 

Classification of Lakes 
Although Maine lakes are quite diverse, it was 
decided that delineating 10 or fewer lake classes 
would be most practical. The classification 
effort focused on 451 lakes which had complete 
datasets, utilizing cluster analysis on a combi-

nation of morphometric and chemical variables 
including surface area, flushing rate, maximum 
depth, mean depth, drainage area, elevation, 
color, alkalinity and specific conductance. The 
ecoregion approach suggested in the guidance 
resulted in 3 'modified' ecoregions (based on 
Omernik 1987) each having two lake classes. 
Clustering was primarily based on surface area 
and depth variables. 

In this portion of the test, the biggest con
straints were related to the difficulties of doing 
statistical analysis with available software. 
Three other concerns were evident: (1) how to 
handle outlier lakes (i.e., very large lakes), ( 2) 
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how to incorporate additional lakes as data 
becomes available, and (3) the selection bias 
represented by monitored lakes in the datasets. 

Selection of Reference Lakes 
Each of the lakes in the dataset had a develop
ment ranking assigned from 1990 Census Data. 
Rankings from a subset of these lakes were 
found to be similar to rankings derived from the 
examination of United States Geological Service 
(USGS) topographic maps. Lakes having low 
development rankings were screened by profes
sionals to eliminate lakes Impacted by activities 
unrelated to population. Box and whisker plots 
were used to compare trophic status of reference 
lakes to non-reference lakes in each lake class. 
These comparisons often showed little separa
tion between reference and non-reference lakes. 
This may be partially explained by the dispro
portionate number of reference and non
reference lakes. The technique used to choose 
reference lakes may need refinement but ap
pears to be compatible with the guidance 
emphasis on using readily available information. 

Biological Parameters 
Maine examined metrics from Tier 2B level 
biological data (phytoplankton and zooplankton) 
to evaluate their potential utility. Some metrics 
were suggested in the guidance, others had 
basis in current scientific literature and a few 
were suggested by the nature of the dataset. 
Forty-six phytoplankton metrics were examined; 
the thirteen metrics showing potential utility 
were reduced to four after the elimination of 
redundant metrics: total cell volume, % volume 
Cyanophyta, % volume chrysophytes and the 
ratio of volume of Cyanophyta to desmids. 
Seven out of nineteen zooplankton metrics 
showed potential utility in screening for trophic 
increases. Metrics were eliminated with inher
ent redundancy and scoring was developed for 
two: total abundance and the ratio of cladocer
ans to copepods. Cumulative distribution plots 
for reference sites and non-reference sites were 
utilized to determine scoring levels for the two 
metrics. A multimetric index was not developed 
due to the low number of lakes and the overlap 
of the Tier 2B biological data. 

The guidance provided a reasonable framework 
for the development of the biological metrics. 
However, the literature suggests that rotifers 
respond to trophic changes as well as crusta
cean zooplankton, a point previously overlooked 
in the guidance. Potential phytoplankton 
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metrics should not only be based on count data, 
but also total cross-sectional area and/or 
volume measures. The variation in phytoplank
ton cell size is so great that cell numbers do not 
approximate standing crop as well as volume or 
area. Although a multimetric index was not 
developed, it appears that reasonable guidance 
is provided in the draft to accomplish this. 

General Comments and Applicability within 
Maine's Lake Management Strategy 
There are some concerns that this experience will 
be extrapolated to the rest of the country. For 
example, Maine has a large number of lakes and 
most are of glacial origin. Maine has only 3 lakes 
receiving point source discharges; Maine's lake 
management focus continues to be on trophic 
status and NPS pollution control. The test of this 
document was from this perspective, and other 
states may have other or additional management 
priorities. Another concern is whether or not the 
gain is worth the additional cost of obtaining 
biological (phytoplankton and zooplankton) data. 
One aspect that may be beyond the scope of the 
guidance document is the lack of reference lakes 
for atmospheric deposition impacts (in particular, 
Hg accumulation). If one assumes that atmo
spheric deposition is somewhat uniform over 
regions, it becomes nearly impossible to select 
unimpacted reference lakes and strong reliance 
must be placed on the term "minimally impaired .. 
as used in the guidance. 

Overall, this test has been considered a success 
despite some limitations of the dataset, and 
Maine has shifted from 'test' mode to 'develop
ment' mode. Biological samples have been 
collected from 100 potential reference lakes 
(1996) which are currently being analyzed and 
similar samples from 100 lakes of unknown 
status (1997) which will be analyzed and used 
as a test dataset in the future. The development 
of biocriterla for Maine's lakes will be an ongo
ing process over the next few years as time and 
funding permits. It is anticipated that the 
results will be useful to concerned citizens at the 
local level as well as biologists at the state level. 

Project Contacts: 
Linda Bacon and Roy Bouchard 
Maine Department of Environmental Protection 
Division of Environmental Assessment 
Bureau of Land and Water Quality 
phone (207) 287-3901 
fax (207) 287-7191 
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Blocrlterla Development for Vermont Lakes-PIiot and Field Phases 

Project Summary, April, 1998 
The development of test biocriteria by the Ver
mont Department of Environmental Conservation 
(VIDEC) was conducted in order to evaluate 
methods presented in this Lake and Reservoir 
Bioassessment and Biocriteria Technical Guid
ance Document. Methods for conducting each 
phase of the project were taken directly from the 
document, and a comprehensive Pilot Phase final 
report is available. The Pilot Phase of this project 
was completed during 1995, using existing 
information contained in the Vermont Lakes and 
Ponds Database. Following this effort, a field 
program was initiated to develop reference level 
biocriteria beginning in 1996. Results and 
lessons learned from the Pilot Phase and results 
from the Field Phase (1996-1997) are presented 
in this summary. Movement towards implemen
tation of fully developed lake biocriteria for 
Vermont is discussed. 

Field Phase 
Taking the lessons learned from the Pilot Phase, 
a comprehensive bioassessment project was 
designed using this Guidance. To avoid the 
difficulties of classification, a regional 
approach to definition of lake biological 
reference conditions was adopted by 
planning assessments of both Vermont 
and New Hampshire lakes. To date, 
this cooperative Field Phase has 
evaluated 29 lakes. Ten additional 
lakes are scheduled for assessment 
during 1998. Data results from 1996 
and 1997 are available, and an over
view of analyses conducted with these 
data to date is presented below. The 
reader should note that trial criteria 

toplankton, benthic macroinvertebrate, and 
macrophyte assemblages were selected for 
assessment. Trophic state parameters (Secchi 
disk transparency, chlorophyll a, algal bio
volume) were collected bi-weekly at a central 
location in the lake. Phytoplankton were enum
erated from a season-wide, whole lake com
posite, consisting of composited, bi-weekly, 
depth-integrated samples of the photic zone 
acquired from a fixed station network. Discrete 
bi-weekly composites were retained in archive 
for future analysis if necessary. Profundal and 
sublittoral benthic macroinvertebrate samples 
were·collected as triplicate composites using an 
Ekman dredge, from a fixed station network on 
each lake. Triplicate composited samples of 
benthic macroinvertebrates from rocky-cobbled, 
littoral-mud, and macrophyte bed habitats were 
collected using a sweep net. A timed collection 
period of 20 minutes total per composite sample 
per habitat was employed to ensure quantitative 
data comparability among lakes. The entire lit
toral zone was surveyed for macrophytes, 
whereby species were identified and abun
dances classified using the Braun-Blanquet 
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Bioassessment Assemblages, Metrics, 
and Methods Figure F-1. Location of 1996-1997 study lakes in the 
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scale. Benthic macroinvertebrates and macro
phytes were assessed during the mid-late 
summer index period (approximately August !
August 31). Habitat quality was assessed at the 
Ume of the macrophyte survey. A quality 
assurance program was employed to ensure the 
precision, accuracy, comparability and repre
sentativeness of data collected. Table F-1 
presents selected metrics under evaluation for 
the Field Phase of this bioassessment project. 

Table F-1. Selected tier two metrics evaluated for 
1996-1997 Bloassessment and Paleolimnology of 
Vermont and New Hampshire Lakes Project study 
lakes. 

Trophic State and Physico-chemlca/: 
Alkalinity 
Conductivity 
Dissolved oxygen 
Algal blovolume - Sweet TSI 
Chlorophyll a - Carlson TSI 
Sacchi transparency - Carlson TSI 

Benthlc Macrolnvertebrate: 
No. of taxa 
%dominants 
Shannon-Welner index of diversity_ 
% Intolerant species 
COTE Index (Coleoptera, Odonata, Ephemeroptera, 
Trlchoptera) 
% Intolerant chlronomlds 
No. of Crustacea - Mollusca taxa 
Functionality (le. shredder, scrapers ... ) 

Macrophytes: 
% cover - littoral zone 
% cover - littoral zone, nuisance species 
No. of species 
Relative species dominance 
No. of rare species 
No. of Potamogeton spp. 
No. of Utricularia spp. 
% occurrence by structural morphology 

Phytoplankton: 
Total density 
Total biovolume 
Shannon-Weiner diversity 
% Anabena spp., Aphanizomenon spp., Anacystis spp. 
% cyanobacteria (density and biovolume) 
% diatoms (density and biovolume) 
% chlorophytes {density and biovolume) 
% euglenophytes (density and blovolume) 
% phyrrophytes (density and biovolume) 
% cryptophytes (density and biovolume) 
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Preliminary Lake Classification 
In selecting candidate reference and test lakes, 
the same classification metrics were used as for 
the Pilot Phase. An a-priori classification was 
adopted using alkalinity as a classifying vari
able. A cutoff of approximately 15mg/I was 
used to classify lakes as poorly buffered ( 15 
mg/I as CaCO3), or well-buffered(> 15mg/I as 
CaCO

3
). Existing lake assessment data suggests 

that these two lake classes correspond to tannic 
and clear water lakes (one exception being the 
clear, but lower-alkalinity Hatch Pond, NH). 
Thus for ease of presentation, low-alkalinity, 
poo::-ly buffered lakes are called tannic, while 
higher-alkalinity, well buffered lakes are called 
clear. Table F-2 provides the range of physico
chemical attributes for each of these classes. 

This proposed classification was validated with 
phyto-plankton data using canonical correspon
dence analysis (Figure F-2). The position of 
clear and tannic lakes is well separated along 
the second axis, as are the relative positions of 
the algal orders. Test lakes with increased blue
green algae in the community separate along the 
first axis. This ordination suggests that there is 
variability in the phytoplankton assemblage 
biometrics which can be explained by the 
proposed classification. 

Criteria Development, Phytoplankton 
All phytoplankton data were examined using 
Tukey box plots to identify metrics which discrimi
nate between reference and test lakes. Metrics 
thus 'appearing' discriminatory were tested by 
calculating interquartile coefficients. To avoid 
'double counting' of impairments, the selected 
metrics were examined for covariance. A high 
degree of covariance was noted between the 
percent composition of cyanobacterta and percent 
composition of Aphanizomenonjlos-aquae, Ana
baenajlos-aquae, and Anacystis marina (r=0.85, 
p<0.05). The latter metric was retained as it more 
accurately defines occurrences of undesirable 
blue-green algal blooms in test lakes. 

A total of five metrics were selected for each lake 
class to construct a phytoplankton index. Trial 
criteria were developed by scoring the metric 
ranges using the 'bi-section' method presented 
in this Guidance. Trial criteria are presented in 
Table F-3. Lakes were scored using these 
criteria, and the distribution of scores is pre
sented in Figure F-3. For tannic lakes, both test 
lakes met reference criteria. None of the clear 
test lakes met reference criteria. 
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Table F-2. Ranges of selected attributes of candidate 
reference lakes falllng into two classes evaluated in 
conjunction with the Bloassessment and Paleolimnology of 
Vermont and New Hampshire Lakes Project. 

Tannie lakes Clear lakes 

Size (ac) 20-96 20-789 

Depth (m) 3-17 7-43 

Alkalinity 6-14 9.6-100* 

Mean Secchi disk 1.7-11.5 2.5-7.8 
transparency 

4-r----------------------------, 

3- C 

C 
C 

d. 
2-

C : C 

C 

C 

- T . - S2ea"d0:ph 
C\I T nil.---~ CVNIIBICI" ~ 
~0-·····································~~··~······················································································ 

~ ~ l T LaeQrm(~ 

-1 - C PYfRA-frT ( T 

f.FASfF 
T 

-2 T 
T 

T 

-3------------.,------------,.-----------
-1 0 2 

Figure F-2. Canonical correspondence ordination trlplot for unclassified reference and test lakes evaluated 
in conjunction with the Bioassessment and Paleollmnology of Vermont and New Hampshire Lakes Project. 
Lakes are denoted as clear (C) or tannic (T). Eigenvalues (Y) are provided for each axis. For simplification, 
physical variables are grouped and presented by their relative position to the ordination axes. Relative 
percent composition by algal orders are scaled by a factor of 2 for ease of Interpretation. 
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Table F-3. Trial phytoplankton assemblage blocrlterla for Bloassessment and Paleollmnology of Vermont 
and New Hampshire Lakes Project study lakes. 

Tannie lake metrics Interquartile Score attributed: 
coefficient 1 3 5 

Total density 0.40 >980 862-980 <862 

Total blovolume 0.89 >361K 287K-361K <287K 

% cryptophytes 0.66 >47 28-47 <28 

% dlatoms-blovolume 0.99 <11 11-13.4 >13.4 

% APHA-ANFA-ANMA,. 0.56 >10 1-10 <1 

Score attributed: 

Clear lake metrics 1 3 5 

Total density 0.15 >780 620-780 <620 

Total blovolume 0.09 >580K 389K-580K <389K 

% cryptophytes 0.76 >9 9-19 <19 

% dlatoms-biovolume 0.67 <42 42-63.5 >63.5 

% APHA-ANFA-ANMA* 0.06 >5 13-5 <3 
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Figure F-3. Distribution of phytoplankton Index scores for 29 classified study lakes. The dotted line 
corresponds to the lower quartile of the reference distribution. Lakes which score above this value are 
considered meeting reference conditions. 
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Criteria Development, Littoral Zone 
Macrophytes 
The methods by which macrophyte data were 
collected do not permit calculation of a Shan
non-Weiner index of diversity, yet this is an 
important measure describing the macrophyte 
assemblage. To provide an alternate measure, a 
relative species dominance metric is proposed 
where impairment is indicated by metric values 
increasing above reference. This metric is 
calculated as: 

% cover - littoral zone 
No. of species 

An alternate way of assessing macrophyte 
communities is to determine the relative contri
bution by different structural groups. Analo
gous to relative percent composition by algal 
divisions in the phytoplankton, or by function in 

the macroinvertebrates, relative percent occur
rence by structural grouping can affect other 
biological assemblages ·and vary with impair
ments to lake water quality. To evaluate this for 
the study lakes, seven structural groupings were 
proposed (Table F- 4). 

Interquartile coefficients for macrophyte metrics 
were calculated, and many metrics were found 
to be insensitive. The most discriminating 
metrics were nevertheless retained for trial 
criteria development in the interest of assessing 
test lakes against a reference condition. The 
criteria presented in Table F-5 are at best draft, 
and should be considered in development 
pending the acquisition of additional data. 
Reference and test lake scoring is presented in 
Figure F-4. 

Table F-4. Proposed structural macrophyte groupings for use in 
bioassessment of Vermont and New Hampshire lakes. 

Proposed structural group Representative example species 

Emergent erect Pontederia spp. 

Emergent pronate Sparganium minimum 

Floating leaved Brasenia schreberi 

Submerged narrow-leafed Najasspp. 

Submerged broad-leafed Potamogeton amplifolius 

Submerged whorled Ceratophy/lum spp. 

Submerged mat-like Eriocaulon spp. 

Table F-5. Trial macrophyte assemblage biocriteria for Bioassessment and Paleolimnology of Vermont 
and New Hampshire Lakes Project study lakes. 

Metrics Tannie Lakes Clear Lakes 

IC 1 3 5 IC 1 3 5 

Percent cover-littoral 
zone 0.55 >26 21-26 <21 1.19 >37 22-37 <22 

Relative species 
dominance 0.28 >1.5 1.2-1.5 <1.2 1.87 >1.4 1-1.4 <1 

% occurrence floating 
leaved 1.60 >25 20.1-25 <20.1 0.37 >18 15-18 <15 

% occurrence 
submerged narrow 
leaved 1.05 <6 6-10 >10 3.76 >35 32-35 >32 

% occurrence 
submerged whorled 2.06 >12 6-12 <6 0.52 >12 7-12 <7 
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Figure F-4. Distribution of macrophyte Index scores for 29 classified lakes. The dotted line corresponds 
to the lower quartile of the reference distribution. Lakes which score above this value are considered 
meeting reference condHlons. 

Criteria Development, Trophic State Indices 
Trophic state indices were calculated for Secchi 
disk transparency and chlorophyll a. using 
Carlson's algorithms, and for total algal 
biovolume using Sweet's algorithm. This latter 
index is calculated as: 

(Lo~ (B+l)) X 5 

where B=0.001 x algal biovolume in um3 /ml. 

Trophic state indices are useful in regions where 
there exists a wide range of trophic conditions. 
In this study lake set, even lakes which are 
considered impaired by eutrophication score 
only at the low range of eutrophy, with no lake 
exceeding 62 on the unitless trophic state index 
scale. Therefore, the calculated scoring ranges 
for criteria developed from this study set are 
extremely narrow. Interquartile coefficients and 
draft trophic state criteria are presented in Table 
F-6. 

The trophic state index calculated from algal 
biovolume is presented in this section to assess 
whether this metric has greater discrimination 

than its untransformed analogue, algal 
biovolume (presented in the phytoplankton 
section above). Comparison of the interquartile 
coefficients for algal biovolume, and for the 
calculated algal biovolume trophic state index 
suggests that this metric is most discriminating 
in the phytoplankton assemblage biocriteria, 
(interquartile coefficient of 0.89 and 0.09 vs. 
0.27 and 1.18 for tannic and clear lakes respec
tively). Accordingly, algal biovolume should best 
be retained in the phytoplankton assemblage 
criteria in refinements of these trophic state 
criteria. The distributions of reference and test 
lakes, scored by trophic state indices, are shown 
in Figure F-5. 

Results, Benthic Macroinvertebrates 
As of this writing, taxonomic data have been 
validated only for the 1996 study lakes. A wide 
variety of macroinvertebrate metrics have been 
calculated from these data, and it appears that 
the macroinvertebrates could provide highly 
discriminating metrics (Table F-7). It is antici
pated that a lake macroinvertebrate index will 
have metrics from each of the five habitats 
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Table F-6. Interquartile coefficients (IC) and trial biocriteria evaluated. Based upon review of 
scoring for trophic state indices - Bioassessment and the 1996 taxonomy, and observa
Paleolimnology of Vermont and New Hampshire Lakes Project tions from the 1997 samples 
study lakes. currently in taxonomy, it is be

Biocriterla scoring lieved that profundal zone samples 
may not provide useful data. 

Tannie lake metrics IC 1 3 5 Indeed, profundal zone samples are 
TS/ Chlorophyll-a 0.35 >52 49-52 <49 comprised almost entirely of 

Ch~onomidae, Chaoboridae, and 
TS/ algal biovo/ume 0.27 >52 49-52 <49 Oligochaet.a, and variation in overall 
TS/ Secchi disk density is dependent on 
transparency 1.82 >52 50-52 <50 hypolimnetic oxygen conditions. If 

these observations hold true, Clear lal,e metrics 
profundal zone macroinvertebrate 

TS/ Chlorophyll-a 1.50 >48 44-48 <44 assessments will likely be dropped 
from Vermont's bioassessment TS/ algal biovolume 1.18 <46 42-46 <42 
protocols. 

TS/ Secchi disk 
transparency 0.93 >40 39-40 <39 

Moving Toward Implementation 
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Figure F-5. Distribution of trophic state index scores for 29 classified lakes. The dotted lines correspond 
to the lower quartile and lower 5th percentile of the reference distribution. Lakes which score above the 
lower quartile value are considered meeting reference conditions. Lakes which score below tha 5th 
percentile are considered Impaired. 
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Table F-7. Potentially robust macroinvertabrate metrics for five lakes habitats evaluated in 
conjunction with the Paleolimnology and Bioassessment of Vermont and New Hampshire 
Lakes Project. 

Habitat Macroinvertebrate metric 

Profundal VT-Bl"; % other; % intolerant chironomids 

Sublittoral % collector-filterer, % predator, % shredder-detritivore, % 
shredder-herbivore 

Littoral rocky-cobbled VT-Bl, Shannon-Wiener diversity, % collector-filterer, % 
predator, % shredder-detritivore, % shredder-herbivore, % 
coleopterans, % trichopterans, % ollgochaetes 

Littoral macrophyte-beds VT-Bl, Shannon-Wiener diversity, % collector-gatherer, % 
predator, % coleopterans, % trichopterans, % oligochaetes 

Littoral fine-muds VT-Bl, Shannon-Wiener diversity, % collector-filterer, % 
predator, % coleopterans, % trichopterans, % oligochaetes 

•VT-Bl Is the Vermont stream biotic index 

Vermont's efforts toward developing useful 
biocriteria are by no means complete. The Field 
Phase outlined above was designed to provide the 
States of Vermont and New Hampshire with the 
baseline experience and information needed to 
move foIWard with a long-term sustainable 
bioassessment program. The trial criteria pre
sented herein should be reevaluated and further 
refined in conjunction with that longer term 
program. The present Field Phase provides a large 
volume of useful data, but it may not be sustain
able over the long-term. Using results from the 
1996 to 1998 study lakes, the need for robust 
data to develop (and assess compliance with) 
criteria will be balanced with the fixed personnel 
and operating expenses of a small State agency. 

Presently, the classification of study lakes is 
provisional. The reference condition for poorly
buffered (tannic) lakes is well characterized, 
though a group of poorly buffered and clear 
lakes might need to be characterized sepa
rately. Also there exists the need to assess the 
reference condition for a variety of well buffered 
(clear) lake types. Progress on this will be made 
during the 1998 field season. 

This cooperative Vermont/New Hampshire 
initiative carries with it a paleolimnological 
component designed specifically to determine 
the historical condition of candidate reference 
lakes. Application of paleolimnological models to 

the sediments of selected candidate reference 
lakes will ensure that the underlying biological 
information used to develop criteria is indeed of 
reference quality. 

Vermont has already seen the benefits of 
biological assessment as a tool for evaluating 
lakes. Data from this Field Phase have been 
used to refine and update Aquatic Life Use 
Support in Vermont's 305(b) inventory for every 
Vermont study lake bioassessed to date. While 
numeric criteria are not yet ready for inclusion 
into Vermont's Water Quality Standards, it is 
anticipated that subsequent revisions to Stan
dards will contain lake biological criteria. 

Readers of this Guidance are encouraged to 
communicate with the Project Contact directly 
for information regarding Vermont's 
bioassessment program. 

Project Contact: 
Neil Kamman, Aquatic Biologist 
Vermont Department of Environmental 
Conservation 
103 S. Main St., 10N 
Waterbury, VT 05671-0108 
phone (802) 241-3777 
fax (802) 241-3287 
neilk@dec.anr.state.vt.us 
http://www.anr.state.vt.us/water1.htm 
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An Evaluation of the Draft Lake and Reservoir Bloassessment and 
Blocrlteria Technical Guidance Document Using Wisconsin Lakes 

Wisconsin's test of the Draft Lake 
Bioassessment and Biocriteria Technical Guid
ance focused on the development of a 
multimetric index for Wisconsin lakes. Such an 
index would provide a more accurate determina
tion of use impairment for the biennial 305(b) 
water quality assessment, and changes as a 
result of watershed best management practices 
under the nonpoint priority watershed program. 
This index would also allow more informed 
permitting decisions, as well as proactive 
management by rapidly detecting emerging 
pollutant threats to lakes. 

Background 
Although bioassessment could detect changes 
from a broad range of anthropogenic sources, this 
study only involved lakes that have been impaired 
by eutrophication. While it would be beneficial to 
include other pollutants, e.g., acid precipitation 
and mercury, there was not sufficient information 
in our data set from lakes impacted by such 
pollutants. All of the lakes in our data set have 
experienced some degree of impairment from 
anthropogenic sources. As such, the reference 
lakes would be classified as ~least impaired." 
Better reference sites could be selected if they had 
been chosen prior to data collection. 

This study examines the trophic variables: total 
phosphorus, chlorophyll, Secchi depth and the 
biotic communities of phytoplankton, zooplank
ton, sedimented diatoms, and macrophytes. 
Analysis involved a comparison of index devel
opment using Tier IA (single visit) Tier 1B 
(multiple visits) as well as Tier 2A and 2B. 
Macroinvertebrates and fish were not used in 
the analysis. 

Data used for this analysis was largely collected 
under the Long Term Lakes program of the 
Wisconsin Department of Natural Resources. 
Collection began in 1986 and continues through 
the present. Samples are collected five times 
annually: late winter, June, July, August, and 
during fall turnover. Parameters that are 
analyzed from these collections include Secchi 
depth, chlorophyll, total phosphorus, phy
toplankton, and zooplankton. In addition, the 
macrophyte assemblage was surveyed occasion
ally during this time period. Not all of the 
samples are available for this analysis. Trophic 

variables (Secchi, chlorophyll, and P) were 
available for the years 1986-1994 while phy
toplankton from 1986 were used and zooplank
ton from 1986 and 1988 were used. As part of 
another project, sediment samples were col
lected from the main basin of most of these 
lakes in 1991 for diatom analysis. Seven 
reservoirs of varying trophic characteristics were 
sampled in 1994 for trophic variables, phy
toplankton, and macrophytes. 

Classification 
The lakes sampled covered three ecoregions, but 
not all regions contain reference quality lakes. 
Therefore, lakes were not separated into three 
ecoregions. In fact, all but two of the reference 
lakes were found in the northern lakes and forests 
ecoregion. The reference lakes were chosen based 
upon low levels of development in their water
sheds. All of the lakes had some development on 
the shoreline but most were summer homes and 
the density was relatively low. A criteria that was 
not used in the selection of the reference lakes 
was their known trophic status. It was felt that 
lakes that may have naturally had higher nutrient 
levels but low development should be included in 
the reference lakes. Since all of the lakes had 
some degree of disturbance in their watersheds 
the reference condition was calculated using the 
tri-section method. 

The reference lakes, test lakes, and reservoirs 
exhibited a wide range of morphological condi
tions and watershed size (Table F-8). These 
data were used to determine how robust various 
metrics were in assessing unknown lakes. 
When possible, metrics were constructed based 
upon multiple visits as well as single visits 
during an index period. August was chosen as 
the index period. 

Metric Development 
At least 4 metrics were developed for each 
biological entity (Table F-9). Trophic variables of 
the lakes were described using Carlson's 
Trophic Status Index (TSI), modified for Wiscon
sin lakes. Trophic status for chlorophyU, 
phosphorus, and Secchi depth was described 
using the equations: 

wrsI50 = 60 -(32.2 Log SD) 

wrs1rp = 60 -(33.2(0.96 - .054 log TP) 

F-11 

https://33.2(0.96


AppandlxF 

WfSichl = 60 - (33.2(0. 76 - 0.52 log Chi) 

Reference metrics are unusable if they are 
excessively variable. Variability of the metrics 
was measured by detennining the ratio of the 
interquartile range to the scope of detection. 
The scope of detection was defined as the 
distance from the lower quartile to the minimum 
value possible when reference values were 
higher than the test cases. When the reference 
values were lower than the test cases, the scope 
of detection was defined as the distance from 
the upper quartile to the maximum value 
possible. An interquartile coefficient greater 
than one generally indicates the metric is too 
variable to detect impairments. 

Some of the metrics had an interquartile coeffi
cient greater than one, but each of the biological 
units had at least one metric with a coefficient less 
than one (Table F-9). For metrics to be useful 
there must also be good separation between the 
reference and test lakes. Each biological unit also 
had at least one metric that fulfilled this condition. 
The list of metrics that were judged to be robust 
and useful are listed in Table F-10. 

Discussion 
This study has formulated a draft bioassessment 
index for Wisconsin lakes using biocriteria 
metrics. Different metrics were not formulated 
for individual lake classes or for separate 
ecoregions largely because of the lack of suffi
cient reference lakes. Instead, the lakes for all 
the regions were combined. The Wisconsin Lake 
Index was tested on 13 lakes using all of the 
metrics and tested independently for Tiers lA, 
lB, 2A, and 2B. A comparison was made of each 
lake's classification at the four different levels. 
All the lakes received the same classification 
("departing from reference conditions") under Tier 
lA and lB. Tier 2 appeared to be more descrip
tive of lake condition than Tier 1. In fact, two 
lakes classified as "departing from reference 
conditions" under Tier 1, were categorized as 
"impaired" using Tier 2 sampling techniques. 

This analysis has allowed us to make some 
recommendations concerning which metrics are 
useful for developing a Wisconsin Lakes Index. 
Since all the lakes received the same score 
under Tier IA and lB it is suggested that only a 
single visit during the index period (August) is 
necessary if lakes are to be classified using Tier 
1 only. In addition, we suggest that the macro
phyte metrics be expanded under Tier 1. All of 
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the macrophyte metrics, with the exception of 
density, can be detennined with little or no extra 
effort under the suggested Tier 1 metrics in the 
draft document. Density should be included as 
a Tier 2 metric for macrophytes. 

Although there was not complete agreement 
between Tier 2A and 2B they were similar 
enough to suggest that only one sampling trip is 
sufficient. In addition, it is suggested that the 
zooplankton metrics be eliminated until it is 
better understood how these metrics relate to 
the lake's impairment. 

The diatom metrics tested were not as useful as 
expected. The only metric that proved robust 
enough to use was the percentage of Stephano· 
discus. Although this metric was useful there 
was a great deal of variability across the test 
lakes. In the 13 lakes where the index was 
tested, the diatom metric tended to indicate that 
the lake was less impaired compared with most 
of the other metrics. This metric may not be as 
robust as some others. We recommend its usage 
but with reservations. The diatom metrics likely 
would be more useful ifTSI values were calcu
lated using the entire diatom assemblage but this 
would entail considerably more work, including 
detailed taxonomic knowledge. 

A summary of the recommendations are: 

Tier 1 Only one sampling trip (during August). 
Metrics: trophic state variables, macro
phyte metrics except density. 

Tier 2 Only one sampling trip (during August). 
Metrics: trophic state variables, macro
phytes, phytoplankton, diatoms. 

It is evident from this analysis that lake assess
ment using biocriteria is a more robust tech
nique than using the traditional indices: phos
phorus, Secchi depth, and chlorophyll by 
themselves. The additional information from the 
biota gives a much more accurate picture of a 
lake's health, especially its biological integrity. 

Improvements could be made in developing a 
Wisconsin Lake Index if better reference condi
tions were used to define the metrics. Since 
most of the reference lakes used in this study 
had some lakeshore development they were not 
ideal choices. Another ongoing study has 
identified sufficient reference lakes in each of 
the major ecoregions in the state, and will 
develop metrics for sedimented diatoms. 
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Table F-8. Morphological data for the study lakes and reservoirs. 

REFERENCE LAKES 
Bear Paw Lake 
Eau Oaire Lake (Lower) 
Eau O■ ire Lake (Un,...r) 
Escanaba Lake 
Franklin Lake 
Keves Lake 
Lac Courte Oreilles 
Lost Lake 
Patten Lake 
Round Lake 
Silver Lake 

TEST LAKES 
Amnicon Lake 
Bass Lake 
Biit Cedar Lake 
Bie Green Lake 
BIR Lon2 L:ake 
Bie McKenzie 
Browns Lake 
Butternut Lake 
Cedar L:ake 
Clark Lake 
Crvstal Lake 
Fish Lake 
Fox Lake 
Friess L■ ke 

Kentuck Lake 
Lac La Belle 
Lon2Lake 
LoaR Lake 
Mason Lake 
Minocqua Lake 
NaR&wlcka Lake 
Pelican Lake 
Pewaukee Lake 
Pike Lake 
Pike Lake 
Ripley Lake 
Rock Lake 
Rollinrt1tone Lake 
Sand Lake 
School Section Lake 
Shell Lake 
Sliver Lake 
Squaw Lake 
Thunder Lake 
White Clay Lake 
Whitewa1er Laite 
Wil.on Lake 

RESERVOIRS 
Bl2 Eau Pleine 
Brule 
Caldron Falls 
Dulch Hollow Lake 
Gile 
Mlnon2 
Rainbow 
Redstone Lake 
SL Croix 
Willow 

county 

Oconto 
Dou1das 
Bavfield 
Vilas 
Oneida 
Florence 
Sawyer 
Florence 
Florence 
Chionewa 
Barron 

Doul!las 
St. Croix 
Washington 
Green Lake 
Manitowoc 
Dumett 
~cine 
Price 
Polk/SL Croix 
Door 
Sheboygan 
Dane 
Dodge 
WashinJ.-ton 
Vilas 
Waukesha 
Chionewa 
Fond du Lac 
Adams 
Oneida 
Waukesha 
Oneida 
Waukesha 
Marathon 
Washington 
Jefferson 
Jefferson 
Lanl!lade 
Rusk/Chin""wa 
Wauoaca 
W:ishbum 
Waunaca 
St.Croix 
Oneida 
Shawano 
Walwonh 
Iron 

Marathon 
Florence 
Marinette 
Sauk 
Iron 
Washburn 
Oneida 
Sault 
Douglas 
Oneid3. 

lake area 
(hectares) 

19.& 
324.6 
403.t 
118.6 
65.2 
81.7 

2039.2 
37.2 

103.2 
87.4 

136.4 

172.4 
168.8 
377.2 

2972.8 
48.6 

479.6 
160.3 
407.1 
448.0 
351.3 

61.S 
87.4 

1062.3 
47.3 

387.3 
471.1 
425.7 
168.8 
346.0 
SS0.4 
371.l 

1450.8 
1008.9 

83.0 
211.2 
169.2 
554.8 
271.9 
106.0 

15.8 
1044.l 

27.5 
S2.2 

742.6 
94.7 

259.0 
6S.6 

2764.0 
120.2 
412.0 

85.0 
1369.5 
632.9 
823.5 
247.7 
774.2 

2551.9 

MORPHOLOGY 
lake vol. watershed wat,:r:rhW hydrology S.D.F. 

m.1) (hectares) /ai1 urea desert tion 

6.1 414 20.9 sccoal!e 1.88 
12.S 6.7 217635S2 2813 8.7 drainage 1.73 
28.0 8.8 356278&7 2046 5.J drainal!e 2.30 

7.9 4.3 50S9742 SIS 4.4 draina11:e 2.10 
7.6 259 4.0 scccae:c 1.46 

23.S 570 7.0 dmina11:e 1.61 
27.4 10.4 211327493 17042 8,4 drainage 2.SS 
13.7 5.2 1929165 52 1.4 seepal!e 1.09 
15.8 s.s 5661681 2098 20.3 dmina11:e 1.78 
s.s 3.0 2664321 298 3.4 seepage 1.28 

27.7 11.6 1S795967 193S 14.2 seepage 2.25 

9.4 3.0 5254632 1251 7.3 dmiMl!e 2.70 
10.7 sceoa(!C 

32.0 10.4 39086570 drainage 2.25 
71.9 31.7 942360318 958 0.3 drainaa?c 1.39 
11.6 S18 10.7 secoa~.: 2.22 
21.6 5.8 27771841 1709 3.6 draina1ie 1.47 
15.2 2.4 3907670 dminal'.!'.e 1.82 
9.8 4.3 173723S7 11139 27.4 draina1<e 2.52 
8.5 8614 19.2 drainal!t: 1.42 
7.6 2.1 7494635 4817 13.7 draina~c I.SJ 

18.6 6.1 3749785 seepage 1.87 
18.9 scepa11e 1.26 
S.8 2.1 22665227 15022 14.l draina2e 2.19 

14.6 8.2 3896569 drainage I.SI 
12.2 4.0 15345746 n1 2.0 drainal!c I.JO 
13.7 3.4 1S793S00 drainage 1.69 
30.8 6.1 2S9524S6 1746 4.l drainal!e 3.08 
14.3 6.7 1131 S962 drainage 1.76 
2.7 2.1 7382388 94S3 27.3 drainas,:c 1.92 

18.3 7.0 38583309 20720 37.6 drainage 3.68 
27.4 11.0 40719699 drainal!e 1.98 
l 1.9 2590 1.8 draina1!e 1.91 
13.7 4,6 46126050 drainage 1.94 
10.4 4.0 3287229 829 10.0 drainage 1.32 
13.7 drainal!e l.l9 
13.4 S.5 9280717 seen:."c 1.40 
17.l 4.9 27057656 drainage 1.43 
3.7 2512 9.2 drainol!c 1.32 

30.5 8.8 9371994 251 2.4 seeno.(!c 1.98 
11.6 8.S 1346962 drain:u,e 1.76 
11.0 7.0 73194807 4159 4.0 scenaec 1.43 
5.2 2.1 S87137 SCCDiH!C I.OS 
9.8 4.0 2068549 259 s.o SCCD3lZC 2.91 
2.7 2590 3.5 drainage I.SO 

14.0 4.3 4040886 1036 10.9 drainage 1.56 
11.6 draina1ie 2.80 
6.4 4.3 2797S37 207 3.2 drainage 1.89 

14.0 4.9 134794885 8536 3.1 drainage S.48 

19.S 6.1 7326882 271949 2262.6 drainal!e 2.51 

12.2 4.6 18835266 124796 302.9 drainage 4.70 
12.2 1313 15.5 drainai;:?e 2.31 

7.6 18130 13.2 drainaec 3.19 
6.4 2.7 17362489 60507 95.6 draonam: 4.48 
8.5 194249 235.9 drainage 3.53 

11.0 4.3 10S68472 7677 31.0 drainal!e 4.69 

8.S 2.1 l65175S4 32437 41.9 drainage 3.38 
9.1 3.0 777833S9 84693 33.2 drainage 7.29 
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Table F-9. Summary of degree of separation and the interquartile coefficient for all of the metrics. 

Metric Separation Interquartile Coefficient 

Trophic Variables 

WTSia., yes 0.08 

WTSlso yes o.os 
WTSITP yes 0.06 

' 
'" 

Phytoplankton 

Richness no o.s 

Ana. Aph. Micro no 4.2 

% Blue-green density yes 1.0 

'Yo Blue-green biocnass yes 0.4 

Zooplankton 

Richness yes 0.8 

Daphnia size yes l.O 

Hcrbivorc/Prcdntor yes 0.6 

Copcpod/Cladoccru no 

Larie Prc:dator no 

Chydocus no 0.3 

Diatoms 

Richness maybe 0.15 

Diversity no 0.5 

'Yo Ptmnktonic tax11 no 2.3 

% Aulacoseini spp. no 0.3 

% Stcphanodiscus spp. yes 0.02 

% Cyclotclla yes 7.3 

Macrophyres 

Richness no 0.9 

3/o Covc~c oflittoral zone no t.S 

Mu depth of growth no o.s 

"• Exotic taxa yes 1.0 

% Sensitive taxa yes 1.0 
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Table F-10. Metrics that possess good separation 
between reference and test lakes as well as an 
interquartile coefficient less than or equal to 1.0. 

Trophic Variables WTSIChl 

WTSl50 

WTSITP 

Phytoplankton % blue-green density 

% blue-green biomass 

Zooplankton Herbivore/predator 

Daphnia size 

No. oftaxa 

Diatoms No. oftaxa 

% Stephanodiscus 

% Cyclote/la 

Macrophytes % exotic species 

% sensitive species 

Executive Summaries of State Pilot Studies 

Project Contacts: 
Paul Garrison and James Johnson 
Wisconsin Department of Natural Resources 
Bureau of Research 
1350 Femrite Drive 
Monona, WI 53716 
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