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FOREWORD

This paper describes a weight-of-evidence evaluation procedure for integrating the results of
multiple measurements in environmental risk assessments. Multiple measurements are often used
to evaluate each effect of concern. A weight-of-evidence evaluation takes into account the
strengths and weaknesses of different measurement methods when determining whether the results
show that a stressor has caused, or could cause, a harmful environmental effect.

The procedure outlined in this paper was developed by the Massachusetts Weight-of-Evidence
Workgroup, an independent ad hoc group of ecological risk assessors from both government and
the private sector. The Weight-of-Evidence Workgroup grew out of the Massachusetts
Environmental Risk Characterization Guidance Workgroup, which has met intermittently since
1993 to assist the Massachusetts Department of Environmental Protection (DEP) in developing
general guidance for risk characterization at disposal sites pursuant to the Massachusetts '
Contingency Plan (MCP). Workgroup members recognized that weight-of-evidence evaluation is
a critical component in environmental risk assessments in general, and convened the Weight-of-
Evidence Workgroup to focus on this topic. ‘

The weight-of evidence project was conducted independently from the Massachusetts DEP
Workgroup as these issues are broadly applicable, and because there was no previously published
general guidance on the topic. It was hoped that operating outside of the constraints of a particular
program would foster more creative thought, rigorous analysis and more open discussions in the
workgroup. The Workgroup believes that a generally applicable evaluation method will provide a
more solid foundation for further method development than would a program-specific
methodology. Finally, Massachusetts DEP staff recognize that development of a broadly .
applicable method is an important first step in developing program specific guidance.

The Workgroup focused on developing a standard, quantitative evaluation procedure, which is
described in detail in this paper. Most members of the Workgroup believe that a standard
procedure will minimize subjectivity and promote consistency among assessments conducted by
different risk assessors. (Although Massachusetts DEP staff participated in the Weight-of-evidence
Workgroup, the Massachusetts Draft Environmental Risk Characterization Guidance currently
recommends a qualitative approach that is based on the same criteria.)

A formal weight-of-evidence evaluation, whether qualitative or quantitative, can provide a
framework for rigorous consideration of the strengths and weaknesses of various measurements,
and of the nature of uncertainty associated with each of them. Applying a weight-of-evidence
evaluation in an environmental risk assessment will promote systematic analysis by the risk
assessor, and documentation of the evaluation will elucidate the risk assessor's thought process. It
is important to recognize, however, that professional judgement may also be influenced by factors
other than scientific knowledge and technical expertise.
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Professional judgement applied in the selection and evaluation of measurements may incorporate
both knowledge about the strengths and weaknesses of various measurements and beliefs about
whether the measurements in'question are likely to overestimate or underestimate risk. Thus,
regulatory agency risk assessors, who are charged with profection against harm, may tend to be
skeptical about the reliability of field studies, which provide direct measures of effects but may not
have sufficient power to detect effects that could be biologically significant. At the same time, risk
assessors representing the regulated community may be more wary of indirect non-site specific
measurement methods, such as comparing contaminant concentrations to benchmark values
published in the literature, which often suggest effects that are not observed in the field. A formal
weight-of-evidence evaluation will not eliminate the influence of such beliefs from professional
judgement. It may, though, increase risk assessor's awareness of his/her beliefs, and elucidate for
the user/reviewer of the assessment the influence of beliefs on professional judgement.

Within the larger risk assessment community, the proposal outlined in this paper should not be
viewed as a final product, but as a first step in the continuing effort to integrate diverse
measurement methods in environmental risk assessments and to establish a framework for
interpreting the results. The workgroup welcomes critical analysis of this proposal and encourages
other efforts to the further develop guidance for weight-of-evidence evaluations.
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EXECUTIVE SUMMARY

Weight-of-evidence is the process by which multiple measurement endpoints are related to an
assessment endpoint to evaluate whether significant risk of harm is posed to the environment. In
this paper, a methodology is offered for reconciling or balancing multiple lines of evidence
pertaining to an assessment endpoint.

Weight-of-evidence is reflected in three characteristics of measurement endpoints: a) the weight
assigned to each measurement endpoint; b) the magnitude of response observed in the
measurement endpoint; and c) the concurrence among outcomes of multiple measurement
endpoints. Briefly, the methodologies proposed to account for these three components are as
follows.

First, weights are assigned to measurement endpoints based on attributes related to: a) strength of
association between assessment and measurement endpoints; b} data quality; and c) study design
and execution. These general categories are further divided into ten specific attributes. The '
relative importance of the ten specific attributes is then scaled, based on a survey of the
professional judgement of ten ecological risk assessors. The resultant scaling values for the ten
attributes range from 0.2 to 1.0. Measurement endpoints are then scored with respect to the ten
attributes. Scores may range from one (low) to five (high). Unambiguous definitions of one
through five for each attribute are provided, to limit subjectivity in the analysis. Finally, the weight
of each measurement endpoint is obtained by multiplying the scaling values by the scores assigned
for each attribute, summing these products, and dividing by 5.

Second, the magnitude of response in the measurement endpoint is evaluated with respect to
whether the measurement endpoint indicates the presence or absence of harm (yes, no, or
undetermined) and whether the response is low or high. In order to evaluate magnitude of
response, the measurement endpoint is accompanied by a set of metrics, such as: a) change or
difference in the response variable that is considered potentially ecologically relevant; b) spatial
scale of the change or difference; and c) temporal scale of the change or difference,

Third, concurrence among measurement endpoints is evaluated by plotting the findings of the two
preceding steps on a matrix for each measurement endpoint evaluated. The columns of the matrix
present the weights assigned in the first step (e.g., 1-5), while the rows of the matrix present the
magnitude of effect (e.g., positive effect of high magnitude, positive effect of low magnitude,
undetermined, negative effect of low magnitude, negative effect of high magnitude). The matrix
allows easy visual examination of agreements or divergences among measurement endpoints,
facilitating interpretation of the collection of measurement endpoints with respect to the assessment
endpoint.

For some risk assessments, the quantitative weight-of-evidence approach described above may be
unwarranted, such as when measurement endpoints for a single assessment endpoint do not
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contradict one another, or when a contradiction exists but there is a clear difference in the scientific
defensibility of the endpoints. In these cases, the weight-of-evidence approach may be
substantially simplified. A qualitative adaptation of the weight-of-evidence approach also involves
three main steps; only the first step differs substantially from that applied under the quantitative
method. First, each measurement endpoint is assigned a qualitative score of high, medium or low
for each of the three principal attributes. The numbers of high, medium, and low scores for each
measurement endpoint are counted and the measurement endpoint is assigned an overall score
based on the majority of attribute specific scores. Second, the risk assessor evaluates the outcome
of each measurement endpoint with respect to indication of risk of harm (e.g., positive, negative, or
undetermined) and magnitude of the outcome (e.g., high or low). Third, the risk assessor
integrates the measurement endpoint weight and magnitude of response on a matrix, in order to
determine whether the overall evidence indicates a risk of harm. While this qualitative adaptation
is clearly simpler to apply than the quantitative approach, it introduces greater subjectivity and may’
require less deliberate justification for conclusions regarding the potential risk of harm to the
environment, -
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1.0 INTRODUCTION

A weight-of-evidence approach is recognized to be is a central component of ecological risk
assessment. However, there is little specific guidance on the features of evaluating weight-of-
evidence. An ad-hoc workgroup was formed to define what was meant by a weight-of-evidence
approach and to outline a methodology for implementing such an approach. This group, comprised
of representatives from the DEP, the U.S. Environmental Protection Agency (USEPA), the
National Oceanic and Atmospheric Administration (NOAA), and six environmental consulting
firms, met on an approximately monthly basis from November 1994 to June 1995. The group
systematically examined various aspects of a weight-of-evidence approach and developed a
method that reflects and makes transparent the underlying professional judgements associated with
using a weight-of-evidence approach to characterize ecological risks. This paper presents the
results of the workgroup meetings and proposes a method for implementing a weight-of-evidence
approach. The ecological risk assessment terminology follows the USEPA's Framework for
Ecological Risk Assessment (USEPA, 1992).

This paper is organized around the components of a weight-of-evidence approach, as defined
below. The manner in which these components are incorporated into an ecological risk assessment
are also described, along with a simple case example. Key points of discussion or analyses are
highlighted throughout the paper.

1.1  Defining ""Weight-of-Evidence"

Although the term "weight-of-evidence" is used frequently in ecological risk assessment, there is
no consensus on its definition or how it should be applied. Published definitions or descriptions

include:

"Each risk estimate will have its own assumptions and associated uncertainties and these
may not be expressed equivalently. The separate lines of evidence must be evaluated,
organized in some coherent fashion, and explained to the risk manager so that a weight-of-
evidence evaluation can be made.” Suter (1993).

"Risk description has two primary elements. The first is the ecological risk summary,
which summarizes the results of the risk estimation and uncertainty analysis and assesses
confidence in the risk estimates through a discussion of the weight-of-evidence." EPA's
Framework for Ecological Risk Assessment (USEPA, 1992).

"For many Superfund ecological risk assessments, a weight-of-evidence approach will be
used. This frequently will require that different types of data are evaluated together. These
types of data may include toxicity test results, assessments of existing impacts on-site, or
true risk calculations comparing estimated exposure doses with toxicity values from the
literature. Balancing and interpreting the different types of data can be a major task...the
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strength of evidence provided by different types of tests and the precedence that one type of
study has over another should already have been determined...This will insure that data
interpretation is objective and not designed (i.e., biased) to support a preconceived
answer." USEPA's Draft Ecological Risk Assessment Guidance for Superfund (USEPA,
1994).

The workgroup considered the available definitions and descriptions and derived a description that
relates the weight-of-evidence approach to the process of conducting an ecological risk assessment:

"The weight-of-evidence approach is the process by which measurement endpoints are
related to an assessment endpoint to evaluate whether a significant risk of harm' is posed
to the environment. The approach is planned and initiated at the problem formulation
stage and results are integrated at the risk characterization stage.”

This definition provides an explicit link between risk characterization and the assessment
endpoints developed during problem formulation. Because the weight-of-evidence approach
involves the process of relating measurement endpoints to an assessment endpoint, these two terms
are defined below. -

Assessment endpoints are explicit expressions of the actual environmental value that is to
be protected. They reflect social and ecological priorities and are expressed in a manner that can be
evaluated through an objective scientific process. They are most useful when they are expressed in
terms of a specific receptor (species, habitat, system) and a function or quality that is to be
maintained or protected.

'Examples of clearly defined and ecologically relevant assessment endpoint are:

[ maintenance of a benthic community that can serve as a prey base for local fish
populations;

[ reproductive success of the mink population within foraging range of the contaminated
area; and

] community structure and reproductive success of songbird populations within a

contaminated area.

Measurement Endpoints are the lines of evidence used to evaluate the assessment
endpoint. Multiple measurement endpoints are often associated with a single assessment endpoint.
The measurement endpoints are the bases for structuring the analysis phase of an ecological risk

'"Significant risk of harm" is the term used within the Massachusetts MCP to describe an unacceptable risk cutcome. -
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assessment and serve as the actual measurements used to estimate risk. Therefore, they should be
explicitly related - either directly or indirectly - to specific assessment endpoints. Further, they
should include metrics (e'.g., degree of response, space, and/or time) that can be used as a basis for

estimating risks.

Examples of appropriate measurement endpoints for the example assessment endpoint,
maintenance of a benthic community that can serve as a prey base for local fish, are:

o concentration of chemical of concern in sediment, relative to levels reported in the scientific
literature to be harmful;
. toxicity observed in a whole sediment bioassay at levels considered significant according to

the test protocol; and

] benthic invertebrate community structure, relative to reference areas.
1.2  Components of a Weight-of-Evidence Approach

The workgroup identified three major components that reflect the weight-of-evidence of
measurement endpoints, with respect to a specific assessment endpoint:

L. Weight assigned to each measurement endpoint: Measurement endpoints may vary in the
degree to which they relate to the assessment endpoint, the quality of the data, or the
manner in which they were applied. Based on these attributes, an investigator may assign
more weight to or have more confidence in one measurement endpoint compared to
another.

2, Magnitude of response in the measurement endpoint: Strong or obvious responses are
typically assigned greater weight than marginal or ambiguous responses.

3. Concurrence among measurement endpoints: More weight or confidence is generally
attributed to findings in which there is agreement among multiple measurement endpoints.
An investigator generally has less confidence in findings in which the lines of evidence
contradict one another.

In the following sections, a weight-of-evidence approach is presented, based on these three
components (Sections 2 - 4). The approach is quantitative inasmuch as numerical values are
-assigned to elements of professional judgement; the judgements themselves can be based on a
number of qualitative as well as quantitative considerations. Section 5 presents a qualitative (i.e.,
non-numerical) approach to weighing evidence. The conceptual approach is illustrated in Figure 1.
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: Figure 1
Implementing a Weight-of-Evidence Approach
Within an Ecological Risk Assessment for Contaminated Sites
(Note: this is a simplified figure of the overall ecological risk process)

PROBLEM FORMULATION

e Identify Contaminants of Ecological Concern
Identify Potential Exposure Pathways
¢ Identify Ecological Receptors

o Select Assessment Endpoints
e Select Measurement Endpoints for each Assessment Endpoint
- Consider the ten attributes for weighting measurement endpoints as
a basis for selection
- Establish basis for evaluating the measurement endpoint with
regard to evidence of harm and the magnitude of harm

e Develop Scope for Analysis and Risk Characterization Phases
- Consider the attributes for weighting measurement endpoints as a
basis for designing elements of the Analysis Phase

v

ANALYSIS

e Characterization of Exposure
e Characterization of Ecological Effects

v

RISK CHARACTERIZATION
o Present Results

For Each Assessment Endpoint:

s Evaluate Weight or Strength of Each Measurement Endpoint Using the Ten
Attributes _
Evaluate Magnitude of Response for Each Measurement Endpoint
Evaluate Concurrence among Measurement Endpoints -
Provide Conclusion Regarding Risk of Harm
Present Uncertainties Associated with the Risk Characterization
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2.0 SELECTING AND WEIGHING MEASUREMENT ENDPOINTS

A weight-of-evidence evaluation enables the risk assessor to follow a process to determine on a
relative scale those measurement endpoints that best represent the assessment endpoint, so that they
have greater influence on the conclusions of the risk assessment. The approach outlined in this
paper involves considering specific attributes of each measurement endpoint to determine how well
the endpoint represents the :
assessment endpoint. Attributes .
are defined as the characteristics of Some members of the group felt
& measuremment emillp,mm that that the attribute related to quality
determine how well it estimates or of data should be evaluated

redicts the effect defined by the ]
b d separately and prior to the

assessment endpoint. e

Consideration of the specific weighing of the measurement
attributes defined later in this endpoints. As a result, weighing
paper enable the risk assessor to schemes were developed with
identify the measurement " and without his attribute.

endpoints that best represent the

assessment endpoints, and to give S A
them more weight in the risk

assessment.

The workgroup identified ten attributes considered most important in selecting and weighing
measurement endpoints. These were grouped into three categories: (1) attributes related to strength
of association between assessment and measurement endpoints; (2) attributes related to data quality
and (3) attributes related to study design and execution. Table 1 presents definitions of the
attributes in each of these groups.

2.1 Application of Measurement Endpoint Attributes in the Assessment Process

The question of how well a measurement endpoint represents an assessment endpoint arises at two
separate points in the risk assessment process: (1) in the problem formulation stage, when the risk
assessor selects optimal measurement endpoints for evaluating each assessment endpoint, and (2) in
the risk characterization stage, when the risk assessor evaluates whether the results of various
measurements (which may contradict each other) indicate a risk of harm to the environment. Thus,
the ten attributes listed in Table 1 are applied both in selecting measurement methods (and
endpoints) and in weighing different results obtained from different measurements. Consideration
of these attributes during selection of measurement endpoints in the problem formulation phase will
help ensure that the overall study design is strong and scientifically defensible and that the findings
of the ecological risk assessment are conclusive.
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Table 1

Attributes for Judging Measurement Endpoints

In the weight-of-evidence procedure, ten attributes of each measurement endpoint are
evaluated. For a given assessment endpoint, the quality of each measurement endpoint is -
compared with respect to these attributes, Those measurement endpoints with the highest
quality for the most attributes are given the greatest weight in the overall characterization of
risk. The attributes for consideration are:

1. Attributes Related to Strength of Association Between Assessment and Measurement
Endpoints

This attnbute refers to the extent to which the measnrement endpoint is representatlve of,
and correlated with, or applicable to the assessment endpoint. If there is no biological
linkage between a measurement endpoint (e.g., a study that may have been performed for
some other purpose) and the assessment endpoint of interest, then that study should not be
used to evaluate the stated assessment endpoint. Biological linkage pertains to similarity of
effect, target organ, mechanism of action, and level of ecological organization.

Correlatjon of stressor to responise,

This attribute relates the ability of the endpoint to demonstrate effect from chronic
exposure to the siressor and to correlate effects with the degree of exposure. As such, this
attribute also takes into consideration the susceptibility of the receptor and the magnitude
of effects observed.

Utility of measure for judging environmental harm.

This attribute relates the ability to judge results of the study‘ against well-accepted
standards, criteria, or objective measures. As such, the atiribute describes the applicability,
certainty, and scientific basis of the measure, as well as the sensitivity of a benchmark in
detecting environmental harm. Examples of objective standards or measure for judgment
might include ambient water quality criteria, sediment quality criteria, biological indices,
and toxicity or exposure thresholds recogmzed by the sclentlf' ic or regulatory community
as measures of environmental harm.

II. Attributes Related to Data Quality

Extent to which data Qualjty Objectives are Met.

This attribute reflects to degree to which data quality objectives are designated that are
comprehensive and rigorous, as well as the extent to which they are met. Data quality
objectives should clearly evaluate the appropriateness of data collection and analysis
practices, If any data quality objectives are not met, the reason for not meeting them and
the potential impact on the overall assessment should be clearly documented.

10
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III. Attributes Related to Study Design and Execution

jte-speci :
This attribute relates the extent to which chemical and biological data, environmental
media, specie, environmental conditions, benchmark (or reference), and habitat types that
are used in the measurement endpoint reflect the site of interest.

itivi - ement endpoj ecting changes.
This attribute relates to the ability to detect a response in the measurement endpeint,
expressed as the percentage of the total possible variability that the endpoint is able to
detect. Additionally, this attribute reflects the ability of the measurement endpoint to
discriminate between responses to a stressor and those resulting from natural or design
variability and uncertainty.

This attribute relates to the degree of compatibility or overlap between the study area.
locations of measurements or samples, locations of stressors, and locations of ecological
receptors and their potential exposure.

Temporal representativeness

This attribute relates to the temporal compatibility or overlap between the measurement
endpoint (when data were collected or the period for which data are representative) and the
period during which effects of concern would be likely to be detected. Also linked to this
attribute is the number of measurement or sampling events over time and the expected
variability over time.

0 ativ
This attribute relates to the degree to which numbers can be used to describe the magnitude
of response of the measurement endpoint to the stressor, as well as whether results are
objective or subjective, whether the results are sufficient to test for statistical significance,
and whether biological significance can be inferred from statistical significance.

Lse of a standard method,

The extent to which the study follows standard protocols recommended by a recognized
scientific authority for conducting the method correctly. Examples of standard methods
are study designs or chemical measures published in the Federal Register of the Code of
Federal Regulations, developed by ASTM, or repeatedly published in the peer reviewed
scientific literature, including impact assessments, filed surveys, toxicity tests, benchmark
approaches, toxicity quotients, and tissue residue analyses. This attribute also reflects the
suitability and applicability of the method to the endpoint and the site, as well as the need
for modification of the method.

11
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Selecting and linking measurement endpoints to assessment endpoints provides a basis for planning
the scope of the Analysis phases of the risk assessment.

Consideration of these attributes in the risk characterization phase fosters a systematic and balanced
consideration of the strengths and weaknesses of the information derived from each measurement
approach. Further, a full discussion of how the attributes are considered in the weight-of-evidence
evaluation elucidates the risk assessor's thought process and professional judgements. A rigorous
explanation of the links and gaps between the measurement results and the risk assessor's
conclusions enables risk mangers to make decisions with a clear understanding of the uncertainties

inherent in the assessment.

Some members of the workgroup felt that, when using a weight-of-evidence evaluation to
characterize risk, the attribute related to quality of data should be evaluated separately and prior to
the weighing of the measurement endpoint. One suggested approach is to consider data quality as
a pass/fail criterion, as follows:

° if the quality is adequate, the measurement endpoint is retained for consideration in
the risk characterization, but the data quality is not considered as a factor in the
weight-of-evidence evaluation;

* if the data quality is inadequate, the endpoint is not considered in the risk.
characterization step.

Other members of the workgroup felt that data quality should be fully considered in the weight-of-
evidence evaluation. As a result, weighing schemes were developed both with and without the
attribute. |

A weight-of-evidence evaluation may be qualitative or quantitative. The workgroup focused on a
developing a quantitative approach, because many members felt that a quantitative scheme would
be applied more consistently and would minimize subjectivity. However, a qualitative evaluation
would use the same attributes. Quantitative and qualitative approaches are discussed in the
following sections.

2.2 Consideration of Attributes in a Qualitative Weight-of-evidence Evaluation
When selecting measurement methods or characterizing risk, the attributes listed in Table 1 can be
considered qualitatively, without assigning any numerical values. The evaluations should consider

both the relative importance of each attribute and the quality (or efficacy) of the measurement
endpoint with respect to each attribute.

12
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For different assessment and measurement endpoints, the relative importance of some of the
attributes may vary. One advantage of a qualitative approach is that the relative importance of each
attribute is not fixed, and can be considered differently on a case by case basis.

In a qualitative weight-of-evidence evaluation, the efficacy of the measurement endpoint relative to
each attribute can be described in non-numeric terms. The qualitative approach described in
Section 5.0 uses ratings of high, medium and low to describe the quality a measurement endpoint
with respect to individual attributes and groups of attributes.

2.3 Consideration of Attributes in a Quantitative Weight-of-evidence Evaluation

In a quantitative weight-of-evidence evaluation, the attributes are used to assign weights to each
measurement endpoint. The process of assigning weights to measurement endpoints incorporates
two elements:

1. The relative importance of each attribute: Investigators consider some attributes more
important than others when considering the overall weight of measurement endpoints.

2, The scores that a measurement receives with respect to each attribute: When measurement
endpoints are compared with respect to each of the attributes, some will score better than
others.

These two elements of assigning weights to measurement endpoints are described in the next three
subsections,

2.3.1 Scaling the Relative Importance of Attributes

The ten attributes can either be
assigned equal importance or they

can be scaled to reflect their relative There was considerable discussion
importance in Wzlgh_mg - within the group regarding the
measurement endpoints. -the merits of scaling the attributes to

relative importance of each attribute flect relative i A
is subjective and reflects professional retlect relative importance. A strong:

" judgement. To facilitate case was made for treating them all
implementation of the weight-of- equally. However, the group
evidence approach, the workgroup decided to proceed to develop a
developed a set of fixed scaling scaling system.

values that reflect collective

prOfeSSionaljudgemeﬂt and can be ]

13
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applied to ecological risk assessments.

If an investigator chooses to diverge from this fixed set of scaling values, he or she can present an
alternative set of scaling values and rationale for their use. However, a set of values based on
collective professional judgement reflects the range of opinion that exists among scientists; as such,
bias that may be held by any one scientist, is minimized or avoided altogether. The set of scaling
values described below were developed based on a survey of ten experienced ecological risk
assessors. Because of variability among individuals' professional judgement a survey of a larger
or different group of ecological risk assessors might yield somewhat different scaling values.

g f Ecological Risk A

Ten ecological risk assessors participated in a survey with the objective of scaling the relative
importance of the ten attributes listed in Table 1. The participants were provided with a matrix
listing the attributes horizontally and vertically. They were provided with the following
instructions: - :

1. Score the attributes on the top (horizontal) row of the diagram against the ones on the left
(vertical) column using "+s", "-s", or 0 as follows:

+++  if the attribute in the top row is much more important than the attribute in the left

column; :

o+t if the attribute in the top row is more important than the attribute in the left
column; _

+ if the attribute in the top row is slightly more important than the attribute in
the left column;

0 - if the attribute in the top row is as important as the attribute in the left
column;

- if the attribute in the top row is glightly less important than the attribute in
the left column; '
.- if the attribute in the top row is less important than the attribute in the left

. column;
--- if the attribute in the top row is much less important than the attribute in the
left column.

14
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2. Please answer the following questions:

Which attribute(s) do you think are most important on a relative basis?:
Which attribute(s) do you think are least important on a relative basis?:
Please check how much greater importance would you give to the most important
attribute(s) as compared to the least important ones?:

they're all of equal importance _____

2 x as important _

5 x as important _____

10 x as important ____

20 x as important ___

50 x as important ___

100 x as important

The "+s" and "-s" in each participant's matrix were converted to numerical values ranging from 3
(for 3 +s) to -3 (for 3 -s). Each-combination of values was entered into a table and the average and
range of values was obtained for each pair of attributes. The average and ranges provided an
indication of the relative importance of each of the attributes.

As shown in the second section of the survey, participants also provided information on how much
more important they viewed the most important attribute relative to the least. Respondents gave
values that ranged from 2 to 50. The geometric mean of the values was 11. The survey results
indicated that people differed slightly on their choices of the most and least important attributes.
Therefore, the range was adjusted to reflect the average spread in the following manner. Using the
“+" and "-" system, the maximum spread between any two attributes was 3 (i.e., 3 +s or 3 -s) bat
the maximum spread among the averaged values was 1.8, or 60% of the total possible range. The
geometric mean range of 11 was multiplied by 0.6 to yield an adjusted range of 6.6. The most
important attribute was assigned a scaling value of 1.0 and values for other attributes were adjusted
to correspond with their relative importance and to fit within an overall range of 6.6. The results
were then rounded to one significant figure which yielded an overall range of 5 (from 0.2 to 1.0).
Because the workgroup could not reach consensus on the most appropriate role of the attribute data
quality in the overall weight-of-evidence approach, scaling values were calculated that both
included and excluded the attribute related to the quality of data. The resultant values for scaling
the relative importance of the attributes are given in Table 2. The values provided in the table
could be applied to most ecological risk assessments, inasmuch as they reflect collective judgement
independent of the measurement endpoints that they are used to help weigh.

15
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Table 2

Value Scale Representing the Relative Importance of Attributes

Attribute Scaling Values Including Scaling Values Excluding
Quality of Data Quality of Data
Degree of Association 1.0 1.0
Stressor/Response 0.7 0.6
Utility of Measure 0.5 0.4
Quality of Data 0.8 X
Site Specificity 0.5 0.5
Sensitivity 0.5 0.5
Spatial Representativeness 04 04
Temporal Representativeness 0.2 0.2
Quantitative Measure 0.2 0.2
Standard Measure 02 0.2

2.3.2 Scoring the Attributes

"When evaluating measurement endpoints using the ten attributes it can be expected that the
endpoints will conform with the attributes to varying degrees. The workgroup developed
guidelines for scoring a measurement endpoint against each attribute to quantify this variability. A
range in score from one (low) to five (high) was selected, because it was perceived as having a
broad enough spread to allow differentiation between scores for measurement endpoints, without
being overly cumbersome. The workgroup established non-overlapping, comprehensive, and
broadly applicable criteria based on the most relevant considerations for each attribute for assigning
numeric scores to measurement endpoints (Table 3).
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Table 3 (continued)

Definition of Scores Applicd to Endpoint-Attribute Pairs in Weight of Evidence for Ecological Risk Assessment

III. Attributes Related to Study Design and Execution

Attribute Factors to Consider in Ranking | 1 2 3 4 5

Site-specificity Representativeness of chemical [Only one or two of the  Three of the six factors  Four of the six factors  Five of the six factors  All six factors (i.c., data,
or bioclogical data, six factors (ie., data, are derived from or are derived from or are derived from or media, species, env.
environmental media, species, |media, species, env. reflect the site reflect the site reflect the site conditions, benchmark,
environmental conditions, conditions, benchmark, habitat type) are derived
‘benchmark (or reference) and habitat type) is derived from or reflect the site (i.e.,
habitat types that are used in | from or reflects the site both data and benchmark
the measuretent endpoint reflect site conditions)
relative to those present at the
site .

Sensitivity of the The percentage of the total Endpoint can detect Endpoint can detect Endpoint can detect Endpoint can detect Endpoint can detect changes

|measurement endpeint | possible variability that the changes larger ¢han changes between 100X changes between 10X changes between 2X and of less than 2X

for detecting changes |endpoint is able to detect; 1,000X and 1,600X and 99X 9X
ability of measurement
endpoint to detect effects from
stressor, rather than from
natural or design variability or
uncertainty

Spatial represent-

Spatial overlap of study area,

The locations of two of

The locations of two of

The locations of three of

The lecations of four of

The locations of five of the

ativeness measurement or sampling the following subjects the following subjects  the following subjects  the following subjects  following subjects overlap
stations, locations of stressors, |overlap spatially only to a overlap spatially: study  overlap spatially: study overlap spatiaily: study spatially: study area,
locations of receptors, and limited extent: study area, area, area, area, sampling/measurement site,
points of potential exposure to |sampling/measurement  sampling/measurement - sampling/measurement  sampling/measurement  stressors, receptors, and
those receptors* site, stressors, receptors,  site, STessors, receplors, site, stressors, receplors, site, stressors, recepiors, points of potential exposure
and points of potential and points of potential  and points of potential  and points of potential
exposure exposure exposure exposure
Temporal Temporal overlap between the | Measurements are Measurements are Measurements are Measurements are Measurements are collected
representativeness measurement period and the collected during a season  collected during a collected dusing the collected during the during the same period that
period during which chronic different from when season different from same period that effects  same period that effects  effects would be expected to
effects would be likely tobe  |effects would be expected  when effects wouldbe  would be expected to be  would be expected to be  be most clearly manifested;
detected (daily, weekly, to be most cleady expected to be most most clearly manifested; most clearly manifested; AND
seasonally, annually), manifested; AND clearly manifested; OR ~ AND AND .
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TABLE 3 (continued)

Definition of Scores Applied to Endpoint-Attribute Pairs in Weight of Evidence for Ecological Risk Assessment

IL._Attributes Related to Data Quality

Attribute Factors to Congider in Ranking {1 2 3 C 4 5

Quality of data Extent to which DQOs* are met Three or more DQOs are Two DQOs are not met  One DQO is not met One DQO is not met and All DQOs are met AND
not met OR AND AND : .
DQOs barely meet the DQOs meet the needs of DQOs meet the needs of  DQOs are rigorous and DQOs are rigorous and
needs of the risk the risk assessment the risk assessment comprehensive AND comprehensive
assessment OR satisfactorily AND . satisfactorily AND
There is no Reason for not meeting  Reason for not meeting  Reason for not meeting
documentation of the DQOs and the impact  DQO and the impact on  DQO and the impact on the
reason for not meeting on the assessment are  the assessment are clearly assessment is clearly
DQO and the impact on  documented documented documented
the assessment satisfactorily

Note:

A field and Laboratory Reference.
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Table 3 (continued)

Definition of Scores Applied to Endpoint-Attribute Pairs in Weight of Evidence for Ecological Risk Assessment

IIT. Attributes Related to Study Design and Execution

Attribute Factors to Consider in Ranking {1 2 3 4 5
Temporal Number of measarement or A single sampling or [A singie sampling or A single sampling or  Two sampling or EITHER [two sampling
representativeness sampling events over time, and | measurement event is measurement event is  measurement event is  measurement events are  events are conducted and
(continued) conducted; AND conducted; AND conducted; AND conducted; AND variability is low OR
Expected variability over time |High variability in that ~ High variability in that Moderate variability in  Moderate variability in  multiple sampling events are
' parameter is expected over parameter is expected  that parameter is that parameter is conducted and variability is
time over time} expected over time. expected over time moderate to high}
Quantitativeness Results are Results are qualitative and Results are qualitative  Results are quantitative, Results are quantitative Results are quantitative and
quantitative/qualitative, are subject to individual  and are not subject to  but datz are insufficient and may be tested for  may be tested for statistical
subjectivefobjective, sufficient |interpretation individual interpretation o test for statistical statistical significance, significance; such tests
to test for statistical (i.e., objective) significance but such tests do not clearly reflect bioclogical
significance, and extent to clearly reflect biological significance
which biological significance significance
Use of a standard Method availability; ASTM Method has never been Method is one of the 6 A standard method A standard method A standard method exists
method approval; suitability & published AND listed methodologies,  exists, but its suitability exists and it is directly  and is directly applicable to

applicability to endpomt and
site: need for modification of
method; relationship (o impact
assessment, fietd survey,
toxicity test, betichimark,
toxicity quotient, or tissue
residue analysis methodologies

methodology is not an
impact assessment, field

| survey, toxicity test,

benchmark approach,
toxicity quotient, or
tissue residue analysis

but the particular
application is neither
published nor
standardized

for this purpose is
questionable, and it
must be modified to be
applicable to site
specific conditions

applicable to the
measurement endpoint,
but it was not developed
precisely for this
purpose and requires
slight modification OR
the methodology is used
in two peer-reviewed
studies

the measurement endpoint
and it was developed
precisely for this purpose
and requires no modification
OR the methodology is used
in three or more peer-
reviewed studies

* Study area, sampling station, and points of exposure are differentiated by level of specificity. While the study area may be a 5 acre wetland, samplihg stations may o
the 2 acres that are accessible, while the actual points of exposure to invertebrate receptors may be the top 6 inches of sediment




24  Weighing Measurement Endpoints

The weight of a measurement endpoint is obtained by multiplying the scaling values (Table 2) by
the scores the measurement endpoint is assigned for each attribute (using Table 3), summing the
products for each measurement endpoint, and dividing by 5 (or 4 if quality of data is excluded), to
yield weighing values that range between 1 and 5:

Measurement endpoint weight = X (scaling value * score)/5

The measurement endpoint weights are then rounded to the nearest whole number. Spreadsheets
can be used to automate the calculations, as illustrated in Table 4. This step provides a quantitative
measure of the first component of the weight-of-evidence - the weight given each measurement
endpoint. The workgroup discussed the most appropriate number of significant figures for the
weights of individual measurement endpoints, but did not reach a consensus. Whole numbers are a
simplification and reflect the limited precision of the process However, two or more significant
figures enable the risk assessor to more clearly differentiate between two measurement endpoints
with similar weights. Additional case studies may elucidate which approach is more appropriate.

Example:
Determining Weight of Measurement Endpoints

To illustrate the weight-of-evidence approach, the following example is used. Sediments
of a river have been contaminated with an organic chemical that is acutely and
chronically toxic to aquatic life. Several assessment endpoints have been developed for
evaluating risks at the site. One of the assessment endpoints is maintenance of a benthic
community that can serve as a prey base for local fish. Three measurement endpoints
were chosen to evaluate the assessment endpoint: A) the concentration of chemical in the
sediments in relation to levels reported to be harmful; B) toxicity as measured in a whole
sediment bioassay, where mortality in excess of 20% is considered an adverse effect; and
C) abundance and community structure of invertebrates that compose the diet of local
fish species at and near the release location, as compared to reference areas. The risk
assessor has examined these three measurement endpoints against the ten attributes and
scored them in Table 5. The scores reflect a number of site-specific factors.
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30 MAGNITUDE OF RESPONSE IN THE MEASUREMENT ENDPOINT

As discussed in Section 1.2, the magnitude of the response in the measurement endpoint is
considered together with the measurement endpoint weight in judging the overall weight-of-
evidence. The workgroup divided magnitude of response into two questions:

L. Does the measurement endpoint indicate the presence or absence of harm (yes, no, or
undetermined)?
2. Is the response low or high?

While these issues are presented above as discrete functions, the workgroup recognizes that
responses are more likely to occur as continuous gradients, and that the risk assessment may
present the results as such. However, the workgroup agreed that discrete categories accompanying
a detailed analysis would more clearly communicate results to risk managers and others.

Metrics

In order to evaluate magnitude of response, the measurement endpoints must be accompanied by a
set of metrics. Ideally, such metrics are established during the problem formulation stage, through
discussions with the risk manager. They may be accompanied by a statement of the value

- considered statistically significant, if possible. In general, one or more of the following metrics is
included for evaluating the response in the measurement endpoint:

L. A change or difference in the response variable that is considered potentially ecologically
relevant (e.g., percent of mortality or change in abundance or biomass);

2. Spatial scale of the change or difference, as related to the assessment endpoint (e.g.,
hectares, fraction of foraging area, fraction of area utilized by a local population);

3, Temporal scale of the change or difference, as related to the assessment endpoint [duration,
changes over time with and without natural stressors (e.g., as storms or floods), rate of
recovery).

Prior to determining the magnitude of effect, the risk assessor should consider at what level(s) a
response would be considered indicative of environmental harm with respect to the assessment
endpoint. If possible, it is helpful to set specific criteria for establishing these thresholds. The risk
assessor should consider, a priori what represents a "low" or "high" response along a response
gradient. Within the analysis and risk characterization sections of a report, the risk assessor should
present and discuss the details of the considerations and their interpretation.
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Table 5

Scoring Measurement Endpoints (Scheme A)
Score Each Measurement Endpoint from Low to High (1 - 5)

Assessment Endpoint: Maintenance of a benthic communily that can serve as a prey base for local fish.

Attributes Weighing Measurement Measurement Measurement
Weighing Factors Factors Endpoint A Endpoint B Endpoint C
| Relationship Between
Measurements and Assessment Endpoints
+ Degree of Association 1.0 1 3 5
+ Stressor/Response 0.7 3 5 2
+ Utility of Measure 0.5 4 4 2
I Data Quality
» Quality of Data 0.8 4 5 2
Hl Study Design
» Site Specificity ' 0.5 3 5 5
» Sensitivity 0.5 4 4 2
+ Spatial Representativeness 0.4 4 4 4
+ Temporal Representativeness 0.2 3 3 3
« Quantitative Measure 0.2 4 4 4
» Standard Method 0.2 4 5 3
(Sum scores*weighting factors)/5 1 277 4.20 3.42
Round to nearest whole number 3 4 3




The weighting scores (e.g. 1-5), evidence of harm, and magnitudes of response are integrated for
each measurement endpoint in a matrix such as that presented in Table 6. This summary table
provides a simple communication tool and indicates the risk assessor's conclusions regarding the
magnitude of response. -

Example
Determining the Degree of Response in Measurement Endpoints

In the example of the assessment endpoint maintenance of a benthic community that can serve
as a prey base for local fish, the risk assessor made the following determinations for each
measurement endpoint, as illustrated in Table 7.

Measurement Endpoint A - the concentration of chemical in the sediments in relation to
levels reported to be harmful indicated a low risk of harm

Measurement Endpoint B - toxicity as measured in a whole sediment bioassay indicated
a high risk of harm

Measurement Endpoint C - abundance and community structure of invertebrates was
undetermined (i.e., the design of the study and/or natural variability precluded a
determination of either harm or lack of harm)

24
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TABLE 7. Examples of Risk Assessment Scoring Sheet For

Evidence of Harm and Magnitude

Assessment Endpoint: Maintenance of a benthic community that can serve as prey base for local fish

Measurement Weighting Score Evidence of Harm Magnitude
Endpoints {1 -5) (Yes/No/Undetermined) (High/Low)
Endpoint A. 2.7 (3) Yes Low
Endpoint B 4.2 (4) Yes High
Endpoint C 34 (3)' ‘Undetermined - Undetermined




40 CONCURRENCE AMONG MEASUREMENT ENDPOINTS

The third component of the weight-of-evidence approach involves examining concutrence among
measurement endpoints as they relate to a specific assessment endpoint. Logical connections,
interdependence, and correlations among measurement endpoints should also be considered when
evaluating concurrence.

The workgroup developed a graphical method for displaying concurrence among measurement
endpoints (Table 8). The method involves plotting the letter designation of the measurement
endpoint within a matrix with weight of the measurement endpoint and degree of response as axes.
The graphical method permits easy visual examination of agreements or divergences among
measurement endpoints, along with the weights assigned to the endpoints. .

Example
Examining Concurrence Among Measurement Endpoints

The letters associated with each of the three measurement endpoints used to evaluate
maintenance of a benthic community that can serve as a prey base for local fish were plotted on
the matrix (Table 9). The resulting plot shows that two of the three measurement endpoints
indicated some risk of harm while the third was undetermined. The illustration also shows that
Measurement Endpoint C (a field study) was assigned a low weight, even though it was a direct
measure of the assessment endpoint. As shown in Table 5, the low weight reflected relatively
poor design and data quality. The risk assessor and risk manager might reach the following
conclusions based on Table 9: 1) there is a risk of harm to the environment as indicated by the
preponderance of evidence and the relative weights of the measurement endpoints; and 2) the
"undetermined" status of Measurement Endpoint C diminishes the overall conclusion that there
is a risk of harm. Either the uncertainty associated with Measurement Endpoint C could be
accepted or additional work could be conducted to strengthen the analysis.
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Table 8
Risk Analyses Summary Sheet

Assessment Endpoint:

Weighing Factors

increasing confidence or weight

-

TR LY D S R R L e : T RN e R TR R TR

* Harm/Magnitude Lowest 4 ~ Highest
| 1 o2 3 0 - -

kA i A

. Yes/High

T R

 Yeslow

- Undetermined

- .NoflLow

Use Ietter designations to place measurement endpoints in the boxes
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Table 9 |
Example Risk Analyses Summary Sheet

Assessment Endpoint: Maintenance of a benthic community that can serves as a prey

base for local fish

- Weighing Factors

increasing confidence or weight

-

s e g

3
SEE

- Harm/Magnitude Lowest | - Highest
L 1 23 4 L8

R R R R SR ERR

~Yes/High

. Yes/Low._

 Undetermined .

No/Low
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Use letter designations to place measurement endpoints in the boxes
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50 QUALITATIVE WEIGHT-OF-EVIDENCE APPROACH

While most risk assessors and risk managers likely agree on the utility of applying a weight- of-
evidence approach to ecological risk assessment, a quantitative method such as that described
above may be perceived as inflexible or overly complicated for certain risk assessments. If desired,
the approach may be adapted to be more qualitative, while still maintaining the process of
characterizing professional judgements according to the attributes defined in this weight-of-
evidence approach.

The qualitative adaptation of the weight of evidence approach consists of three main steps which
parallel the components of the quantitative approach.

@

@

Each measurement endpoint is assigned a score of high, medium or low for each of
the ten individual attributes. Based upon those scores and on the relative
importance of individual attributes, the risk assessor should determine an overall
score of high, medium or low indicating how well the measurement endpoint
represents the assessment endpoint.

[}
If all attributes are assumed to be of equal importance, then scoring is a simple
matter of counting high, medium and low scores. However, most risk assessors are
likely to consider some attributes more.important than others when assigning an
overall score. Determining the relative importance of attributes is a subjective
process involving professional judgement. Therefore, it is imperative that the risk
assessor provide a detailed and comprehensive description of his\her decision
process in order to make the conclusions meaningful to the risk manager.

The risk assessor may amend the matrix of score definitions (Table 3) to reflect the
three qualitative categories, rather than the five quantitative categories. However,
the attribute definitions and the criteria used to score the measurement endpoint with
respect to each attribute must be clearly stated and fully explained. To insure a
systematic evaluation and an unambiguous assessment documentation, the attributes
must be clearly and rigorously defined by the risk assessor.

The outcome of each measurement endpoint is evaluated with respect to magnitude
of response. The indication of risk of harm to the environment is described as
positive, negative, or undetermined indication of risk.

The magnitude of the outcome is determined, based on the definitiveness of a

positive or negative result. The magnitude of the outcome may be characterized as
high or low.
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(3)  Finally, the risk assessor integrates the measurement endpoint weight, and -
magnitude of response to determine whether the overall evidence indicates a risk of
harm. To that end, each measurement endpoint (e.g., A, B, C) is placed on a matrix
comparable to Table 10.

Table 10
Table for Integrating Overall Weight-of-evidence

HARM/ ' LOW MEDIUM HIGH
MAGNITUDE WEIGHT WEIGHT - | WEIGHT
Yes/High ' A
Yes/Low B
Undeterminate *
No/Low C
No/High

To assess the overall weight-of-evidence, the risk assessor may view Table 10 as a plane, the dot at
the center of the intersection of "medium weight” and "undetermined" as a fulcrum, and the
direction of tilt of the plane as the weight-of-evidence. In the example provided above, the plane
would be tilted toward risk, since Endpoints A and B counterbalance Endpoint C, which has been
assigned a low weight and yields only a weak indication that there is no risk.

In short, the main differences in methodology between the quantitative approach described in
Sections 2 through 4 and the qualitative approach presented in this section pertain to (1) weighing
the attributes and (2) scoring the measurement endpoints. Whereas the quantitative approach

assigns fixed numerical weights to the ten attributes to reflect differing degrees of importance, the
qualitative approach does not involve pre-assigned weights. The quantitative approach allows the
risk assessor to use the scaling values to derive numerical scores for each assessment endpaint.
The qualitative approach requires the risk assessor to rate endpoints in non-numerical terms (i.e.,
high, medium or low).

There is a tradeoff for the quantitative and qualitative approaches between flexibility and
objectivity. The quantitative method requires the use of numerical scaling values to indicate the
relative importance of each attribute. It is more systematic and requires substantially less case-by-
case professional judgement and if the generic scaling values, such as those proposed in this paper,
are applied. Assigning numerical scaling values to the endpoint attributes clearly documents the
risk assessor's professional judgements and makes the decision process more transparent to risk
managers and the general public. Determining a numerical score for each measurement endpoint
using a previously established procedure may enable risk assessors and regulators to draw a
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conclusion about risk in situations where the measurement results are contradictory and where the
interested parties hold differing views on environmental assessment and protection.

The qualitative approach is somewhat more flexible, in that it is more amenable to determining the
relative importance of the attributes on a case-specific basis. The risk assessor may opt either to
assign weights on a case-by-case basis or to assume that each attribute is of equal importance.
Assigning case-specific weights to the attributes enables the risk assessor to consider the nature of
the measurement endpoints in question. However, if attributes are assigned weights on a case-
specific basis, it is extremely important for the risk assessor to document the rationale for the
relative weight given to each attribute. Thus, determining the weights for a qualitative approach
may be simpler than for a quantitative evaluation, but documenting the rationale and the decision
process requires a more extensive effort.

In order to use a weight-of-evidence evaluation to meet the requirements of a regulatory program
and to provide a basis for a regulatory decision, the risk assessor needs the concurrence of the risk
manager on the basic approach. In some cases, the regulator may consider a quantitative approach
more useful; in others, a qualitative approach may be preferred. Whether a quantitative or
qualitative approach is used, a systernatic weight-of-evidence evaluation is likely to promote a
broader and clearer understanding of the judgements incorporated in the ecological risk assessment.
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60 SUMMARY

This paper outlines a weight-of-evidence approach for assessing ecological risks. The approach is
conducted throughout the assessment; it is not carried out "after the fact." The workgroup has
defined weight-of-evidence as the process by which measurement endpoint(s) are related to an
assessment endpoint to evaluate if there is a significant risk of harm to the environment. The
approach is planned and initiated at the problem formulation stage and results are integrated at the
risk characterization stage.

The approach is organized around three components:

1. Weight assigned to each measurement endpoint;
2. Magnitude of response in the measurement endpoint; and
3. Concurrence among measurement endpoints.

A quantitative methodology was developed for each of these three components. The overall intent
of the approach is to make transparent and more objective the various professional judgements
made by ecological risk assessors as they evaluate information. The quantitative approach includes
methods for: 1) weighing the individual measurement endpoints by evaluating how well they
score against a set of ten attributes, 2) determining whether harm or lack of harm is indicated and
the magnitude of response, and 3) graphically displaying the measurement endpoints in a matrix so
that concurrence can be examined.

A simpler qualitative approach is also discussed. Risk assessors may choose between the
quantitative and qualitative methods based on the needs of the assessment. In general, the
quantitative approach is more objective and defensible and the qualitative approach is S1mpler but
requires greater documentation due to the added subjectivity.

The workgroup has applied the method to several case studies and found that it works reasonably
well and that risk managers and risk assessors alike agree on the conclusions. One of the most
valuable lessons of these exercises is that the application of the method provides a good basis for
evaluating the selected measurement endpoints and for discussing the strengths and limitations of
the assessment in an objective manner.
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