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U.S. Army Corps of Engineers Research Report Summary, December 1998 
Dredging Operations and Environmental Research Program 

Dredging: 
Contaminated Sediments 
Improving Dredged Material Management Decisions with Uncertainty 
Analysis (TR DOERS) 

ISSUE: Federal laws and regulations require 
the U.S. Army Corps of Engineers (USACE) 
and U.S. Environmental Protection Agency 
(USEPA) to assess the potential for dredged 
material management activities to have signifi- 
cant undesirable effects on human health or the 
environment. The USACE and USEPA have 
developed an evaluation process for making 
dredged material management decisions to pro- 
tect against such effects. Uncertainty regarding 
the ecological and human health risks associated 
with dredged material disposal alternatives can 
lead to delayed, costly, and unwise decisions. 
Uncertainty about the likelihood for unaccept- 
able impacts can result from the lack of knowl- 
edge about critical elements or processes 
contributing to risk or natural variability in the 
same elements or processes. 

RESEARCH: The objective was to discuss the 
importance of uncertainty in environmental de- 
cision making through specific reference to the 
dredging program. The approach taken in- 
cluded the following steps: 

• Describing in detail the uncertainty sources 
within the tiered evaluation process. 

• Ranking sources of uncertainty within the 
tiered evaluation process by degree of 
contribution. 

•   Making preliminary recommendations for 
further refinement of the ranking. 

SUMMARY: The most significant sources of 
uncertainty within the tiered evaluation process 
included identification of the contaminants of 
concern, the selection and use of reference sedi- 
ments, trophic transfer of sediment-associated 
contaminants, the potential for chronic toxicity 
and the use of chronic sublethal bioassays, defi- 
nition of assessment and measurement end 
points during the conduct of an environmental 
risk assessment, the use of contaminant fate and 
transport models, tissue-based measures of tox- 
icity, dose-response models for human recep- 
tors, and the toxicity of complex mixtures. 
Specific recommendations for the need for more 
extensive field validation for many of the com- 
ponents in the tiered evaluation process were 
made. 

AVAILABILITY OF REPORT: The report is 
available in .pdf format on the World Wide Web 
at http://www.wes.army.mil/el/dots and through 
Interlibrary Loan Service from the U.S. Army 
Engineer Waterways Experiment Station 
(WES) Library, telephone (601) 634-2355. To 
purchase a copy of the report, call NTIS at (703) 
487-4780. 
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1    Introduction 

Uncertainty about ecological and human health risk associated with dredged 
material disposal alternatives can lead to delayed, costly, and unwise decisions. 
This report examines sources of uncertainty in evaluating impacts of open-water 
disposal with the goal of improving dredged material management decisions. 
Uncertainty sources are prioritized to focus U.S. Army Corps of Engineers 
(USACE) resources on reducing principal contributors to uncertainty and the 
controversy that often accompanies it. 

This report begins with a brief description of the USACE tiered evaluation of 
dredged material, a summary of uncertainty analysis tools, and an explanation of 
how uncertainty analysis can improve USACE dredged material disposal 
decisions. Chapters 2 through 6 discuss the following: 

a. The approach used to rank uncertainty sources in the tiered evaluation 
(including complete risk assessments) of dredged material disposal at 
open-water sites. 

b. A detailed discussion of uncertainty sources within the tiered evaluation 
of dredged material disposal. 

c. Results of the preliminary ranking and recommendations for further 
refinement of the ranking. 

USACE/USEPA Technical Framework for 
Evaluating Environmental Effects of Dredged 
Material Management Alternatives 

The U.S. Environmental Protection Agency (USEPA)/USACE Technical 
Framework (USEPA/USACE 1992) for evaluating environmental effects of 
dredged material management alternatives includes five major components: 
evaluation of dredging project requirements, identification of disposal 
alternatives, initial screening of alternatives, detailed assessment of alternatives, 
and alternative selection. This report focuses on a portion of this framework to 
identify important sources of uncertainty in evaluating dredged material for 
disposal in one type of alternative: an open-water site. 

Prior to disposal, dredged material undergoes a four-tiered evaluation 
designed to match the level of analytical effort with the complexity of the 
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decision to be made. Only a small fraction of dredged material disposal projects 
reach Tier IV. This evaluation addresses chemical impacts resulting from 
dredged material disposal. Physical impacts of disposal are not evaluated in this 
work because they are considered earlier in the site selection and designation 
process (USEPA/USACE 1992). 

Tiers I, II, and III include elements of a complete ecological risk assessment. 
Tier I analysis demonstrates whether potential environmental impact can be 
determined based on existing information. Tier II provides rapid screening for 
potential impacts. Tier III includes toxicity and bioaccumulation testing of 
dredged material to determine whether it would be expected to cause 
unacceptable impacts. When Tier III analysis results in a highly uncertain 
conclusion, Tier IV may include a risk assessment. 

A Tier IV risk assessment differs from analysis in earlier tiers by 

a. Providing a comprehensive evaluation of human and ecological risk 
within a standard structure. 

b. Explicitly identifying uncertainties in risk estimates. 

The following sections analyze and rank sources of uncertainty in the context of 
this four-tiered evaluation. Future work will examine uncertainties associated 
with the assessment of potential environmental impacts of upland disposal 
alternatives and beneficial uses. 

General Description of Uncertainty Analysis 

Uncertainty analysis represents a collection of quantitative and qualitative 
methods that can be used to increase understanding of uncertainties in 
assessments of human health and ecological risk. Before describing how these 
methods might be applied to dredged material management, it is important to 
establish a vocabulary of uncertainty nomenclature. 

Uncertainty nomenclature 

In the environmental field, a nomenclature for uncertainty has evolved over 
the last decade (USEPA 1997b; Frey 1992). Uncertainty refers to a lack of 
knowledge, while variability refers to temporal-, spatial-, or population-level 
heterogeneity. This report uses the term uncertainty to describe uncertainty and 
the term variability where these sources have not been partitioned. In some 
instances, available data do not facilitate partitioning of uncertainty and 
variability. 

Three principal types of uncertainty are recognized: scenario uncertainty, 
model uncertainty, and parameter uncertainty. 

a. Scenario uncertainty originates from a lack of knowledge needed to 
specify a problem. For example, an exposure pathway that is important 
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for human or ecological health might not be considered. Because 
scenario uncertainty is conceptual, it is difficult to quantify. 

b. Model uncertainty arises from the necessary simplification of real-world 
relationships among environmental components. For example, 
bioaccumulation models are subject to imperfect knowledge about the 
potential for accumulation of contaminants by benthic invertebrates. This 
source of uncertainty is quantifiable, but the required level of effort 
necessary to describe the uncertainty could be substantial. It could be 
partially quantified by comparing model predictions with field 
measurements. In addition, results could be compared among models that 
have different structures, but are designed to predict the same output. 

c. Parameter uncertainty arises from lack of knowledge about the true 
distribution of model parameters, perhaps due to measurement error. 
Measurement error is a common example of parameter uncertainty. This 
source of uncertainty can be measured in various ways. For example 
collection and analysis of field sample duplicates can provide an estimate 
of uncertainty that can be reduced by improving sampling and analytical 
methods. Of all the sources of uncertainty, parameter uncertainty is 
probably the easiest to quantify. 

Uncertainty analysis methods 

Uncertainty analysis methods range from qualitative approaches (e.g., expert 
judgment) to quantitative approaches, such as descriptive statistics and two- 
dimensional Monte Carlo analysis. The choice among these methods depends on 
project objectives and the quantity and quality of available data. Several available 
methods are described as follows: 

a. Descriptive statistics such as confidence intervals and standard deviation 
estimates can provide measures of uncertainty and variability. 

b. Probabilistic analysis (with or without Latin Hypercube simulation) 
(Vose 1996; Burmaster and von Stackelberg 1991) is used to describe 
potential outcomes in terms of probability. With probabilistic 
approaches, one can calculate correlation between model input 
distributions and the predicted output distribution (e.g., exposure or risk) 
to identify inputs that strongly influence predictions. One probabilistic 
approach, two-dimensional Monte Carlo (Frey 1992; Burmaster and 
Wilson 1996), allows the conceptual differences between variability and 
uncertainty to be assessed separately. This separation facilitates the 
application of model results to policy questions about exposed 
populations and ecosystems, exposure levels, and research needs (Bogen 
and Spear 1987; Frey 1992). 

c. Value of Information (VOI) (Thompson and Evans 1997) is a decision 
analytic framework that is an extension of uncertainty analysis. VOI is 
used to determine whether the cost of obtaining information prior to 
choosing a course of action is justified given the benefit of having that 
information as input to the decision. 
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d. Interval Analysis, Fuzzy Arithmetic, or Dependency Bounds Analysis 
(Ferson and Burgman 1995; Ferson and Kuhn 1992). When insufficient 
information is available to conduct probabilistic analysis, these types of 
analysis might be appropriate. These methods explicitly acknowledge 
uncertainty but do not require the analyst to define distributions to input 
parameters. 

e. Expert elicitation (Cooke 1991; National Council on Radiation 
Protection and Measurements (NCRP) 1996; Graham, Hawkins, and 
Roberts 1988; Evans et al. 1994) is also used in conjunction with these 
methods, where quantitative or qualitative information needed to assess 
risk is not available in the published literature. 

/   Bayesian statistical procedures (Box and Tiao 1973; Gelman et al. 1995; 
Morgan and Henrion 1990) are based on the Bayesian, or subjective, 
view that probabilities can be estimated using scientific knowledge, 
expert judgment, experience, and intuition combined with new data. 

The preliminary ranking of uncertainty sources in this report relies primarily 
on expert judgment. However, this ranking will be used to support 
recommendations for future, more detailed assessments of uncertainty in dredged 
material management. It is important to recognize that these methods can 
introduce new sources of uncertainty. For example, probabilistic analysis 
depends on the analyst identifying the appropriate shape of input distributions 
where there may be few data to support this selection. 

Improvement of Dredged Material Management 
Decisions by Uncertainty Analysis 

Evaluation of dredged material impacts on the environment depends on many 
input parameters and models that are subject to a great deal of uncertainty. How 
this uncertainty is treated quantitatively can lead to overestimates or 
underestimates of risk. The tiered approach for dredged material disposal 
decisions is designed to err on the side of conservatism to account for 
uncertainty. However, the approach does not explicitly address uncertainty 
quantitatively, resulting in predictions with unknown levels of conservatism built 
into them. The degree of conservatism varies from assessment to assessment, 
depending on the number of and mathematical relationship among input 
parameters (Ferson and Long 1995). Uncertainties must be acknowledged and 
quantified as much as possible to understand how confident one can be about a 
disposal decision. 

Distinguishing sources of uncertainty and variability can improve predictions 
of potential adverse impacts. Uncertainty refers to a lack of knowledge, while 
variability refers to natural heterogeneity. Nature is replete with variability. The 
composition and abundance of populations can vary with climatic events or 
seasonal changes. Individuals within populations might vary in their response to 
chemical Stressors in dredged material. For example, amphipods are often used as 
test species in whole-sediment bioassays, but a very different result might be 

Chapter 1   Introduction 



obtained using another test taxon. Such variability can mask subtle adverse 
impacts in highly heterogeneous communities. To prevent this problem, 
uncertainty and variability should be partitioned analytically when making 
predictions of potential dredged material impacts. This partitioning allows the 
analyst to describe the effect of variability on a dredged material evaluation 
before deciding the importance of anthropogenic impacts. 
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2    Preliminary Ranking Approach 

Ranking of Uncertainty Sources 

Uncertainty analysis is a critical step in improving dredged material decisions, 
although it is preceded by several important activities. First, data and information 
need to be collected, including historic data from the dredged material permitting 
program and information regarding parameter and model inputs required for 
estimating impacts. The quality of the collected data must be evaluated to 
determine whether the statistical distribution of input parameters can be 
described. In some cases, only a range (i.e., minimum and maximum values) of 
possible values will be available for use in a quantitative analysis of uncertainty. 

The preliminary ranking of uncertainty sources described in this report does 
not ignore uncertainty sources that are hard to quantify, but it evaluates them 
only qualitatively. If available data do not support a distribution, or even a 
minimum and maximum value for a given input, one usually cannot quantify the 
contribution of the input to uncertainty in the assessment of possible impacts. For 
example, one cannot quantify the uncertainty associated with selecting a subset 
of sensitive receptors to represent a larger ecological community. Still, 
interpretation of predicted impacts and risks strongly depends (qualitatively, at 
least) on this selection, so it should not be ignored simply because one does not 
know how to quantify uncertainty. 

To estimate the potential for environmental impacts associated with dredged 
material disposal, USACE uses scientific judgment and predictive models within 
the tiered evaluation procedure and, at times, within a full human health and 
ecological risk assessment. As the first step in ranking sources of uncertainty, 
data and information are gathered regarding these procedures. Relying on this 
information, major categories of uncertainty in the USACE tiered approach to 
dredged material evaluation are listed in Table 1. These categories are described 
as "aggregated" because they encompass more than one source of uncertainty. 
USEPA and others suggest that too much aggregation makes it difficult to 
evaluate and compare technical areas (Hattis and Goble 1994; Morgan 1994). For 
example, it might be important to separate "bioaccumulation of metals" from 
"bioaccumulation of nonpolar organic compounds" because there might be much 
greater uncertainty about bioaccumulation of metals. The aggregation in Table 1 
is designed to simplify the ranking process without sacrificing important details. 
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Table 1 indicates whether the source of uncertainty results from a lack of 
knowledge (uncertainty), population heterogeneity (variability), or both. Table 
also identifies the general type of uncertainty: parameter, model, or scenario. 

Criteria Used to Evaluate Importance of 
Uncertainty Sources 

The importance of each uncertainty source in Table 1 to estimates of impact 
from dredged material management activities was evaluated using three criteria: 

a. The uncertainty results from a failure to consider a potential adverse 
impact. 

b. The magnitude of the uncertainty. 

c. The ease with which the uncertainty can be reduced with available or 
readily obtained data and information. 

Relevant scientific literature is reviewed in Chapters 3 through 5, and details 
of the USACE/USEPA tiered evaluation are compared against these criteria to 
evaluate uncertainty sources. The criteria are listed in order of importance, and 
uncertainly sources are scored accordingly as described in the following 
subsections. The data and information used to assign all scores are provided in 
the discussion of uncertainty sources in Chapters 4 and 5. 

Failure to consider potential adverse effect 

If a source of uncertainty exists because a potential adverse effect is not 
considered in the tiered evaluation (although it might be considered in a complete 
risk assessment conducted in Tier IV), the source was given a score of 3. 
Otherwise, no score was assigned to the source. 

Magnitude of uncertainty 

This criterion is used to indicate the degree of uncertainty associated with a 
particular source using quantitative data from the scientific literature. If no data 
were available to quantify uncertainty, the source was not ranked (NR) under this 
criterion. Some sources of uncertainty were classified as project-specific (PS) or 
model-specific (MS). None of these rankings received a score, but this does not 
necessarily mean the source of uncertainty is unimportant. 

A ranking of "low" indicates uncertainty of up to one order of magnitude. A 
ranking of "moderate" indicates uncertainty of approximately one to two orders 
of magnitude, and a "high" ranking indicates uncertainty greater than two orders 
of magnitude. A low ranking received a score of 1, "moderate" received a score 
of 2, and "high" received a score of 3. NR, PS, and MS rankings did not receive a 
score. 
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The ease with which the uncertainty can be quantified 

Quantifying parameter uncertainty can be relatively simple with collection of 
appropriate data. Model uncertainty and scenario uncertainty are more difficult to 
quantify because they cannot be analyzed using straightforward statistical or 
mathematical techniques (Suter 1993). When uncertainty is not quantifiable (e.g., 
it cannot be described by a distribution or a range and there is no suitable 
analytical solution), then it becomes difficult to assess the magnitude of the 
effect. For example, choosing the contaminants of concern is partly restricted by 
what is possible to detect in the laboratory. 

The ease with which uncertainty associated with different sources can be 
reduced was judged using the following criteria: 

a. Is the uncertainty source categorized as parameter uncertainty? 

b. Are data, models, or other types of quantitative information available to 
estimate uncertainty or can this information be obtained easily? 

c. Is qualitative information available (e.g., expert opinion) to determine 
importance of uncertainty? 

d. Have uncertainty analyses been performed? 

For each source of uncertainty, a "yes" response to at least three of these 
questions resulted in a ranking of "easy." However, occasionally, these sources 
have been ranked "moderate" to account for limited validation of available 
models. A "yes" response to two of these questions resulted in a ranking of 
"moderate," and a "yes" response to none or one of these questions resulted in a 
ranking of "difficult." 

This criterion was not used in the overall preliminary ranking; however, the 
results of this ranking will be useful in the future for planning efforts to reduce 
uncertainty. Overall preliminary scores can range from 1 to 6. Chapter 6 
summarizes results of the preliminary ranking of uncertainty sources. 
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3    Regulatory Background 

12 

This chapter summarizes the technical framework and regulatory background, 
which define the open-water disposal option. As indicated in Chapter 1, this 
report focuses on uncertainty within that option only. 

Technical Framework Summary 

USACE has developed a technical framework to determine the environmental 
acceptability of various alternatives for disposing of dredged material 
(USEPA/USACE 1992). Possible alternatives include the following: 

a. Open-water disposal is the placement of dredged material in rivers, 
lakes, estuaries, or oceans via pipeline or release from hopper dredges or 
barges. Such disposal may also involve appropriate management actions 
such as capping in a confined aqueous disposal (CAD) pit. 

b. Confined disposal is placement of dredged material within diked 
nearshore or upland confined disposal facilities (CDFs) via pipeline or 
other means. The confinement dikes or structures in a CDF enclose the 
disposal area above any adjacent water surface, isolating the dredged 
material from adjacent waters during placement. CDFs may be 
constructed as upland sites, nearshore sites with one or more sides in 
water, or as island containment areas. If a hydraulic dredge is used to 
place material in the CDF, excess water is normally discharged from the 
CDF during filling operations. If CDFs are filled by mechanical 
rehandling of dredged material, less effluent is released. 

c. Beneficial use includes a variety of options utilizing the material for 
some productive use. Examples of beneficial uses include beach 
nourishment, strip mine reclamation, shoreline stabilization, erosion 
control, and use in construction and industry. 

The framework for selecting environmentally acceptable alternatives for the 
management of dredged material consists of the following five steps: 

a. Evaluation of dredging project requirements. 

b. Identification of alternatives. 

c. Initial screening of alternatives. 
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d. Detailed assessment of alternatives. 

e. Alternative selection. 

In the initial screening, alternatives may be eliminated from further consideration 
based on cost, technical feasibility, site availability, environmental impacts, or 
other factors. This report focuses on uncertainties associated with estimating 
potential environmental impacts due to chemical contamination of the dredged 
material for an open-water disposal alternative. 

Regulatory Framework 

Regulation of dredged material disposal is the shared responsibility of 
USACE and USEPA. USACE is the permitting authority while using 
environmental guidelines and criteria developed in conjunction and consultation 
with USEPA. Under the authority of the Marine Protection, Research and 
Sanctuaries Act (MPRSA) of 1972 and the Clean Water Act (CWA), these 
criteria and guidelines are used to evaluate the environmental acceptability of 
various management alternatives. These criteria and guidelines establish 
conditions under which the discharge of dredged material will not result in 
significant degradation of the aquatic ecosystem or unacceptable adverse 
environmental effects. 

To determine environmental acceptability, the technical framework 
(USEPA/USACE 1992) outlines a detailed assessment of alternatives, which 
should include the following: 

a. Evaluation of the adequacy and timeliness of existing data. 

b. Evaluation of the physical characteristics of the sediment. 

c. Initial evaluation of sediment contamination. 

d. Performance of appropriate testing and assessments. 

e. Evaluation of management options or control measures. 

USEPA and USACE have established a tiered approach to testing and assessment 
of the potential environmental impacts of open-water dredging projects. These 
approaches are outlined in two documents, Evaluation of Dredged Material 
Proposed for Ocean Disposal - Testing Manual (USEPA/USACE 1991), 
otherwise known as the Ocean Testing Manual (OTM), and Evaluation of 
Dredged Material Proposed for Discharge in Waters of the U.S. - Testing 
Manual (USEPA/USACE 1998), referred to as the Inland Testing Manual (ITM). 
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4    Uncertainty in Tiered 
Evaluation of Dredged Material 

This section outlines important sources of uncertainty in the evaluation of 
potential environmental impacts of dredged material disposal. Uncertainty 
sources are discussed within the USACE/USEPA tiered evaluation structure 
(Figure 1). 

EVALUATE 
EXISTING 

INFORMATION 

WATER 
COLUMN SEDIMENT 

MEASURE AND MODEL 
DISSOLVED CONTAMINANTS 
•     Compare to surface water 

quality standards 

CALCULATE THEORETICAL 
BIOACCUMULATION 
POTENTIAL 

•     Compare to reference 

MEASURE TOXICITY 
• Model suspended phase 
• Determine toxicity after 

mixing 

MEASURE TOXICITY 
• Solid phase tests 
• Measure bioaccumulation 

and compare to Food & 
Drug Administration (FDA) 
limits and to reference 

CONDUCT CASE-SPECIFIC 
TOXICITY TESTS 

CASE-SPECIFIC TOXICITY 

• Bioaccumulation tests 
• Other tests 
• Risk assessment 

TIER I 
(Generally 

represents existing 
information) 

TIER I 

TIER III 

(Generic bioassay 
tests for toxicity 

and 
bioaccumulation) 

TIER IV 

(Specific 
bioassay tests, 

risk assessment) 

Figure 1.     USACE/USEPA tiered evaluation of dredged material for disposal (after ITM 
(USEPA/USACE1998)) 
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Tier I Evaluation 

The purpose of Tier I is to establish whether a determination of potential 
environmental impact can be made on the basis of existing information. All 
existing and readily available information on the proposed project, including 
previously collected chemical and biological monitoring and testing data, is 
evaluated. This information can be used to make a preliminary determination 
concerning the need for dredged material testing, under a principle commonly 
known as "reason to believe." The reason to believe that contaminants are not 
present and no testing is required is based on the type of material to be dredged 
(e.g., sand, silt, etc.) and its potential to be contaminated (e.g., due to proximity 
to sources of contamination). Contaminants of potential concern include those 
that might reasonably be expected to cause an unacceptable adverse impact if the 
dredged material is discharged. 

Identification of contaminants of concern 

The contaminants of concern (COCs) in the dredged material are selected 
based on the following criteria: 

a. Presence in the dredged material. 

b. Presence in the dredged material relative to the concentration in the 
reference sediment. 

c. Toxicological importance. 

d. Persistence in the environment. 

e. Propensity to bioaccumulate from sediments. 

Misapplication of selection criteria may result in the inappropriate inclusion 
or exclusion of chemicals as COCs. The following uncertainties are associated 
with the selection criteria: 

a. Background comparison. Chemicals may be inappropriately retained or 
removed as COCs if background measures are not truly representative of 
background conditions. 

b. Frequency of detection. Use of a high detection frequency (> 5 percent) 
as a selection criterion may result in the inappropriate exclusion of 
chemicals as COCs. 

c. Essential nutrients/trace elements. Inclusion of essential nutrients or 
trace elements that are present naturally at beneficial concentrations or 
exclusion when present at toxic levels may result in inappropriate 
selection of COCs (U.S. Army Engineer Division, Huntsville, 1995). 

The uncertainty associated with the selection criteria for identifying COCs is 
typically low and can be addressed by appropriate application of the criteria. 
Section 9 of the ITM (USEPA/USACE 1998) provides an extensive list of 
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potential COCs that should be considered. However, it is possible that chronic 
toxicity could be related to unidentified compounds, such as endocrine 
disrupters. The uncertainty associated with COC selection is ranked NR, or not 
ranked, because data are not available to quantify the uncertainty associated with 
such omissions. Furthermore, without data, it would be difficult to quantify 
uncertainty. 

Sampling 

The primary sampling objective is to adequately characterize the 
concentration of contaminants in the dredged material and reference sediment. A 
number of quality assurance/quality control (QA/QC) techniques are used to 
assess the uncertainty associated with the sampling process. For example, blanks 
and duplicate samples are used to evaluate accuracy and precision, respectively. 

It is important that sampling equipment and procedures satisfy all sampling 
objectives. For example, a dredge can fall toward the sediment at different 
speeds, resulting in varying levels of sediment compression. This effect can lead 
to nonreproducible contaminant concentration estimates. Assuming that careful 
development of sampling protocols prevents such error, uncertainty associated 
with sampling is easy to quantify with the use of typical QA/QC procedures. The 
magnitude of sampling error is typically less than one order of magnitude 
(Mudroch and Azcue 1995). 

Spatial representativeness 

The OTM (USEPA/USACE 1991) and the ITM (USEPA/USACE 1998) 
provide guidance on how to develop a sampling plan that will meet the objectives 
of an environmental assessment. Because the spatial distribution of contaminants 
at any site is uncertain, one objective is to sample the site sufficiently to 
characterize the variability in concentrations of contaminants at the site. The 
sampling plan must be designed to collect enough samples to ensure that hot 
spots of contamination are not overlooked and to support a robust statistical 
evaluation of the spatial distribution of contaminant concentration. 

Composite sampling is sometimes performed and is useful for obtaining a 
better estimate of the central tendency of contaminant concentrations for less cost 
than the equivalent number of individual samples. However, compositing can 
result in underestimates of the tails of concentration distributions. As a result, this 
type of sampling can underestimate the importance of any hot spots of 
contamination. This potential drawback should be considered in determining the 
optimum sampling approach. 

Typically, this source of uncertainty can be easily quantified by collecting 
more samples. If the sampling plan is correctly designed, this source of 
uncertainty should be low (Mudroch and Azcue 1995). 
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Analysis 

Thousands of commonly used chemicals may become contaminants in 
sediment, water, and biota (Maugh 1978). The following uncertainties are 
associated with chemical analysis and identification of these contaminants: 

a. Measurement error. 

b. Treatment of reported values below detection limits. 

c. Inability to identify all contaminants in an environmental sample if 
problems with chemical or matrix interferences are encountered in the 
analysis. These interferences may cause difficulties in quantifying a low 
concentration of a chemical because of high concentrations of other 
chemicals or natural compounds in the sample. Inability to measure all 
compounds in a sample may result in excluding potentially significant 
contaminants from the analysis. 

Laboratory methods follow analytical standards developed by regulatory 
agencies. The uncertainty associated with analytical error is typically less than 
30 percent (Keith et al. 1983; USEPA 1992), corresponding to a magnitude 
ranking of "low." It is easy to quantify uncertainty associated with analytical 
error by using typical QA/QC procedures. 

Dredged material physical and chemical characteristics 

The physical and chemical characteristics of the dredged material, together 
with attributes of the disposal site, will dictate contaminant migration pathways 
in the environment. This information will be used quantitatively in later tiers of 
the assessment process. At this stage, the information is important for identifying 
potential areas of concern. For example, contaminants in dredged material with 
high organic carbon content are less likely to dissolve into the water column than 
contaminants in dredged material with little organic carbon. ■'a'- 

Uncertainty in characterizing the physical and chemical attributes of dredged 
material is low and easily quantified (USEPA 1996a). Standard methods exist for 
obtaining data on grain size distribution, water content, Atterberg limits, organic 
content, specific gravity, and bulk chemical concentrations (USEPA/USACE 
1998). Uncertainty is inherent in the sampling and analytical process, but these 
sources of uncertainty are well understood. 

Description of dredging and disposal activities 

Specific characteristics of the disposal management alternatives under 
consideration are an important component of characterizing dredged materials. 
Only by identifying specific removal, transport, pretreatment, treatment, disposal, 
and effluent treatment methods can the potential for contaminant loss from each 
of these processes be addressed. For example, hydraulic dredging will result in a 
different potential for contaminant loss than will mechanical dredging. In the 
description of dredging and disposal activities, it is important to identify the 
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physical features of the proposed facility, including size (i.e., spatial extent of 
potential contamination), and any control measures that may be imposed. 

Although failure to adequately describe proposed activities could result in 
flawed decision making, information on the activities should be easy to obtain. 
Uncertainty associated with description of the dredging and disposal activities 
should be low if the project is well defined. 

Selection of reference sediment 

Selection of an appropriate site for collection of the reference sediment is 
crucial because it impacts decisions throughout the tiered evaluation. It is 
especially important to ensure that natural variability in contaminant 
concentrations is considered in all comparisons of dredged material and reference 
sediment. 

USACE guidance provides advice for selecting reference locations and 
collecting reference sediment. A great deal of professional judgment is required 
to implement this guidance. Therefore, this uncertainty source received a ranking 
of NR, because there are no quantitative data with which to estimate uncertainty 
associated with the judgment of USACE and USEPA staff. Consequently, it 
would be difficult to quantify this uncertainty. 

Tier II Evaluation 

The purpose of Tier II is to provide a reliable, rapid screen for potential 
impact and thereby eliminate the need for further testing. This tier uses a 
numerical mixing model to screen for compliance with State water quality 
standards (WQS) and a calculation of the theoretical bioaccumulation potential 
(TBP) to screen for potential benthic impact. In the future, it is anticipated that 
Equilibrium-Partitioning Sediment Guidelines (ESGs) will be available for 
screening the potential for those materials not likely to be toxic. 

Water column impact-Numerical mixing models 

This screening analysis assumes that all of the contaminants in the dredged 
material are released into the water column during the disposal operation. 
Numerical mixing models estimate the concentration of contaminants in waters 
of the mixing zone surrounding the disposal site. If concentrations of all COCs 
are below WQS and if no synergistic effects are suspected, the dredged material 
complies with the WQS. Under no circumstances can the disposal of the dredged 
material cause the applicable marine WQS to be exceeded outside the disposal 
site at any time or within the disposal site after the 4-hour mixing period. 

Highly conservative estimates of environmental impact attained from this 
screening level calculation are uncertain because 

a. Most of the contaminant usually remains within the dredged material that 
settles to the bottom. 
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b. Contaminants that are released in the water can become associated with 
dissolved organic matter in the water column and become less 
bioavailable for accumulation by biota. 

If the results of the screening level calculation exceed applicable WQS, the 
mixing model can be rerun using the results from a standard elutriate test. 

Professional judgment can be used to provide estimates of the range of 
possible values for the mixing area. Uncertainty in the mixing model approach 
can be evaluated by changing specific parameters in the model and evaluating the 
impact on the results. Therefore, uncertainty in the ability of this screening-level 
approach to make conservative predictions of concentrations of COCs in water is 
assumed to be "easy" to quantify. The magnitude of uncertainty is ranked 
"moderate" because such simple mixing zone modeling techniques yield order- 
of-magnitude estimates (USEPA/USACE 1998). The accuracy of WQS values 
was not assessed in these rankings. 

Benthic impact-Theoretical bioaccumulation potential for nonpolar 
organic compounds 

The TBP is an approximation of the equilibrium concentration of nonpolar 
organic contaminants in tissues of benthic invertebrates if the dredged material 
were the only source of contaminant to the organism. In this tier, a comparison is 
made between TBP calculated for the nonpolar organic contaminant of concern 
in the dredged material and for the same contaminants in the reference sediment. 
If the TBP for the dredged material exceeds that of the reference sediment, 
further evaluation of bioaccumulation in Tiers III or IV is appropriate. 

At present, the TBP can be calculated only for nonpolar organics, such as 
polychlorinated biphenyls (PCBs). At equilibrium, a nonpolar organic chemical 
would be expected to associate with organic matter in sediment and with lipids in 
tissue. Therefore, the potential bioaccumulation of nonpolar organic chemicals 
from dredged material can be estimated from the organic carbon content of the 
material, the lipid content of the organism, and the relative affinities of the 
chemical for each of these phases. Biota-sediment accumulation factors (BSAFs) 
are ratios that describe the relationship between the concentration of a nonpolar 
organic chemical in the lipid phase in tissue of a sediment-dwelling organism and 
the concentration in the sediment organic carbon phase to which the organism is 
exposed. BSAFs are defined as: 

BSAF = (CB/fL)/(Cs/foc) (1) 

where 

CB = concentration of contaminant in biota, mg/kg wet weight 

fL   = the fraction lipid of the biota, kg lipid/kg wet weight 
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Cs - the concentration of contaminant in sediment, mg/kg dry weight 

foe = the fraction organic carbon in sediment, kg organic carbon/kg 
dry weight 

McFarland (1984) calculated an average equilibrium BSAF of 1.7 for a suite 
of compounds, indicating a slight enrichment of chemical in the lipid phase. 
Rubinstein et al. (1987) showed that a value of 4.0 is appropriate for calculating 
the bioaccumulation potential of field-collected samples. The ITM and OTM 
(USEPA/USACE 1991, 1998) calculate the TBP, the concentration of 
contaminant in biota in mg/kg wet weight, as: 

f 
TBP = 4 C. 

L fi 
\Joc J 

(2) 

The TBP calculation is used in Tier II as a coarse screen to predict the 
magnitude of bioaccumulation likely to be associated with nonpolar organic 
contaminants in the dredged material. As a follow-up to the conservative TBP 
screening approach, sediment bioaccumulation tests are used in Tier III to 
measure actual accumulation of contaminants from samples of dredged material 
(USEPA/USACE 1991). USACE developed a database from these sediment 
bioaccumulation tests and other sources that demonstrates the variability in 
reported BSAFs. The BSAF database is available through the Dredging 
Operations Technical Support (DOTS) Web page of the USACE Waterways 
Experiment Station (http://www.wes.army.mil/el/dots/). 

The following uncertainties are associated with BSAFs used in the TBP 
calculation: 

a. Measured BSAFs are often lower than the equilibrium-based estimates. 
Several factors can cause deviations from equilibrium conditions. First, 
sequestration of polycyclic aromatic hydrocarbons (PAHs) into soot 
particles may reduce partitioning into pore water and bioavailability to 
benthic invertebrates. Second, metabolism of organic compounds by the 
organisms usually increases the rate of elimination and decreases steady- 
state body burden of the compound. Third, in some cases, sufficient time 
may not have elapsed for exposed organisms to reach equilibrium with 
the sediments. 

b. Variability across species, or true population heterogeneity, for reported 
values in the DOTS database can be significant. For example, BSAFs 
reported for chrysene in the DOTS database range from 0.02 to 0.61. 
Other recent work reports a median BSAF for all PAHs of 0.032 
(USEPA 1998b). Uncertainty is introduced by using a single calculated 
BSAF across a range of species and contaminants in estimating TBP. 

Limited validation of the TBP model can be accomplished by comparing the 
results of Equation 2 with Tier III bioaccumulation tests (corrected for steady- 
state conditions, if necessary). Uncertainty in the factor of 1.7 can be evaluated 
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by examining the standard error on the slope of the regression equation used to 
derive the factor. However, these sources of uncertainty are irrelevant when TBP 
results for dredged material are used only for comparison with the TBP estimated 
for the reference sediment. The same BSAF equation is used to estimate TBP for 
dredged material and sediment; therefore, this term, as well as the fraction of 
lipid in the benthic organism, cancels out. 

If the TBP is used only to compare dredged material with reference sediment, 
there is little advantage to better specifying the factor of four. The fractions of 
organic carbon and contaminant concentrations in sediment represent the key 
parameters. Uncertainty in these parameters is easily quantified and may span 
one or two orders of magnitude given the small sample sizes typically used 
(ranking of "moderate"). 

The potential for trophic transfer and for biomagnification of COCs is not 
considered in this tier. The importance of evaluating potential trophic transfer 
and biomagnification is discussed in sections on Tiers III and IV evaluations. 

Equilibrium-partitioning sediment guidelines 

ESGs are numeric concentrations of nonpolar organic contaminants in 
sediment that can be used to screen sediments for the potential to cause adverse 
effects to benthic organisms (DiToro et al. 1991). ESGs have been established for 
a suite of chemicals, and USACE and USEPA plan to use them in the future as 
part of a Tier II evaluation. 

The ESG approach assumes that an equilibrium exists between the chemical 
sorbed to sediment organic carbon and chemical that is freely dissolved in the 
pore water. Because the chemical activity of each phase is the same at 
equilibrium, the effective exposure concentration is the same regardless of 
exposure route (e.g., from sediment or pore water). Therefore, the equilibrium- 
partitioning approach predicts that toxic effects will be observed at 
concentrations of freely dissolved chemical in pore water that are equal to 
concentrations that produce toxic effects in water-only exposures. 

Because assumptions of the ESG approach are only approximately true, 
prediction will be uncertain. For example, the distribution of the PAHs between 
sediment organic carbon and pore water may not reach equilibrium if these 
compounds are trapped within soot (McGroddy and Farrington 1995; Gustafsson 
et al. 1997). Furthermore, some benthic organisms (e.g., tube-dwelling animals) 
that are exposed predominantly to the overlying water, rather than the pore water, 
may experience less exposure than predicted (Kane Driscoll, Harkey, and 
Landrum 1997; Kane Driscoll, Schaffner, and Dickhut 1998). 

The uncertainty associated with the use of ESGs to predict sediment toxicity 
has been examined extensively (Kane Driscoll, Harkey, and Landrum 1997; 
Ankley et al. 1994). Equilibrium-partitioning based predictions of sediment 
toxicity can differ from experimentally determined toxicity by more than a factor 
often (Hoke et al. 1995; Kane Driscoll, Schaffner, and Dickhut 1998). Therefore, 
the magnitude of the uncertainty associated with the use of ESGs is expected to 
be moderate. 
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Tier III Evaluation 

Tier III testing assesses the impact of contaminants in the dredged material on 
appropriately sensitive organisms to determine whether there is potential for the 
dredged material to result in an unacceptable impact. Assessment methods used 
in Tier III are water-column and whole-sediment toxicity tests and 
bioaccumulation tests. 

Water-column toxicity tests 

Water-column toxicity tests evaluate the impact of dredged material on the 
water column by exposing test organisms to an elutriate dilution series containing 
both dissolved and suspended components of the dredged material. Water 
column bioassays must be used when there are no applicable WQS for all 
contaminants of concern or when there is reason to suspect that contaminants 
may exhibit synergistic effects. 

In this test, if survival of animals exposed to undiluted elutriate is 
significantly less than survival of animals exposed to the dilution water, the 
median lethal concentration (LC50) or median concentration causing some 
adverse effect (EC50) is calculated. The LC50 is the concentration lethal to 
50 percent of the test organisms. The EC50 is the concentration causing some 
sublethal effect (e.g., deformity, immobility) in 50 percent of the test organisms. 
The LC50 or EC50 is compared to the modeled concentration of dredged material 
in waters outside the mixing zone of the disposal site (USEPA/USACE 1998). 
The maximum allowed concentration outside the mixing zone is 0.01 of the LC50 
or EC50. 

The following uncertainties are associated with the use of water-column 
bioassays: 

a. The guidance notes that the factor of 0.01 is intended for acute mortality 
data (e.g., to relate acute to chronic toxicity) and not for more subtle 
effects described by an EC50 (e.g., deformities, reduced growth or 
reproduction) (USEPA/USACE 1998). This factor has not been 
validated, though it is likely to overestimate the potential for effects 
during short exposures. 

b. Although the test guidance recommends that three species, representing 
different phyla (e.g., crustaceans, fish, etc.), be used in the bioassay, it is 
not certain if results obtained with test species will represent sensitivity 
of species in the field. It is difficult to interpret the results of the bioassay 
relative to field conditions. 

c. This bioassay does not address trophic transfer of persistent 
bioaccumulative compounds of concern from water-column organisms to 
predators at higher trophic levels. However, the potential for 
bioaccumulation from water and trophic transfer to higher levels is likely 
to be insignificant due to short exposure periods in the field. 
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d. Elutriate and suspended-solids tests may artificially alter the availability 
of contaminants. For example, clumps of sediment might break apart 
during the test that would have remained intact in the field, resulting in 
an overestimate of the potential for effects. 

Precision of water column bioassay. Because it is easy to quantify 
uncertainty due to precision error (Ingersoll et al. 1997) and the utility and 
accuracy of the standard elutriate test have been extensively field verified 
(USEPA 1996a), the magnitude of uncertainty is likely to be low. 

Interpretation of water column bioassay. The magnitude of uncertainty is 
ranked "moderate" with at least a factor of 10 due to the extrapolation from acute 
to chronic effects (Kenaga 1982). Further uncertainty is introduced due to 
possible aeration and disaggregation of dredged material during the test 
procedure. Given the way the assay is performed and interpreted, these sources of 
uncertainty are more likely to overestimate the potential for effects than 
underestimate them. 

Extrapolation of bioassay results to species in the field and from acute to 
chronic exposures represents the primary quantifiable sources of uncertainty. 
Two kinds of models are typically used for effects extrapolation (Suter 1993): 
(a) additive and multiplicative factor models (i.e., applying uncertainty factors to 
test results), and (b) statistical models (typically linear regression). As in the case 
of the factor of 0.01 applied to the water column toxicity test results, the use of 
these factors implies a linear relationship between the independent and dependent 
variables. Consequently, statistical extrapolation models can also be used in 
place of uncertainty factors. These models typically assume that the 
toxicological parameter of interest is characterized by a probability density 
function, and that all future observations are drawn from this distribution. For 
example, this approach has been used to determine USEPA Water Quality 
Criteria. The approach assumes that interspecies sensitivity follows a log- 
triangular distribution and the lower 5 percent concentration is used as the 
concentration affecting the most "sensitive" species (i.e., protection of 95 percent 
of the species). 

In order to assess causality, toxicity testing must be linked to other models or 
toxicity tests specifically designed to identify contaminants or classes of 
compounds responsible for observed toxicity (Ingersoll et al. 1997). The water 
column toxicity bioassay can be performed and interpreted without knowing 
which contaminants are causing the toxic effect. However, it is not possible to 
predict in advance of the test which sediments might fail. 

Sediment bioassays 

Whole-sediment bioassays are designed to determine whether the dredged 
material is likely to cause unacceptable adverse effects on benthic organisms. 
The limiting permissible concentration (LPC) is defined as "that concentration 
which will not cause unreasonable acute or chronic toxicity or sub-lethal adverse 
effects based on bioassay results" (40 CFR 227.27). Dredged material does not 
meet this condition in the commonly used acute toxicity test if bioassay mortality 
(a) is statistically greater than in the reference sediment and (b) exceeds mortality 
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(or other appropriate end point) in the reference sediment by at least 10 percent 
(or a value that is in accordance with approved testing methods, e.g., 20 percent 
for amphipod bioassays for marine or estuarine disposal). 

The following uncertainties are associated with whole-sediment bioassays: 

a. In some cases, nontreatment factors, such as ammonia or food ration, 
may influence results of whole-sediment bioassays and result in 
overestimation or underestimation of risk (Bridges, Farrar, and Duke 
1997; Moore et al. 1996). 

b. Temporal changes in toxicity are not considered in interpretation of the 
results. For example, contaminant concentrations might decline 
following disposal, reducing sediment toxicity. However, this possibility 
is not considered in the interpretation of bioassay results. 

c. It is not certain if results obtained with the test species will represent the 
sensitivity of species in the field. 

d. Results of acute toxicity tests may not protect against adverse 
population-level effects. 

e. They do not address adverse impacts resulting from biomagnification of 
dredged material contaminants. 

Another source of uncertainty in interpreting bioassays relates to the use of 
statistical techniques to test the difference between reference sediments and site 
sediments, and undiluted and diluted elutriate. Thus, there is uncertainty in 
evaluating the probability that there is a true difference in toxicity. This 
uncertainty is defined as Type I error (rejection of the null hypothesis when it is 
true; i.e. a false positive) and Type II error (acceptance of the null hypothesis 
when it is false; i.e. a false negative). The probability of correctly rejecting the 
null hypothesis is known as the power of the test, or 1-Type II error. Both Type I 
and Type II decision criteria should be established by evaluating the implications 
of making false positive versus false negative decisions (e.g., falsely concluding 
test sediment or elutriate is not toxic when it is). 

Precision of sediment bioassay. Precision of such bioassays is good (Burton 
et al. 1996); therefore, the magnitude of uncertainty is low and can be easily 
quantified. 

Interpretation of sediment bioassay. Because interpretation of the assay is 
based on comparison with a reference sediment, the magnitude of uncertainty can 
be estimated easily using statistics. The magnitude of uncertainty will depend on 
the sample size used for the bioassay. 

Benthic bioaccumulation 

Bioavailability from sediments. Body burdens of contaminants are of 
concern for both ecological and human health reasons. Benthic bioaccumulation 
tests determine the bioavailability through 28-day exposures to whole sediments. 
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The bioaccumulation potential must be demonstrated to be in compliance with 
the regulations before a dredged material can be considered to be acceptable for 
placement in an unrestricted open-water disposal site. 

Concentrations of contaminants in organisms should reach steady state by the 
end of the standard test (e.g., 28-day tests for organic contaminants). Where it is 
desirable to estimate the steady-state concentration of neutral organic 
contaminants, a correction can be made to estimate the concentration at steady 
state. Steady-state concentrations of contaminants are compared in Tier III to 
applicable Food and Drug Administration (FDA) Action or Tolerance Levels for 
Poisonous or Deleterious Substances in Fish and Shellfish for Human Food. 

Tissue contaminant concentrations measured in the bioassay that are 
statistically lower than FDA Action levels, or for which there are no levels, are 
compared to tissue concentrations for organisms similarly exposed to reference 
sediment. If tissue concentrations of COCs in organisms exposed to dredged 
material do not statistically exceed those of organisms exposed to the reference 
sediment, the dredged material is predicted not to result in unacceptable 
bioaccumulation of contaminants in benthic invertebrates (although benthic 
toxicity must be considered). If tissue concentrations of COCs in organisms 
exposed to the dredged material do statistically exceed those of organisms 
exposed to reference sediments, the final determination of compliance is assessed 
by consideration of the following factors: 

a. Number of species in which bioaccumulation from the dredged material 
is statistically greater than bioaccumulation from the reference material. 

b. Number of contaminants for which bioaccumulation from the dredged 
material is statistically greater than bioaccumulation from the reference 
material. 

c. Magnitude by which bioaccumulation from the dredged material exceeds 
bioaccumulation from the reference material. 

d. Toxicological importance of the contaminants whose bioaccumulation 
from the dredged material statistically exceeds that from the reference 
material. 

e. Phylogenetic diversity of the species in which bioaccumulation from the 
dredged material statistically exceeds bioaccumulation from the 
reference material. 

/   Propensity for the contaminants with statistically significant 
bioaccumulation to biomagnify within aquatic food webs. 

g. Magnitude by which contaminants whose bioaccumulation from the 
dredged material exceeds that from the reference material also exceed the 
concentrations found in comparable species living near the proposed site. 

Uncertainties associated with benthic bioaccumulation bioassays include the 
following: 
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a. FDA Action Levels have been established for less than 20 chemicals. 
Therefore, risk associated with chemicals for which Action Levels have 
not been established cannot be estimated by this approach. 

b. FDA Action Levels are based on economic as well as human health 
considerations, but do not indicate the potential for adverse impact to 
contaminated benthic organisms, or biomagnification and impact to 
higher trophic level organisms. 

c. There is a lack of toxicity end points that relate body burdens in 
invertebrates to toxic effects. For example, measured body burdens of 
metals in benthic invertebrates are not well correlated with adverse 
effects to the invertebrates since many organisms can store metals in 
inert granules or other inactive storage forms. However, USACE has 
developed an Environmental Effects Residue Database (ERED), 
http://www.wes.army.mil/el/ered. This database compiles and makes 
accessible information on tissue concentrations of contaminants that are 
associated with adverse ecological effects or, in some cases, with no 
adverse effects. 

The interpretation of the benthic bioaccumulation bioassays relies on testing 
differences between bioaccumulation in the reference sediment and in the 
dredged material. This type of testing involves balancing Type I and Type II 
errors (Parkhurst 1990; Suter 1993). Ideally, the power of the test (i.e., the 
probability of correctly rejecting the null hypothesis, defined as 1-Type II error) 
should be used to evaluate the magnitude of the uncertainty in the results. The 
magnitude of uncertainty associated with the sediment bioaccumulation test is 
ranked moderate given the range of BSAFs in the USACE database. Uncertainty 
as to how well the bioassay predicts the bioaccumulation of contaminants could 
be easily quantified by comparison of bioaccumulation observed in tests to the 
amount of bioaccumulation observed in field validation programs. 

Food chain trophic transfer—fish. Trophic transfer and biomagnification 
are considered only if bioaccumulation in the dredged material statistically 
exceeds bioaccumulation in the reference sediment. The magnitude of 
uncertainty is high for estimating biomagnification in fish, since degree of 
biomagnification depends upon a thorough knowledge of food chain dynamics in 
the ecosystem under consideration (Kidd et al. 1995; Oliver and Niimi 1988). 
Uncertainty in model predictions of food chain bioaccumulation can be 
quantified by comparison with results from field studies (Scott and Trowbridge 
1995). Performing sensitivity analysis of the input parameters for 
bioaccumulation models can also provide information on the magnitude of 
uncertainty (Burkhard 1998; Iannuzzi etal. 1996). 

Food chain trophic transfer—piscivorous birds. Trophic transfer and 
biomagnification are considered if bioaccumulation from the dredged material 
statistically exceeds bioaccumulation from the reference sediment in the 
bioaccumulation test. Risks associated with trophic transfer and biomagnification 
of contaminants to higher trophic level organisms can be predicted by using 
models or empirically determined biomagnification factors (BMF). For example, 
a BMF of 30 was measured for the increase in concentrations of persistent 
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organic contaminants in piscivorous birds and their prey (Jones et al. 1993). 
Estimation of the potential dose or body burdens in higher trophic level 
organisms may produce less conservative estimates of risk than simple statistical 
comparisons of body burdens in invertebrates exposed to dredged and reference 
sediments. For example, in some cases, bioaccumulation of significantly higher 
body burdens of contaminants from dredged sediment may not necessarily result 
in risk to higher trophic levels. 

The magnitude of uncertainty associated with potential biomagnification in 
birds is ranked high. This ranking is based on the general lack of data on this 
topic. This source was given a moderate ranking for ability to reduce uncertainty 
because no models that predict body burdens are available and data are limited. 

Tier IV Evaluation 

A Tier IV evaluation is performed when a decision regarding toxicity or 
bioaccumulation has not been reached in lower tier evaluations. Tier IV involves 
case-specific, state-of-the-art testing for toxicity and/or bioaccumulation. 
Toxicity identification evaluation procedures can also be used in this tier, 
especially with sediments for which ammonia or hydrogen sulfide could be 
responsible for toxicity. If these approaches do not provide adequate information 
to make a determination, a complete risk assessment can be performed. 

Tier IV chronic bioassays 

In Tier IV, water column and sediment bioassays may be conducted if the 
Tier III bioassay results lead to an equivocal interpretation. Tier IV tests 
typically differ from Tier III tests in the following ways: 

a. Longer duration of exposure (chronic bioassays). 

b. Different species. 

c. Different end points (sublethal effects). 

d. In situ exposure. 

COCs that adsorb to sediment particles quickly settle to the bottom. 
Therefore, sediment bioassays are an important test system for investigating 
adverse effects of chronic exposure to dredged material contaminants. Tier IV 
bioassays evaluate health end points resulting from chronic exposure. Potential 
sublethal end points include growth, reproduction, behavior, immunotoxicity, 
genotoxicity, etc. The interpretation of Tier IV bioassays may be difficult if the 
relationship between sublethal effects and population-level effects is not well 
understood or cannot be established. 

Several chronic bioassays are under development for use in the evaluation of 
dredged material (Bridges and Farrar 1997; McGee, Schlekat, and Reinharz 
1993). These bioassays more closely approximate field conditions and measure 
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subtle sublethal end points related to the maintenance of a viable population. The 
interpretation of chronic bioassays should clearly define the relationship between 
chronic sublethal end points, such as growth, to population end points, such as 
survival and reproduction (Moore and Dillon 1993). 

Population or demographic modeling is one method that can be used to 
interpret the results of chronic bioassays (U.S. Army Engineer Waterways 
Experiment Station (USAEWES) 1993). These models use life history 
information (e.g., survival, growth, reproductive rates) to make projections about 
potential population-level impacts (e.g., abundance over time). Using these 
models in conjunction with chronic bioassay results, one can compare estimated 
rates of population increase for dredged material and reference sediment. 

Population modeling requires information on survivorship and fecundity of 
the target population, information that can be obtained from well-designed 
laboratory studies. In the environment, however, species are subject to both biotic 
and abiotic forces contributing to their ability to reproduce, grow, and survive. 

As with previous tiers, Type I and Type II error is involved in the comparison 
between reference and dredged sediments. In addition, the analytical form of the 
population model introduces model uncertainty, and estimates of survivorship 
and fecundity introduce both variability and parameter uncertainty. Variability 
can typically be addressed in the population model by using a stochastic 
framework. One existing approach (Ferson 1991) models environmental 
stochasticity through (a) random fluctuations in age- or stage-specific fecundities 
and survivorships, (b) random fluctuations in carrying capacities (the maximum 
sustainable population), (c) random fluctuations in dispersal rates, and (d) two 
types of local or regional catastrophes. 

The variability of each vital rate and carrying capacity is modeled with a 
standard deviation. Each population can have a separate set of standard 
deviations. The random fluctuations can be normally or lognormally distributed, 
and can be correlated among populations. Within a population, survivals, 
fecundities, and carrying capacities can be uncorrelated, perfectly correlated, or 
negatively correlated. Descriptive statistics such as standard deviations on the 
vital rates are obtained from the bioassay data; however, these values incorporate 
both uncertainty (measurement error) and variability (population heterogeneity). 

First-order uncertainty analysis within a matrix framework can be used to 
evaluate confidence in the predictions. Other options available for evaluating 
uncertainty include the following: 

a. Examine "within year" or "within season" measurements to estimate 
measurement error. 

b. Examine "among year" or "among season" measurements to estimate 
variability. 

c. Conduct a sensitivity analysis on each of the parameters in the 
population model to evaluate the range of possible results predicted by 
the model. 
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d. Conduct a two-stage nested modeling process, in which variability and 
uncertainty are explicitly considered (USEPA 1996c). 

Uncertainties of Tier IV evaluation 

The following uncertainties are associated with the Tier IV evaluation: 

a. Uncertainty in the results of chronic bioassays may result from the 
influence of nontreatment effects such as food ration (Bridges, Farrar, 
and Duke 1997). 

b. Extrapolating from chronic bioassay results to predictions of population 
level impacts. Population models address this uncertainty to some extent, 
but are enhanced by field verification (Barnthouse, Suter, and Rosen 
1990; Kuhn etal. 1997a, 1997b). 

c. Population modeling typically addresses one species at a time, although 
analytical methods exist for considering species interactions and multiple 
species (Ferson 1991). 

d. Uncertainty (measurement error) and variability (true population 
heterogeneity) are combined in the results from the bioassays, making it 
difficult to conduct an explicit uncertainty analysis in the context of 
population modeling. 

Uncertainty associated with bioassay precision. The magnitude of the 
uncertainty that is associated with the results of the chronic bioassays can be 
greater than an order of magnitude (Bridges, Farrar, and Duke 1997). However, 
the uncertainty is easily quantified by conducting carefully controlled 
experiments. 

Uncertainty associated with bioassay interpretation. Experimental (Kuhn 
et al. 1997a) and statistical methods (Meyer et al. 1986) have been developed for 
calculating the uncertainty associated with the estimation of population-level 
effects, and quantification of the uncertainty is ranked as moderate. The 
magnitude of uncertainty associated with the interpretation of the chronic 
bioassays is also expected to be moderate (Barnthouse, Suter, and Rosen 1989; 
Suter 1993). 

Tier IV evaluations may further consider human and ecological health 
concerns by conducting water column evaluations, benthic evaluations, or risk 
assessments. Risk assessment provides a framework for considering multiple 
lines of evidence regarding the potential for contaminants to cause adverse 
effects. Uncertainties considered in the risk assessment process are discussed in 
the following section. 
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5    Uncertainty in Tier IV Risk 
Assessments 

30 

Problem Formulation/Hazard Identification 

This section discusses uncertainties associated with the problem formulation 
phase of the risk assessment process. Problem formulation is a planning phase 
that evaluates the nature of the problem and identifies the major factors to be 
considered in the assessment. Initial characterization of potential exposure 
pathways and receptors occurs in this phase. Assessment and measurement end 
points for ecological receptors are also identified. The outcome of the problem 
formulation/hazard identification phase is a conceptual model describing 
contaminant sources, migration pathways, exposure potential, and human and 
ecological receptors of concern. 

Uncertainty is considered in a qualitative sense at the problem formulation 
phase, compared to the statistical or mechanistic approaches used to address 
uncertainty during the exposure and effects assessments. For example, there may 
be uncertainty in the selection of specific receptors or assessment end points, 
which is more difficult to quantify than other areas of uncertainty. Consequently, 
each source of uncertainty in the problem formulation phase is not ranked in 
Table 1. 

Development of conceptual model 

The conceptual model is a representation, sometimes graphical, which 
describes chemical sources, release mechanisms, exposure media and pathways, 
uptake routes, and receptor populations. Conceptual model development may be 
one of the most important sources of uncertainty in a risk assessment (USEPA 
1998a). Uncertainty may arise from lack of knowledge about how the ecosystem 
functions, failure to identify secondary effects such as increased levels of 
predation, and lack of information about how Stressors move through the 
environment and cause adverse effects (USEPA 1998a). The conceptual model is 
critical to defining subsequent analyses. 

Characterization of the surrounding environment. The characteristics of 
the environment surrounding the site must be understood and described so that all 
potential exposure pathways and receptors are included in the conceptual model 
(U.S. Army Engineer Division, Huntsville, 1995). The following characteristics 
may influence exposures: 
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a. Hydrodynamics. The depth, tidal range, and flow characteristics of the 
site may influence the potential for resuspension and transport of dredged 
sediment. 

b. Climate. The temperature and precipitation profile of the area may limit 
the frequency of exposure, as well as the extent of chemical migration 
(e.g., fewer people fishing near a disposal site during the winter months). 

c. Meteorology. Wind may transport particles and airborne contaminants 
(e.g., fugitive dust from a barge). 

d. Sediment type. The grain size, organic carbon, and clay content may 
influence the leaching potential, resuspension of material during filling, 
and bioavailability of sediment contaminants. 

e. Ecological. Characteristics of potentially exposed biota may include the 
numbers and types of receptors, their life histories, foraging and 
migratory habits, and the trophic structure of the food web. Food webs 
with a greater number of trophic levels can exhibit greater 
biomagnification to higher trophic level organisms, such as piscivorous 
(fish-eating) birds (USAEWES 1995). 

The magnitude of uncertainly associated with characterizing the surrounding 
environment is ranked high given the complexity of ecosystems (Odum 1971). 
Uncertainty associated with characterizing the environment is difficult to 
quantify. 

Identification of complete and incomplete exposure pathways. 
Uncertainties in identification of complete and incomplete exposure pathways 
can arise from lack of information about dredging operations or about the site. 
For example, information about the presence of migratory species at a site may 
not be available. Exclusion of any complete exposure pathways would result in 
an underestimate of risk. 

It is typically straightforward to assess the effect of an incomplete or excluded 
pathway by rerunning the analysis to include the pathway to determine the 
relative risk of each pathway. 

Selecting and characterizing representative ecological receptors. Most 
ecosystems are complex and not all trophic levels and species can be considered 
during a risk assessment. Therefore, a few species are selected as indicators of 
environmental conditions. Various criteria have been developed for selecting 
ecological receptors of concern. For example, selected species should be 
distributed in the area under consideration, sensitive to the effects of the 
contaminants of concern, and representative of a group of important species to 
humans or to the functional integrity of the ecosystem (USEPA 1993c). 
However, significant uncertainty arises from the fact that little to no data are 
available for some receptors in terms of sensitivity to contaminants, feeding 
preferences, migration, etc. For example, contaminant dose response information 
is unavailable for many marine mammals and marine reptiles. Exclusion of 
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potentially sensitive organisms due to lack of data contributes to the uncertainty 
of the dredged material assessment. 

Assessment and measurement end points 

Selecting assessment end points. Assessment end points are defined as 
environmental characteristics or values that are to be protected, such as 
abundance of a wildlife population, species diversity, or ecosystem productivity 
(Suter, Barnthouse, and Bartell 1992). Lack of information with which to develop 
assessment end points for some COCs is an important source of uncertainty for 
the risk assessment. 

In the conceptual model development stage, the uncertainty in selection of 
appropriate assessment end points is not quantifiable, but clearly has the potential 
to exert a significant influence on the direction of the analysis. 

Selecting measurement end points. Measurement end points are quantitative 
expressions of a biological response that are related to the assessment end points. 
Measurement end points for ecological risk assessment are usually related to the 
survival, growth, and reproduction of receptors of concern. These measurement 
end points are assumed to be closely related to assessment end points, such as 
changes in population structure and function. The correlation of Stressor to 
response is an indication of the strength of the relationship. 

In some cases, assessment and measurement end points are closely related. 
For example, fish that consume contaminated prey in the area of a dredged 
material disposal site might accumulate body burdens of persistent chemicals, 
such as organochlorine compounds, which might subsequently accumulate in the 
eggs offish-eating colonial birds. The amount of contaminant in the egg is a 
measurement end point that has been linked to embryolethality (measurement 
end point) and reproductive failure (assessment end point) in exposed 
populations (Giesy, Ludwig, and Tillitt 1994). However, measurement end points 
and assessment end points are not always so clearly related. For example, 
appearance of lesions or tumors on older adult fish may have little impact on the 
reproductive success of the population. 

Uncertainty in the relationship between assessment and measurement end 
points can contribute to significant uncertainly in estimates of risk to the 
receptors. For example, consensus has not been reached on the appropriateness of 
existing and proposed assays to detect the potential for endocrine disruption 
properties of chemical substances and mixtures (Kendall et al. 1995). The results 
of an expert panel on ecological risk assessment for sediments found that the 
ecological relevance of measurement end points involving organic extracts and 
elutriates was most uncertain relative to other toxicity tests (Ingersoll et al. 1997). 

Lack of measurement end points. In some cases, measurement end points 
will not be available. For example, although ERED provides information on the 
critical body burden of some chemicals, it does not contain information for all 
potential COCs. This information could be obtained through additional data 
collection and analysis, but is typically beyond the scope of a site-specific risk 
assessment. 
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Exposure Assessment 

This section discusses uncertainties that are associated with the exposure 
assessment portion of a risk assessment. The exposure assessment identifies 
potential exposure pathways and estimates the extent and magnitude of exposure 
in a defined field of influence. 

Estimation of exposure point concentrations 

The concentrations of COCs in various environmental compartments (e.g., air, 
water, and sediment) are used in the exposure assessment phase of the risk 
assessment to predict exposure to various human and ecological receptors. These 
concentrations are measured, estimated from laboratory tests, or predicted from 
models. When data are available, exposure point concentrations can be expressed 
as arithmetic averages or 95 percent upper confidence limits. The 95 percent 
upper confidence limit is an estimate of the upper bound on the mean with 
95 percent confidence (i.e., there is a 95 percent chance that the true mean will be 
less than the estimated number). In some cases, the calculated 95 percent upper 
confidence limit will exceed the maximum detected concentration. Summary 
statistics on available data provide an indication of the measured variability in 
samples of dredged material. These estimates are typically less robust when 
based on small sample sizes. 

If the initial screening level estimate exceeds a criterion, standard, or known 
toxic concentration, fate and transport models incorporating site-specific 
parameters are typically used to refine the estimates. The following section 
describes the uncertainties associated with the estimation of exposure point 
concentrations using fate and transport models. 

Fate and transport models: model uncertainty. A variety of fate and 
transport models exist that estimate the amount of contaminant that can be 
released from various dredged material disposal alternatives to the surrounding 
environment. These models may predict new exposure point concentrations in 
space, time, or in other media, (e.g., air), or may simply predict the mass of COC 
that is lost from a source. For example, some contaminant may be lost in effluent 
from an island CDF. The Assessment and Remediation of Contaminated 
Sediments (ARCS) Program of the USEPA has published the guide, "Estimating 
Contaminant Losses from Components of Remediation Alternatives for 
Contaminated Sediments" (USEPA 1996a). This report presents techniques for 
estimating contaminant losses associated with various sediment management 
alternatives. The techniques include laboratory tests and contaminant transport 
models. The models estimate contaminant losses during dredging, dredged 
material transport, pretreatment, and effluent and leachate treatment, and from 
CDFs. The report evaluates the relative reliability of the available predictive 
techniques, but does not include a statistical analysis of the uncertainty associated 
with using the various techniques. 

Potentially one of the most significant sources of uncertainty in risk 
assessment is error associated with fate and transport models (Suter 1993). Model 
error arises from the inappropriate selection or aggregation of variables, incorrect 
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functional forms, and incorrect boundaries. There are no straightforward 
statistical or mathematical techniques for describing this source of uncertainty as 
with other forms of uncertainty. The most efficient and appropriate method of 
assessing model error is to obtain field verification or conduct an experiment to 
validate the model. Table 1 describes the magnitude of uncertainty for these 
models as MS because the amount of uncertainty will vary from model to model. 

Alternatively, the use of several different models using the same data is a 
suitable cross-validation method. Although this does not represent a quantifiable 
assessment of uncertainty, the fact that several models all lead to the same 
conclusion provides confidence that the models are performing correctly. 
Differences in model results can highlight mechanistic or parameter-based 
differences in each of the models, which may allow a determination of the 
appropriateness of one model over another. Bayesian approaches to comparing 
models also exist (Suter 1993). 

Fate and transport models: Parameter uncertainty. The fate and transport 
models that are typically used in the dredged material management program 
obviously contain numerous parameters. Although it is beyond the scope of this 
report to examine the uncertainty associated with all of these parameters, the 
contribution of a few of the important parameters that are used in many of the 
models is considered in the following sections. 

Physical-chemical attributes of COCs. Physical-chemical attributes of 
COCs are important parameters that are used in many fate and transport models 
to predict exposure point concentrations. These parameters, which help predict 
partitioning among media, often drive the predicted distribution of a contaminant 
in the environment. 

Uncertainty in these parameters contributes to uncertainty in resultant 
exposure and risk assessments. Typically, physical and chemical property 
estimation depends on laboratory conditions (e.g., temperature, pressure, etc.). 
Consequently, a significant source of the uncertainty in using physical and 
chemical parameters in fate and transport models involves the applicability of a 
value for a given situation. For example, if a value is temperature dependent and 
there is a large disparity between the laboratory temperature under which the 
value was estimated and the expected field temperature, then the results of the 
model are likely to be wrong, reflected as uncertainty in the result. However, 
simplifying assumptions are inevitable and may be justified. 

The contributions of physical and chemical properties to uncertainty in fate 
and transport models vary. For example, properties such as molecular weight, 
vapor pressure, and water solubility are straightforward to obtain and have less 
mathematical effect on the results of fate and transport models than properties 
such as K0Vl and K„c. Therefore, the former properties are ranked low for 
magnitude of uncertainty with only moderate difficulty in reducing this 
uncertainty. The latter properties are ranked moderate in magnitude of 
uncertainty given that published values for particular chemicals can span one to 
two orders of magnitude (Mackay, Shiu, and Ma 1992a, 1992b). 
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The octanol-water partition coefficient K„w describes the hydrophobicity of 
various organic COCs, and is used to predict the partitioning of these COCs 
between water and sediment. Because measuring the Kow of highly hydrophobic 
compounds can be technically difficult, a range of values, representing various 
techniques for measuring or modeling K,m, have been reported for most organic 
COCs. For example, reported values for the logioX™ of benz[a]anthracene range 
from 5.61 to 7.50 (Mackay, Shiu, and Ma 1992a, 1992b). Comparisons of the 
results of various methods that are used to determine Kow indicate that the slow- 
stir flask method has less variability and experimental bias and provides the best 
estimate of Kow (USEPA 1993b). Professional judgment must be used when 
selecting the K,m that will be used in a risk assessment. Consequently, 
uncertainties contributing to over- or underestimates of risk can occur. 

The organic carbon-water partition coefficient Koc estimates the 
distribution of an organic contaminant between sediment organic matter and the 
freely dissolved phase in water, and is used to predict the concentrations of these 
COCs in water and sediment. The Kocoia compound can be measured or 
estimated from Kow based on a regression relationship (DiToro et al. 1991). 
Typically, the literature provides a range of values for Koc for an individual 
organic compound (Mackay, Shiu, and Ma 1992a, 1992b). For example, reported 
values for the logio Koc for benz[a]anthracene range from 4.0 to 7.30. 
Professional judgment must be used when selecting the most appropriate value 
from the literature. As a result, uncertainties contributing to over- or 
underestimates of risk can occur. 

Apparent values of £Tocthat are measured in field-collected sediments can be 
larger than predicted. For example, PAHs that are physically sequestered into 
soot particles may be less available for partitioning into soil- or sediment- 
associated pore water, resulting in a Koc that is higher than predicted (Gustafsson 
et al. 1997). One study reported an apparent Koc for partitioning of phenanthrene 
between field-collected sediments and associated pore water that was almost 
three orders of magnitude greater than a Koc reported in the literature (McGroddy 
and Farrington 1995). 

Alternatively, apparent values of K„c.can be smaller than predicted if a greater 
amount of an organic contaminant partitions into the pore water than would be 
predicted based on the concentration in the sediment. Higher than expected 
concentrations of organic contaminants in the pore water are taken into account 
by a three-phase model, which includes partitioning of organic contaminants onto 
dissolved organic carbon (DOC), such as colloids (Brownawell and Farrington 
1986). For example, the lowest reported apparent log^-K^ for PCB-18 (2,2', 
5-trichlorobiphenyl) in one field study was 3.05 (Brownawell and Farrington 
1986), much lower than a value reported from the literature of 5.24 (Hawker and 
Connell 1988). 

The dissolved organic carbon-water partition coefficient Kc/rK is an 
important parameter in the estimation of the partitioning of organic contaminants 
between the "freely dissolved" phase and the phase associated with DOC in 
water. It is generally believed that only chemicals in true solution (i.e., "freely 
dissolved") are bioavailable. Partitioning of a hydrophobic compound onto DOC 
reduces uptake of dissolved organic contaminants from water into fish 

Chapter 5   Uncertainty in Tier IV Risk Assessments 35 



(McCarthy and Jimenez 1985; Landrum et al. 1985) and invertebrates 
(McCarthy, Jimenez, and Barber 1985). Although considerable uncertainty exists 
in measured values for Kjl)C, experimental data suggest that Kj(K is approximately 
a factor of 10 less than the Kow of a chemical (Landrum et al. 1984). 

Temporal considerations: Degradation of labile contaminants. 
Approaches for estimating risk associated with disposal of dredged material often 
do not consider the potential for microbial biotransformation or other degradation 
processes (e.g., hydrolysis, photooxidation) that effect labile organic 
contaminants. Numerous studies have demonstrated the degradation of organic 
contaminants by microorganisms in pure culture and in natural sediments 
(Herbes and Schwall 1978; Cerniglia and Heitkamp 1989). When dredged 
sediments are removed from sources of contamination, concentrations of low 
molecular weight PAHs may decline significantly over time due to 
biodegradation that occurs at the disposal site. In this example, risk could be 
overestimated at the disposal site. 

Prediction of the rate of degradation is uncertain because rates of microbial 
degradation can be affected by a variety of factors, including temperature, 
salinity, and adaptation of the ambient microbial community (Shiaris 1989). For 
example, rates of transformation of PAHS can be 3,000 to 125,000 times greater 
in contaminated sediments than in uncontaminated sediments (Herbes and 
Schwall 1978). This phenomenon can be quantitatively reflected by a 
biodegradation rate constant in a fate and transport model. 

Bioaccumulation of COCs 

Organisms can bioaccumulate and biomagnify dredged material contaminants 
from sediment and water. After the fate and transport of contaminants in the 
environment are estimated, bioaccumulation potential is evaluated. 

A variety of models are used to estimate the bioaccumulation of COCs. In 
these models, exposures can be estimated for upper trophic level receptors. For 
aquatic organisms, models that predict the concentration of COCs in tissues of 
exposed organisms are usually used (Gobas 1993; Thomann 1989). These models 
predict concentrations of COCs in benthic invertebrates and in higher trophic 
level fish. For semiaquatic organisms, models that predict a daily dose of COCs 
are typically used (Opresko, Sample, and Suter 1994). Models are also available 
that relate contaminant concentrations in prey to concentrations in eggs offish- 
eating birds in the form of biomagnification factors. Human-based exposure 
models typically predict a daily dose of COCs (USEPA 1992). Uncertainties 
associated with each approach are described in the following sections. 

Bioavailability of contaminants from sediment for ecological receptors. 
Sediment bioaccumulation tests are used in Tier III to measure accumulation of 
contaminants from samples of dredged material (USEPA/USACE 1991, 1998). 
USACE has developed a database from these sediment bioaccumulation tests and 
other sources that demonstrates the variability in reported BSAFs 
(htttp://www.wes.army.mil/el/t2dbase.html). Unfortunately, no theoretical 
framework exists for predicting bioaccumulation of metals or polar organic 
chemicals from sediment. This could be a major source of uncertainty in the risk 
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assessment process because bioaccumulation information is a key element in 
assessing risk. Therefore, this category receives a moderate ranking in Table 1. 
Sediment bioaccumulation tests, can, however, be used to directly and easily 
measure the potential for bioaccumulation of these compounds from sediment. 

Bioavailability of contaminants from water for ecological receptors. 
Adsorption of hydrophobic COCs onto DOC in surface waters reduces 
bioavailability (Landrum et al. 1987; McCarthy and Jimenez 1985). Kinetic 
limitation to accumulation of hydrophobic COCs into phytoplankton may reduce 
bioavailability of COCs from water (Swackhamer and Skoglund 1993). 
Partitioning of hydrophobic COCs onto DOC can be easily estimated, if 
measurements of the concentration of DOC are available. However, kinetic 
limitations to uptake in phytoplankton are more difficult to predict. Because of 
this uncertainty in the uptake kinetics, this category is given a ranking of 
moderate uncertainty that is moderately difficult to quantify. 

Exposure models for aquatic organisms: model uncertainty. Several 
models are available for predicting concentrations of contaminants in tissues of 
exposed organisms from concentrations in the environment. Two models that are 
often used to predict tissue concentrations from concentrations in sediment are 
the models of Gobas (1993) and Thomann (1989). These models estimate steady- 
state concentrations of hydrophobic organic substances in various aquatic 
organisms. In these models, fish absorb chemicals directly from water via the 
gills and through the consumption of food via the gastrointestinal tract. 
Chemicals are lost via the gills to the surrounding water, via egestion of fecal 
matter, and by metabolism. Growth of the fish also results in dilution of tissue 
concentrations and is modeled as a loss process. 

Presently, why the ability to metabolize organic xenobiotics varies among 
taxonomic groups is not understood (Nebert, Nelson, and Feyereisen 1989), and 
few models can estimate the rate of metabolism and elimination of these 
contaminants. For some persistent organochlorine chemicals, the rate of 
metabolism is small compared to the rate of uptake or elimination via other 
routes, and metabolism can be ignored. For other chemicals, such as PAHs, 
which are readily transformed by fish, use of the Gobas (1993) and Thomann 
(1989) models without consideration of metabolism is not recommended. This is 
a large source of uncertainty in the use of these models in risk assessment. Risk 
to a receptor could be overestimated if actual body burdens of PAHs, for 
example, were lower than predicted due to metabolism. Alternatively, risk could 
be underestimated when metabolites accumulate in tissue and exert a greater 
toxic effect than the unmetabolized parent compound. 

a. Equilibrium models and time-varying conditions. Equilibrium conditions 
are often used to predict bioaccumulation of contaminants from sediment 
and water into aquatic organisms, such as in the Gobas (1993) and 
Thomann (1989) models. These steady-state models provide an 
analytical solution to time-varying models under the assumption that 
contaminant concentrations are constant (dC/dT= 0). These models may 
be appropriate for estimating long-term expected concentrations of 
contaminants, but will not be suitable for episodic events. 
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Very little information is available on how often contaminants in the 
environment reach equilibrium among phases. If equilibrium conditions 
are not reached, time-variant models are more appropriate for predicting 
contaminant concentrations. The distributions of contaminant 
concentrations might differ from predicted concentrations if the system is 
not in equilibrium because there is high temporal variability or because 
biological processes maintain disequilibrium conditions. Many 
ecosystem and physical processes are variable over time. The input of a 
contaminant into an estuary, for example, can occur during episodic 
events, such as large storms or periodic disposal of dredged sediments. 
An example of biological processes that result in deviations from 
equilibrium conditions would be the detoxification of metals in tissues of 
animals by sequestration into granules. The quantitative importance of 
the uncertainty associated with the use of equilibrium models, rather than 
time-variant models, can be significant (Ludwig et al. 1993; USEPA 
1996b), and is ranked MS in Table 1, because the significance will vary 
from model to model. 

b. Parameter uncertainty in uptake models. The Gobas (1993) and 
Thomann (1989) exposure models require a variety of input parameters 
that are derived from various sources. For example, some are based on 
observed allometric relationships. Others are based on observed 
relationships to the physical/chemical characteristics of the COC. 
Uncertainty associated with these parameters will contribute to 
uncertainty in tissue concentrations and risk estimates. An overall 
estimate of the contribution of these models to uncertainties in the risk 
assessment is provided at the end of this section. The individual 
parameters have moderate magnitudes of uncertainty and moderate 
difficulty for reducing uncertainty because they vary from site to site and 
can be measured only with substantial effort. For humans, these 
parameters can be very difficult to measure when appropriate biomarkers 
are not available and they vary from one contaminant to the next. 

The Gobas (1993) model assumes that fish take up chemicals from the 
water (via the gills) and through the consumption of food. Loss of 
chemicals occurs via the gills to the water, via egestion of fecal matter, 
or by growth of the organism, which dilutes its concentration. The Gobas 
model uses various assumptions to estimate these uptake and loss rates. 
Uncertainty in these estimates will contribute to uncertainty in estimates 
of exposure and risk to the fish and its consumers. The following section 
discusses the importance of parameter uncertainty for the following 
parameters of the Gobas model: uptake from water, uptake from food, 
ingestion and elimination, and growth rates. 

(1)   Uptake from water. The rate at which fish take up chemicals from 
water depends upon the gill ventilation rate and the rate of diffusion 
of the chemical across the gills. The Gobas (1993) model uses 
experimental data to derive uptake rates based on the following: 

(a)   K,m. of the compound. 

38 Chapter 5   Uncertainty in Tier IV Risk Assessments 



(b) Weight of the fish VF, kg. 

(c) Rate of chemical transport in the aqueous phase of the gill Qw, 
in units of L/day. 

(d) Rate of chemical transport in the lipid phase of the gill QL, in 
units of L/day. 

The uncertainty associated with Qw and QL is expressed by the range 
on the exponential term in the equation for Qw: 

0„ = 88.3x^o-6(±o-2) (3) 

ß/.= ßw/100 (4) 

Uncertainty in the uptake rates (g^and Q,) will contribute to 
uncertainty in fish body burden estimates and estimates of risk to 
the fish and their consumers. 

(2) Uptake from food. The rate at which fish take up chemicals from 
food depends upon the food ingestion rate, the rate of diffusion of 
the chemical across the intestinal wall, and the fecal egestion rate. 
The Gobas model (1993) assumes that the efficiency with which 
chemicals are taken up from food is related to the transport of 
chemicals across aqueous and lipid phases of the gut: 

\IED = A*Km*B (5) 

where 

ED = the uptake efficiency from the diet (fraction) 

A    = a constant relating to the transport rate of the chemical in the 
aqueous phases of the fish 

B   - a constant relating to the transport rate of the chemical in the 
lipid phase of the fish 

According to a nonlinear regression of available data, A is 5.3 
(+ 1.5) x 10"8), and B is 2.3 (± 0.3). Uncertainty associated with 
these estimates could contribute to uncertainty associated with 
estimates of body burdens in fish and estimates of risk to the fish 
and their consumers. The magnitude of uncertainty could be 
evaluated by performing a sensitivity analysis on the input 
parameters. 

(3) Ingestion and elimination rates. The Gobas model (1993) expresses 
the rate at which chemicals are eliminated through fecal egestion, as 
the fecal elimination rate constant kE. Available data show that the 
fecal egestion rate is approximately 3 to 5 times lower than the 
ingestion rate. Therefore, the model assumes that 
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kE = 0.25 x kD (6) 

where kD is the dietary uptake rate constant. In the environment, 
there is variability between species, locations, and seasons in the 
actual rates and uncertainty in applying rates from the literature to 
field conditions at a particular site. 

(4) Growth rates. No uncertainty is reported for the equations used for 
generalized growth offish (Thomann, Connolly, and Parkerton 
1992): 

k0 = 0.00251 x V,, -02    for temperature around 25° C (7) 

kG = 0.000502 x VF       for temperatures around 10° C        (8) 

where 

kG = the growth rate constant 

Vp- the wet weight of the fish, kg 

(5) Sensitivity analysis for food-chain models. Each of the 
bioaccumulation models uses a set of parameters to predict the body 
burdens of organic contaminants in higher organisms. The 
uncertainty associated with these parameters contributes to the 
uncertainty of the risk estimate. Burkhard (1998) compares the 
sensitivity of the Gobas (1993) and Thomann (1989) model outputs 
to changes in input parameters. Sensitivity of the models was 
determined by running each model once with nominal input values, 
changing one input value by 10 percent, and running the model with 
the altered input value. A sensitivity of 1.0 means that a 10 percent 
change in the input parameter resulted in a 10 percent change in the 
model output. In this case, the model output examined was the 
Bioaccumulation Factor (BAF), which is equal to the ratio of the 
lipid-normalized concentration of chemical in fish to the 
concentration of freely dissolved chemical in water. 

For both models, the input parameters with the largest influences 
were 

(a) Lipid contents of the organisms. 

(b) Kow of the chemical. 

(c) Ratio of the concentration of chemical in sediment organic 
carbon to the concentration in overlying water TJsocw- 

(d) Feeding preferences of the organisms (only for chemicals with 
log Knw exceeding 6). 
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Sensitivities ranged up to about -20 (indicating a decrease in BAF) 
for the feeding preference of a benthic invertebrate on 
phytoplankton in the Thomann model. The models were less 
sensitive to changes in organism weight, temperature (input to 
Gobasmodel only), and sediment organic carbon (input to Gobas 
model only). 

As described (Burkhard 1998), the uncertainty associated with the 
model output depends not only upon its sensitivity to the input 
parameters described but also on the uncertainty associated with the 
individual input parameters. For example, a low sensitivity input 
parameter can add considerable uncertainty to estimates of output if 
the measurement uncertainty of the input is relatively large. 
Uncertainty associated with the input parameters may result from 
analytical errors in the measurement of the parameter, sampling that 
is not representative of the population, or lack of sufficient 
information about the parameter. 

The dual influences of sensitivity and uncertainty in the input 
parameters must be considered when evaluating the overall model 
uncertainty. Monte Carlo simulations were performed for each input 
parameter, using a plausible range of values for each input 
parameter that reflect uncertainty, not variability (Burkhard 1988). 
The ratios of the 90* and the 10th percentiles of the model output 
derived from the simulations were compared among input 
parameters. For both models, nSoc:w, Kow, and feeding preferences 
resulted in the largest range of simulated output values. Table 2 
summarizes results from Burkhard (1998). 

Table 2 
The Ratio of the 90th to the 10th Percentile of Bioaccumulation 
Factors (BAF) Predicted by the Gobas and Thomann Models for a 
Piscivorous Fish for a Log n-Octanol/Water Partition Coefficient 
Kow of 6.5 Using the Uncertainties of the Individual Input 
Parameters   

" 

Parameter 

Input Parameter 
Uncertainty 
(C.V.), % 
(assumed 
distribution) 

Ratioof90,nto1(f 
Percentile Predicted BAF/° 

Gobas Model Thomann Model 

Kow 0.2 (lognorma!) 1.41 2.88 

Temperature 10 (normal) 1.15 Not used 

Sediment organic carbon 63 (normal) 1.00 Not used 

flsocw 15(lognormal) 3.09 2.19 

Weight of piscivorous fish 50 (normal) 1.05 1.00 

Lipid content of piscivorous 
fish 5 (normal) 1.12 1.10 

Feeding preference of smelt 
(fish) 40 (normal) 1.58 1.05 
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Note, however, that the findings of Burkhard (1998) are based on 
the analysis of a Great Lakes food web in which benthic organisms 
are an important food source for higher trophic level organisms. In 
food webs where the benthic component is less important, the 
importance of the input parameters on the uncertainties associated 
with predicted output parameters will be different. 

Iannuzzi et al., (1996) developed probabilistic distributions for 
several important parameters that are typically used in mechanistic 
bioaccumulation models to predict the uptake of organic 
contaminants in aquatic food webs. The ranges, central tendencies, 
and distributions of key parameters of the models were derived 
from a critical evaluation of the literature on the physiology and 
ecology of three common estuarine organisms. Distributions of the 
physical/chemical characteristics (i.e., the octanol-water partition 
coefficient Km) for several congeners of PCBs were also compiled 
from the literature. 

The model used by Iannuzzi et al. (1996) is based on a Monte Carlo 
version of the equations developed by Thomann, Connolly, and 
Parkerton (1992), and Gobas (1993). This model was used to 
estimate the concentrations of five coplanar PCB congeners in adult 
mummichog fish, blue crab, and striped bass, using distributions of 
available data on PCB and total organic carbon (TOC) 
concentrations that were measured in surface sediments from the 
Passaic River in northern New Jersey. A model sensitivity analysis 
was performed in order to measure and rank the sensitivity of the 
bioaccumulation model output (i.e., concentration of contaminant in 
fish and crabs) to each of the input parameters. 

Results of the sensitivity analysis suggest that the following input 
parameters most influence the model (not listed in order of 
importance): 

(a)   BSAF (biota-sediment accumulation factor) for infaunal 

(b) Lipid content. 

(c) Chemical concentrations in sediment. 

(d) TOC content of sediments. 

(e) The chemical assimilation efficiency (CAE). 

(f) Residence time in the river for striped bass. 

(g) \ogKow. 

In summary, both Burkhard (1998) and Ianuzzi et al. (1996) 
concluded that the lipid content of the exposed organisms and the 
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Kowof the contaminant influence estimates of tissue concentrations 
more than other parameters and are important to overall estimates of 
risk in the assessment. The magnitude of uncertainty associated 
with the use of these models for nonmetabolizable organic 
contaminants is generally thought to be low. 

Exposure models for semiaquatic organisms and humans: Model 
uncertainty. Semiaquatic organisms (e.g., piscivorous birds) may consume fish 
that have been exposed to contaminants from a disposal site. Inability of models 
to predict concentrations of metals or readily metabolized organic contaminants 
in tissues of higher trophic level organisms (e.g., eggs of piscivorous birds) is a 
significant source of uncertainty for assessing risk associated with dredging and 
disposal activities. Magnitude of the uncertainty will depend upon the specific 
model under consideration. The "moderate" ranking is given because numerous 
models are available to evaluate exposure but field studies would be needed to 
substantially reduce the uncertainty. 

Exposure models for semiaquatic organisms and humans: Parameter 
uncertainty. Wildlife near open-water disposal sites could be exposed via oral, 
inhalation, or dermal routes of exposure. The Wildlife Exposure Factors 
Handbook (USE?A 1993c) tabulates data for various routes of exposure, with an 
emphasis on oral exposure. Oral exposures might occur via ingestion of 
contaminated food or water or incidental ingestion of soil or sediment during 
foraging activities. The Handbook provides quantitative information on various 
exposure parameters that can be used to estimate exposure of an animal to 
environmental contaminants. The Handbook separates exposure parameters 
conceptually into four types: 

a. Normalizing parameters, such as body weight, growth rate and metabolic 
rate. 

b. Contact rate parameters for oral exposure (dietary composition and 
ingestion rates of food, water, sediment/soil), exposure by inhalation 
(inhalation rate), and dermal exposure (surface area). 

c. Population dynamic parameters, such as home range size, population 
density, fecundity, age at sexual maturity, mortality rate, average 
longevity. 

d. Seasonal activity parameters, such as mating season, hatching, 
molting/metamorphosis, and dispersal/migration/hibernation. 

Humans who work with the dredged material or consume impacted fish and 
shellfish might also be exposed. Exposure factors for humans are readily 
available (USEPA 1997a). Uncertainly associated with these exposure 
parameters is described in the following section. 

a. Physiological characteristics. Physiological characteristics such as body 
weight, inhalation rate, and other parameters are necessary inputs for 
mechanistic-based bioaccumulation models. For wildlife, allometric 
relationships have been developed from empirical studies. For humans, 
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empirical studies and pharmacokinetic modeling provide information to 
develop distributions and/or appropriate statistics for use in exposure 
models. The variability in physiological parameters is well understood 
and the magnitude of uncertainty is low. 

b. Exposure duration. The following characteristics affect exposure 
duration: 

(1) Feeding preferences. Because of lack of information about actual 
feeding preferences, screening-level risk assessments often 
conservatively assume that a receptor of concern feeds exclusively 
on a single prey item from the area of the disposal site. However, 
different species may have very different exposures and estimated 
body burdens of contaminants. For example, a fish that feeds on 
benthic invertebrates could consume polychaete worms that feed on 
highly contaminated sediment or a filter feeding clam that is 
exposed to lower concentrations of hydrophobic contaminants in 
overlying water. Uncertainty about feeding preferences will 
contribute to uncertainty in estimates of exposure and risk. 

(2) Food and water ingestion rates. Because information on rates of 
ingestion of food and water will not be available for all receptors of 
concern, rates may be estimated from allometric relationships 
(USEPA 1993c). However, estimated values may not reflect actual 
rates for some species. For example, some species obtain more of 
their water from their diet and drink less water than other species. 
When available, measured values for ingestion rates of food and 
water should be used rather than estimated rates. 

(3) Home range. Home range is defined as the geographic area 
encompassed by an animal's activities (except migration) over a 
specified time (USEPA 1993c). Home range size (also known as 
territory size or home range) can be used to estimate the proportion 
of time that an individual animal is expected to contact 
contaminated environmental media. In a screening-level risk 
assessment, the home range of the species of concern is often 
assumed to completely overlap the site under consideration, so that 
the predator takes all of its prey from the contaminated site. In 
actuality, the home range of the predator can be larger than the area 
of the site and only a fraction of the predator's total prey is taken 
from the site. Uncertainties in the actual home ranges of particular 
species can be significant. For example, home range size for 
individuals within a population can vary with season or latitude or 
as a consequence of changes in the distribution and abundance of 
food or other resources. 

Typical home range sizes for commonly encountered terrestrial 
species, as summarized in the Wildlife Exposure Factor Handbook 
(USEPA 1993c), are presented in Table 3. 

44 Chapter 5   Uncertainty in Tier IV Risk Assessments 



Table 3 
Range of Reported Home Range Sizes 

1 
Common 
Name Scientific Name 

Range of Reported Values 
for Home Range Size 
square kilometers 

k—- "■"—* 
Sandpiper Actitis macularia ~ 0.0025                                                          | 

River otter Lutra canadensis 2.95 to 4.0                                                       | 

Osprey Pandion haliaetus 9.1 to 314                                                        J 

(4) Migration. A species that migrates away from the disposal site may 
have more limited exposure than a local nonmigratory species. 
Migratory patterns could also bring a species under the influence of 
a dredged material management site during a particularly vulnerable 
life stage (i.e., breeding period, larval development, etc.). Such 
limited, but possibly critical, exposures may present significant 
sources of uncertainty in estimating exposure. Avoidance or 
attraction of wildlife to dredging or disposal sites also may 
influence their exposure to COCs. 

Overall, a moderate degree of uncertainty is associated with 
parameters that describe the exposure duration of ecological 
receptors (USEPA 1993c). Additional information that would 
reduce this uncertainty could be obtained through field surveys and 
laboratory measurements. 

(5) Time-activity patterns for workers. There is both uncertainly and 
variability in specifying the exact time-activity patterns of workers. 
Time-activity patterns are an important component of estimating 
exposures to contaminants in dredged materials. The most reliable 
estimates will be obtained based on site-specific information. With 
this information, the magnitude of uncertainty should be low and 
easily quantified. 

Effects Assessment 

Toxicity end points for ecological receptors 

Toxicity end points for mammalian and avian species have been evaluated 
and compiled in "Toxicological Benchmarks for Wildlife: 1996 Revision" 
(Sample, Opresko, and Suter 1996). Relatively few of the studies included in this 
compilation determined safe levels (no observed adverse effect levels 
(NOAELs)) for exposures in which wildlife were chronically exposed over an 
entire lifetime or several generations. Although USEPA has no clear definition 
for the duration of a chronic exposure, some approaches assume that a chronic 
exposure is equal to at least 50 percent of a species' life span. In many cases, 
however, the only information available is from short-term or subchronic 
experiments on laboratory species (e.g., mice and rats). Estimating an NOAEL 
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for chronic exposures from these data introduces varying levels of uncertainty 
into the risk assessment. 

If an NOAEL is available for a test species NOAEL,, then the equivalent 
NOAEL for a species of wildlife NOAELw can be calculated by using an 
adjustment factor for differences in body size: 

NOAEL» = NOAEL, (bw/bwK)
m (9) 

where bw, and bww are body weights of the test species and the wildlife species, 
respectively. 

However, important differences between taxonomic groups may be over- 
looked by this approach. For example, one of the test species for the effects of 
2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) is the chicken (Opresko, 
Sample, and Suter 1994). However, the chicken is often listed as one of the most 
sensitive species to the effects of 2,3,7,8-TCDD-like compounds (USEPA 1994). 
Therefore, use of the chicken NOAEL to estimate effects in wild birds may 
overestimate the potential for risk. It is important for the assessor to consider the 
taxonomic relationship between the test species and the one of concern. 

To predict adverse effects, one must know at what point during the life of an 
organism that exposure occurs. For example, for many species, exposure to 
certain chemicals during gestation may produce severe adverse effects on 
reproductive success. 

Toxicity end points based on body burdens 

Typical toxicity tests use concentrations of contaminant in an external 
medium, such as water or sediment, as a surrogate for actual dose to the 
organism. However, complex behavioral interactions between certain organisms 
and environmental media (e.g., benthic invertebrates and sediment) can confound 
approaches that attempt to predict exposure and adverse effects for sediment- 
dwelling organisms. Studies that relate measured body burdens of contaminants 
to toxic effects appear to have better predictive ability for some compounds 
(McCarty and Mackay 1991). Databases such as ERED (http:// www. army, 
mil/el/ered) that have been developed by USACE and others relate measured 
body burdens of chemicals to adverse effects. Comparison of measured body 
burdens in the field to levels known to produce adverse effects in similar 
organisms should decrease the uncertainty associated with estimates of risk to 
these receptors. 

Another theoretical approach, the narcosis model (van Wezel and 
Opperhuizen 1995), shows promise for accurately predicting effects of chemicals 
that act as nonpolar narcotics. This approach predicts that, for fish with a lipid 
content of about 5 percent, narcosis should be observed at concentrations of 2 to 
8 mmol of narcotic chemicals per kg wet weight of animal. The range in 
expected toxicity is ascribed, at least in part, to interspecific variation in the lipid 
content of the animals. A more limited range in toxic body burdens is observed 
when the toxicity end point is based on a concentration in lipid of 40 to 
160 mmol of chemical per kg of lipid (van Wezel and Opperhuizen 1995). 
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Because acute toxicity test data were used to develop and test this approach, abil- 
ity of the narcosis model to predict effects from chronic exposures is less certain. 

Overall, this source of uncertainty received a rank of high for magnitude of 
uncertainty because information relating body burdens of metals to toxic effects 
is limited and because the abilities of the various approaches to predict effects 
from chronic exposures have not been thoroughly tested. It would be moderately 
difficult to reduce this uncertainty given the complexity of interactions between 
organisms and environmental media. 

Human receptors: Dose-response models for carcinogens and 
noncarcinogens 

The dose-response assessment defines the relationship between the dose of a 
contaminant and an effect. Potential toxic effects of contaminants are 
categorized as either carcinogenic (cancer causing) or noncarcinogenic (acute, 
subchronic, or chronic systemic effects). The mechanisms, models, and toxicity 
factors derived for each of these categories differ. In both cases, high doses 
administered to experimental animals or obtained from exposure estimates in 
epidemiological studies are extrapolated to the low exposure levels expected in 
the environment The uncertainty factors applied to toxicity factors range from 10 
to 10,000, leading to a magnitude of uncertainty ranking of high. It is possible, 
with moderate difficulty given that test subjects are human, to test the accuracy 
of individual uncertainty factors. 

Potential carcinogens. The toxicity of a potential carcinogen is described by 
a cancer slope factor (CSF). The slope factor is based on the assumption that 
even a small number of molecular events can lead to changes in a single cell 
leading to uncontrolled cellular proliferation. In other words, unlike non- 
carcinogens, slope factors are derived by assuming that there is no concentration 
or dose threshold below which the carcinogen does not pose any risk. A slope 
factor is obtained by fitting a mathematical model to observed tumor-response 
data followed by an estimation of the slope out of the range of the data. Differing 
extrapolation procedures or models may lead to large differences in projected 
risk at low doses. In addition, uncertainty in the carcinogenic mechanism of a 
contaminant can make the choice of model more difficult. 

Nonhuman animal data are often the only data available for deriving CSFs. 
Consequently, the equivalent human dose to the animal dose used in the study 
relies on the assumption that different species are equally sensitive to 
contaminant effects given the same dose per unit of body surface area absorption. 
(The calculation uses body weight raised to the 2/3 power, since surface area has 
been shown to be proportional to this quantity.) 

The USEPA Carcinogen Risk Assessment Verification Endeavor Work Group 
describes the level of confidence that should be attributed to cancer slope 
estimates (1998c). There is considerable uncertainly in the toxicity factors used 
to estimate human health risks. One method of quantitatively assessing the 
uncertainty involves constructing a probability density function by combining all 
the available animal and epidemiological data (McKone and Bogen 1992). This 
may be appropriate for contaminants where the mechanism of action is well 
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understood. In the case of contaminants for which the mode of action is less 
clear, elicitation of a distribution through expert judgment can be used to 
quantify uncertainty (Evans et al. 1994). 

Potential noncarcinogens. The toxicity of a potential noncarcinogen is 
described by a reference dose (RfD) for the ingestion route of exposure and a 
reference concentration (RfC) for the inhalation route of exposure.   The 
reference dose is defined as an estimate (with uncertainty spanning perhaps an 
order of magnitude) of a daily exposure to the human population (including 
sensitive subgroups) that is likely to be without appreciable risk of adverse 
effects. Noncarcinogenic toxicity factors assume that a concentration or dose 
threshold exists, below which no adverse effects are expected. 

The no-threshold assumption suggests there is a range of exposures from zero 
to a finite value that can be tolerated by individuals with essentially no chance of 
expression of the toxic effect. The goal is to determine the lowest of these 
exposures in an effort to protect the most sensitive members of the population. 
RfDs and RfCs are derived from an NOAEL from an appropriate animal study. 
The highest NOAEL is used if a range of studies are available. A number of 
uncertainty factors are applied to NOAELs to derive RfDs and RfCs to account 
for animal to human extrapolation, variation in human sensitivity, and varying 
toxicity data quality. 

Extrapolation 

In ecological risk assessment, uncertainty factors are used to compensate for 
differences among measurement end points in available test species and 
assessment end points in species of concern at a dredging or disposal site. 
Typically, these fractional factors vary inversely with the quantity and type of 
data available (USEPA 1998a). 

In human health risk assessment, factors are used to reduce NOAELs to 
account for scientific uncertainty inherent in toxicity databases. These factors are 
applied to a Low Observed Adverse Effect Level (LOAEL) when an NOAEL is 
not available. Dourson and Stara (1983) provide some empirical justification for 
the use of these uncertainty factors, which are typically an order of magnitude for 
each type of uncertainty considered. 

Intraspecies. For human noncarcinogenic toxicity values, a factor of 10 is 
applied to an NOAEL or LOAEL to account for the variation in sensitivity 
among members of the population. 

Although natural variation contributes to uncertainty in estimates of 
ecological risk, uncertainties in toxicity end points (i.e., confidence intervals on 
LC50, EC50, or LOAEL) are generally not reported in the literature. In some 
cases, adaptation of individuals may result in differences in sensitivity between 
animals reared in the laboratory or wild animals that are exposed in the field. For 
example, recent work has documented populations offish in the field that are 
resistant to the acute toxic effects of PAHs (van Veld 1997) and PCBs (Nacci 
et al. 1997). Overall, the magnitude of uncertainty associated with differences 
among individuals in a species is expected to be low. 
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Interspecies. An additional factor of 10 is used in human health risk 
assessment to extrapolate from the results of animal studies and predict 
concentrations that will produce adverse effects in humans. This factor 
incorporates both toxicokinetic and toxicodynamic considerations. In the case of 
RfCs, dosimetric adjustments are made to experimental animal NOAELs. These 
dosimetric adjustments are considered less uncertain than for the RfD; thus, a 
factor of 3 instead of 10 is applied. In ecological risk assessment, a factor of 10 
may also be used to extrapolate from results determined for a laboratory test 
species and predict the dose expected to cause an adverse effect in a related 
wildlife species. 

Various empirical data have been used to develop methods to make 
taxonomic extrapolations about the sensitivity of various species, genera, 
families, orders, or functional groups to contaminants (Suter 1993). Differences 
between species in sensitivity to contaminants have been studied extensively for 
certain contaminants, such as pesticides. In general, uncertainties associated with 
extrapolating between orders, classes, and phyla tend to be higher than for 
extrapolation between species within a genus, or between genera within a family 
(Suter 1993; USEPA 1998a). Uncertainty factors of 10 for taxonomic variance 
are, in some cases, based on the finding that the lowest LC50 for a subset of test 
species is usually within an order of magnitude of the lowest LC5o for all test 
species (Suter 1993). However, given that most species have not been tested, 
actual differences may be greater than an order of magnitude. Therefore, the 
magnitude of uncertainty associated with differences between an appropriate, 
reasonably sensitive test species and a particular species of concern could be 
greater than an order of magnitude and is ranked as moderate. 

Acute-to-chronic or subchronic-to-chronic. Unless the NOAEL used in 
determining an RfD and/or RfC is based on a chronic study, USEPA applies an 
uncertainty factor of 10 to account for anything less than lifetime exposures. This 
factor is also used in ecological risk assessment. Uncertainty associated with this 
extrapolation has been shown to be moderate (Kenaga 1982). 

LOAEL to NOAEL. Both human health noncarcinogenic toxicity estimates 
and ecological toxicity reference values incorporate an uncertainty factor of 10 
when extrapolating from an LOAEL to an NOAEL. Uncertainly associated with 
this extrapolation can be easily quantified and is expected to be low. 

Although the uncertainty associated with each individual extrapolation is low 
to moderate, use of several uncertainty factors together could result in a 
significant overestimate of risk that is highly uncertain. 

Timing of exposure. Exposure during sensitive life stages of either test 
organisms or humans can influence the type and magnitude of toxic effects. 
Generally, no uncertainty factor is applied to account for this potential effect. It 
remains as a source of uncertainty in the risk assessment. This source of 
uncertainty is not ranked because few data exist to measure this uncertainty 
across a broad spectrum of chemicals and potential adverse outcomes. It would 
be moderately difficult to undertake studies needed to reduce this uncertainty, 
assuming laboratory assays could be used rather than epidemiological 
investigations. 
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Toxic effects of mixtures 

Contaminants that exhibit similar modes of action can produce toxic effects 
that are synergistic or antagonistic. Assessments that examine such compounds 
independently could underestimate or overestimate risk. Several approaches are 
being developed that attempt to address this deficiency in current risk assessment 
methodology. Some of these approaches predict effects of mixtures based on 
measured or modeled body burdens of particular classes of organic contaminants. 
For example, narcosis theory predicts that nonpolar hydrophobic contaminants 
will produce a narcotic effect on exposed organisms. This effect is thought to 
occur when hydrophobic contaminants partition into the lipid phase of the 
organism, including the lipid bilayer of the cellular membrane, and cause a 
physical deformation or swelling or the membrane (van Wezel and Opperhuizen 
1995). Acute narcosis has been demonstrated to occur in aquatic organisms at 
whole body concentrations of 2 to 8 mmol total contaminant per kg wet weight 
tissue (McCarty and Mackay 1991). Because the molecular size of most nonpolar 
organic contaminants of concern does not vary considerably, this approach can 
be used to predict narcotic effects of single contaminants or the molar sum of a 
mixture of contaminants. Variability in the tissue concentration that produces the 
toxic effect (2-8 mmol/kg) is reduced when concentrations of narcotics are 
determined on a lipid normalized basis (van Wezel et al. 1995). 

Another approach predicts the effects associated with body burdens of 
dioxinlike compounds (Giesy, Ludwig, and Tillitt 1994). In this approach, 
organic contaminants that are extracted from tissue are tested for dioxinlike 
activity in a sensitive in vitro bioassay. The bioassay measures the induction of 
cytochrome P450 enzyme activity in a cell line that is exposed to the tissue 
extract. Induction of P450 activity has been shown in this bioassay to be an 
indicator of exposure to dioxinlike compounds, such as some PCBs, dioxins, and 
furans. In some cases, bioassay activity of tissue extracts from exposed 
organisms has been shown to be strongly correlated with adverse reproductive 
effects in birds (Tillitt et al. 1992, Auman et al. 1997). 

In a related approach, tissue concentrations of dioxinlike compounds that are 
measured by standard analytical techniques can be expressed in terms of their 
potency in comparison to the most potent compound, 2,3,7,8-TCDD. Standard 
conversion factors, called Toxic Equivalency Factors (TEF), have been 
established for a variety of compounds and receptors. For example, the TEF for 
1,2,3,4,7,8-hexachlorodibenzodioxin (HxCDD) in fish is 0.5, because this 
compound has been shown to be half as potent as 2,3,7,8-TCDD in various 
bioassays and toxicity tests. Separate TEFs have been established for 
humans/mammals, fish, and birds on the basis of differences between taxa in 
their response to these compounds (World Health Organization (WHO) 1997).' 
Individual compounds have different levels of uncertainty associated with their 
corresponding TEFs, but in general, uncertainty in the values of TEFs for 
individual compounds are expected to be less than an order of magnitude 
(Eastern Research Group (ERG) 1998). 
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Other empirical approaches predict the probability that mixtures of sediment- 
associated contaminants will result in toxicity to benthic invertebrates. For 
example, the Sum-PAH model (Swartz et al. 1995) established a regression 
relationship between the Kow of individual PAHs and the concentration in 
sediment that results in acute toxicity to benthic invertebrates in spiked sediment 
bioassays (10-day LC50 = 1 toxic unit). The regression relationship is used to 
predict the LC50 of PAHs that have not been tested in bioassays. In this approach, 
the concentration of each PAH in a field-collected sediment is expressed as a 
fraction of its LC50. A large data set that contains matched information on 
concentration of PAHs in field-collected sediment and results of toxicity tests 
was used to develop a predictive relationship. The Sum-PAH approach estimates 
the probability that a sediment will be acutely toxic on the basis of the sum of the 
PAH toxic units of individual compounds. Results of the model are more 
uncertain for sediments with low levels of PAHs (sum of toxic units < 0.25), 
where 79 percent (n = 379) of the samples in the data set were predicted to be 
nontoxic, but only 35 percent (n = 292) were observed to be nontoxic. 

Other empirical approaches that predict the probability of toxicity to benthic 
invertebrates from the concentration of chemicals in field-collected sediment 
show promise in their ability to screen sediments for potential toxicity of 
mixtures of contaminants (e.g., Long, Field, and McDonald 1998), but 
uncertainties remain. 

Physiology and biology of receptors 

The exposure of an organism to a persistent environmental contaminant, such 
as PCBs, can be assessed directly by measurement of body burdens of these 
chemicals. However, the exposure to some chemicals, such as PAHs, cannot 
always be assessed directly by measuring their concentration in tissue because 
some organisms can rapidly convert PAHs to a variety of metabolites (Melancon 
et al. 1992). The metabolites, which are usually more water soluble than the 
parent compound, are not typically detected in environmental samples by 
standard analytical techniques. Exposure of organisms to chemicals that are 
rapidly metabolized may be underestimated if only the concentration of the 
parent compound is examined. 

The metabolites may be either more or less toxic than the parent compound. 
For example, some PAHs undergo biotransformation into metabolites that are 
mutagenic and carcinogenic (Thakker et al. 1976). The metabolites of these 
chemicals can accumulate to high levels, especially in some aquatic organisms 
(James 1989). If the metabolites are more toxic than the parent compound, 
inability to detect the presence of metabolites in exposed organisms may result in 
an underestimate of risk. 

Risk Characterization 

The goal of the risk characterization is to provide a quantitative estimate of 
potential risk. For an ecological risk assessment, risk estimates for each chemical 
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and receptor are commonly expressed as hazard quotients. The quotient method 
uses the ratio of a measurement end point to a toxicity reference value (e.g., 
NOAEL) as an approximate index of risk. Hazard quotients (HQ) are defined as: 

HQ = {C„/Ci) (10) 

where 

Cß = estimated body burden (mg COC/kg tissue) or dietary dose (mg 
COC/kg tissue/day) to receptors of concern 

CT = toxicity end point, expressed as body burden (mg/kg) or dietary 
dose (mg/kg/day) 

For ecological risk assessments, a hazard quotient of less than 1 indicates that 
exposure to a particular COC is not likely to be associated with an adverse effect. 
Because of the uncertainties involved in the risk estimates, hazard quotients 
greater than 1 indicate varying levels of concern. 

A number of limitations restrict the utility of the quotient method. For 
example, the method does not convey the potential for effects beyond those 
predicted by the simple quotient method (e.g., loss of prey species, 
biomagnification at higher trophic levels). 

Estimation of population-level effects from effects on individuals 

In most assessments of the effect of contaminants on biota, there is a disparity 
between the types of data available and the types of data needed to assess 
population-level effects. Most toxicological data are obtained from short-term 
toxicity tests on standard laboratory species. However, the effects of greatest 
concern in ecological risk assessments are those resulting from long-term 
exposures on the persistence, abundance, and/or production of populations 
(Barnthouse et al. 1987). Unfortunately, data on population-level effects of 
contaminants are sparse, and population-level effects are difficult to predict. In 
some cases, effects on individuals may not be intense enough to be observed at 
the level of the population. In other cases, effects on individuals may occur, but 
compensatory mechanisms (e.g., increased migration into an area) may preclude 
the occurrence of population- or community-level effects. Alternatively, long- 
term community-level changes may occur that are not predicted on the basis of 
short-term toxicity tests (Swartz et al. 1994). 

In some cases, sufficient data may be available to develop a dose-response 
function for population-level effects, such as the reproductive potential of female 
fish (Barnthouse et al. 1987), or increased mortality of offspring (Moore, Breton, 
and Lloyd 1997). Because prediction of community-level responses from 
survival, growth, and reproductive end points involves substantial uncertainties, 
wherever practical, effects on selected communities should be directly observed 
in the field (USEPA 1993c). 
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Joint distributional analysis 

In this approach, exposure concentrations and effects concentrations are 
expressed as distributions. Predicted exposure values are compared to a 
distribution of toxicity effects obtained from the literature or from site-specific 
information. The overlap in the two distributions can be used to estimate risk 
(Suter 1993; USAEWES 1992). 

Developing such a model includes the following steps: 

a. Define the assessment end point (e.g., the probability of reproductive 
failure in a particular fish species) in terms of a test end point (e.g., the 
probability of exceeding a relevant effects end point). 

b. Obtain the relevant data (i.e., effects data and exposure concentration 
data). 

c. Calculate the risk that the expected distribution of environmental 
concentrations will exceed the distribution of effects concentrations. 

This kind of model can be combined with a logistic or binomial model to 
evaluate the potential for risk at the population level. However, the appropriate 
level of protection must be selected, which is a risk management decision. 

Temporal considerations: Potential for recovery of populations 

In ecological risk assessments it is desirable to consider how long an 
ecosystem may remain degraded after some assault (Suter 1993). Population 
levels of some species may recover almost immediately after exposure ceases. 
Other species might require longer recovery periods before pre-exposure 
population levels are restored. For example, Kennelly (1987) demonstrated that 
the removal of adult kelp plants has little effect if it occurs during the time of 
year when the plants are reproducing. If, however, plants are removed at other 
times of the year, other species may occupy the space and substantially delay the 
return of the kelp. Currently, it is not possible to predict the duration of effects 
accurately, since the timing, magnitude and order of stresses can cause 
unpredictable effects on populations and complicate interpretations of patterns of 
competition and predation (Underwood 1989). 
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6    Preliminary Ranking and 
Recommendations 

Table 4 lists the preliminary ranking scores for uncertainty sources in the 
tiered evaluation of dredged material. These scores should be viewed as initial 
estimates of the relative amount of uncertainty associated with each source. 

Scores ranged from 1 to 6. A source of uncertainty considered in the tiered 
evaluation process and ranked low in magnitude received a score of 1. A source 
of uncertainty for which the tiered evaluation process offers no explicit guidance 
and which is ranked high in magnitude received a score of 6. A relatively small 
subset of sources received a score of 3 or higher, and these sources are described 
in the following paragraphs. Efforts to describe and reduce uncertainty in 
dredged material disposal decisions should begin with these sources. Sources that 
were not ranked (NR), classified as model-specific (MS), or classified as project- 
specific (PS) were not scored, although they might be important. It is beyond the 
scope of this report to quantify their importance. The following sections describe 
sources of uncertainty, scored or unscored, that are good candidates for further 
analysis. 

COC Characterization 

Identification ofCOCs received a score of 3 because some COCs might not be 
evaluated at all in the tiered process. For example, contaminants that may have 
potential endocrine-disrupting effects are not considered explicitly in USACE 
guidance, although potential COC lists include some of these compounds. 

Selection of Reference Sediment 

Selection of reference sediments was not scored because, while applicable 
USACE guidance is appropriate and thorough, uncertainty associated with poor 
application of this guidance could not be quantified. However, it is clear that this 
source of uncertainty deserves attention because the selection of reference 
sediments is central to decisions made at every tier. 
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Trophic Transfer 

Trophic transfer received a score of 3. This score includes 3 points to reflect 
the high ranking for magnitude of uncertainty. In Tier III, if dredged material 
bioaccumulation significantly exceeds bioaccumulation in the reference 
sediment, the biomagnification potential of COCs must be considered. However, 
no guidance explains how to evaluate this potential impact quantitatively. 

Chronic Bioassays 

Chronic bioassays received a score of 5, with 2 points for a moderate ranking 
for magnitude of uncertainty and 3 points for not accounting for population-level 
effects. Although prediction of the environmental impact on the basis of results 
of laboratory bioassays is uncertain, chronic bioassay results can be used in 
conjunction with demographic models to evaluate the potential for long-term 
impacts on populations. Use of quantitative uncertainty analysis and probabilistic 
modeling will be critical elements in such an approach. 

Assessment and Measurement End Points 

Assessment end points and measurement end points were not scored. Like 
many other elements of the "Problem Formulation" step in risk assessments, 
selection of these end points is primarily a qualitative step. However, there is 
significant uncertainty in selecting appropriate assessment and measurement end 
points. Often, it is the relationship (or lack thereof) between the assessment and 
measurement end points that dominates the uncertainty. An explicit protocol for 
selection of appropriate measurement and assessment end points with an 
emphasis on a clear connection between the two would reduce the uncertainty 
associated with selecting ill-defined measurement and assessment end points. 

Fate and Transport Models 

To support risk assessments, fate and transport models are needed to provide 
estimates of contaminant concentrations at locations where humans and 
ecological receptors might contact dredged material contaminants. These models 
received no score in this report because many models are available, each with 
varying degrees of associated uncertainty. 
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Toxicity End Points Based on Body Burdens for 
Ecological Receptors 

Toxicity end points based on body burdens for ecological receptors received a 
score of 3 for high magnitude of uncertainty. Data are available for nonpolar 
organics, but fewer data are available for metals. 

The relationship between toxicity end points and body burdens is complicated 
when the contaminant is metabolized by the organism. Some organisms can 
metabolize contaminants to more or less toxic forms, but prediction of how a 
particular chemical will be metabolized by a particular organism is difficult. 
Also, since most metabolites are not detected by conventional analytical 
methods, exposure of animals may be underestimated. 

Dose-Response Models for Human Receptors 

Dose-response models for human receptors received a score of 3 for high 
magnitude of uncertainly. This uncertainty encompasses both the shape of the 
dose-response curve as well as the uncertainties encountered when extrapolating 
from animal to human studies. A national scientific commission recently 
reviewed problems associated with such extrapolations (Presidential/ 
Congressional Commission on Risk Assessment and Risk Management 1997). 
To extrapolate from animal toxicity data to an "acceptable" concentration or dose 
in humans, USEPA applies uncertainty factors that range from 10 to 10,000. The 
Presidential/Congressional Commission on Risk Assessment and Risk 
Management made practical recommendations for future animal studies to 
minimize these uncertainties. 

Toxicity of Complex Mixtures 

The toxicity of complex mixtures is not well understood for humans or 
ecological receptors. Approaches are being developed to address this uncertainty 
(Swartz et al. 1995; van Wezel and Opperhuizen 1995; and Giesy, Ludwig, and 
Tillitt 1994) and should be pursued within the dredged material management 
program. Prediction of human health impacts from chemical mixtures is equally 
if not more problematic, because there is such a small database for chemical 
mixture toxicity data for such mixtures as tobacco smoke and diesel exhaust. 
Alternatively, researchers often must rely on models (e.g., toxicity equivalency 
factors for dioxinlike compounds). To enlarge the toxicity database for chemical 
mixtures, coordinated research efforts are needed among epidemiologists and 
toxicologists. 
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The Need for Field Validation 

Field validation projects would help USACE to understand whether 
predictions of fate and transport models, bioaccumulation models, and toxicity 
tests are relevant to field conditions. Uncertainties could be reduced through a 
series of small, strongly focused field validation efforts that target dominant 
elements of the dredged material evaluation process (e.g., use and reliability of 
chronic sublethal bioassays, bioaccumulation and trophic transfer modeling, 
population modeling). Such field validation could be performed in conjunction 
with population modeling efforts to improve understanding of any dredged 
material impacts and to test model predictions. 

It would also be useful to learn from past USACE experience by reviewing a 
carefully selected subset of toxicity and bioaccumulation bioassay data. For 
example, data submitted in support of permit applications could provide a useful 
starting point for evaluating the potential for trophic transfer of nonpolar organic 
contaminants. Trophic transfer can be evaluated by using sediment concentration 
data and sediment characteristics information (e.g., organic carbon content) in a 
trophic transfer model such as Gobas (1993) or FGETS (Barber, Suärez, and 
Lassiter 1988 and 1991). Predicted concentrations from the model(s) can be used 
to evaluate whether the potential for trophic transfer occurs at sites for which 
disposal was deemed acceptable. Toxicity testing results could be analyzed to 
validate the I PAH model (Swartz et al. 1995). Results from such data analyses 
could benefit the development of bioassay interpretation guidance for USACE 
field staff. 

A well-conceived plan coordinating data analysis, modeling, and field 
monitoring efforts is needed to ensure that principal sources of uncertainty in the 
dredged material tiered evaluation are reduced. 
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