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DISCLAIMER - i

Disclaimer

Thispublication wasdevel oped by the Sustai nabl e Fi sheries Foundation under USEPA Grant
Number GL995632-01. The contents, views, and opinions expressed in this document are
those of the authors and do not necessarily reflect the policies or positions of the USEPA,
the United States Government, or other organizationsnamed in thisreport. Additionally, the
mention of trade names for products or software does not constitute their endorsement.
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Executive Summary

Traditionally, concerns relative to the management of aquatic resources in freshwater
ecosystems have focused primarily on water quality. As such, early aquatic resource
management efforts were often directed at assuring the potability of surface water or
groundwater sources. Subsequently, the scope of these management initiatives expanded to
include protection of instream (i.e., fish and aquatic life), agricultural, industrial, and
recreational water uses. While initiatives undertaken in the past twenty years have
unguestionably improved water quality conditions, agrowing body of evidenceindicatesthat
management effortsdirected solely at the attainment of surfacewater quality criteriamay not
provide an adequate basis for protecting the designated uses of aguatic ecosystems.

In recent years, concernsrelativeto the health and vitality of aguatic ecosystems have begun
to reemerge in North America. One of the principal reasons for thisisthat many toxic and
bioaccumulative chemicals [such as metals, polycyclic aromatic hydrocarbons (PAHS),
polychlorinated biphenyls (PCBSs), chlorophenal s, organochl orine pesticides (OC pesticides),
and polybrominated diphenyl ethers]; which are found in only trace amounts in water, can
accumulateto elevated levelsin sediments. Some of these pollutants, such as OC pesticides
and PCBs, were released into the environment long ago. The use of many of these
substances has been banned in North America for more than 30 years; nevertheless, these
chemicalscontinueto persistintheenvironment. Other contaminantsenter our watersevery
day fromindustrial and municipal discharges, urban and agricultural runoff, and atmospheric
deposition from remote sources. Due to their physical and chemical properties, many of
these substances tend to accumulate in sediments. In addition to providing sinks for many
chemicals, sediments can aso serve as potentia sources of pollutants to the water column
when conditions change in the receiving water system (e.g., during periods of anoxia, after
severe storms).

Information from a variety of sources indicates that sediments in aguatic ecosystems
throughout North America are contaminated by awide range of toxic and bioaccumulative
substances, including metals, PAHs, PCBs, OC pesticides, avariety of semi-volatileorganic
chemicals (SVOCs), and polychlorinated dibenzo-p-dioxins and furans (PCDDs and
PCDFs). For example, contaminated sediments pose a major risk to the beneficial uses of
aguatic ecosystems throughout the Great Lakes basin, including the 43 areas of concern
(AOCs) identified by the International Joint Commission. The imposition of fish
consumption advisorieshasadversely affected commercial, sport, and food fisheriesin many
areas. In addition, degradation of the benthic community and other factors have adversely
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affected fish and wildlife populations. Furthermore, fish in many of these areas often have
higher levels of tumors and other abnormalities than fish from reference areas.
Contaminated sedimentshave al so threatened the viability of many commercial portsthrough
the imposition of restrictions on dredging of navigational channels and disposal of dredged
materials. Overall, contaminated sediments have been linked to 11 of the 14 beneficia use
impairments that have been documented at the Great Lakes AOCs. Such use impairments
have also been observed elsewhere in Canada and the United States.

In response to concerns raised regarding contaminated sediments, responsible authorities
throughout North Americahavelaunched programsto support the assessment, management,
and remediation of contaminated sediments. The information generated under these
programs provideimportant guidancefor designing and implementing investigationsat sites
with contaminated sediments. In addition, guidance has been developed under various
sediment-related programs to support the collection and interpretation of sediment quality
data. While such guidance has unquestionably advanced the field of sediment quality
assessments, the users of the individual guidance documents have expressed a need to
consolidatethisinformation into anintegrated ecosystem-based framework for assessing and
managing sediment quality in freshwater ecosystems (i.e., as specified under the Great L akes
Water Quality Agreement). Practitioners in this field have also indicated the need for
additional guidance on the applications of the various tools that support sediment quality
assessments. Furthermore, the need for additional guidance on the design of sediment
quality monitoring programs and on the interpretation of the resultant data has been
identified.

This guidance manual, which comprises a three-volume series and was devel oped for the
United States Environmental Protection Agency, British ColumbiaMinistry of Water, Land
and Air Protection, and Florida Department of Environmental Protection, isnot intended to
supplant the exi sting gui dance on sediment quality assessment. Rather, thisguidance manual
is intended to further support the design and implementation of assessments of sediment
quality conditions by:

* Presenting an ecosystem-based framework for assessing and managing
contaminated sediments (Volume 1);

» Describing the recommended procedures for designing and implementing
sediment quality investigations (Volume 11); and,

» Describing the recommended proceduresfor interpreting the results of sediment
quality investigations (Volume [11).
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Thefirst volume of the guidance manual, An Ecosystem-Based Framework for Assessing
and Managing Contaminated Sedimentsin the Freshwater Ecosystems, describesthefive
step process that is recommended to support the assessment and management of sediment
quality conditions(i.e., relativeto sediment-dwelling organi sms, aguatic-dependent wildlife,
and human health). Importantly, the document provides an overview of the framework for
ecosystem-based sediment quality assessment and management (Chapter 2). Inaddition, the
recommended proceduresfor identifying sediment quality issuesand concernsand compiling
the existing knowledge base are described (Chapter 3). Furthermore, the recommended
procedures for establishing ecosystem goals, ecosystem health objectives, and sediment
management objectives are presented (Chapter 4). Finally, methodsfor selecting ecosystem
health indicators, metrics, and targets for assessing contaminated sediments are described
(Chapter 5). Together, this guidance is intended to support planning activities related to
contaminated sediment assessments, such that the resultant data are likely to support
sediment management decisions at the site under investigation. More detailed information
on these and other topics related to the assessment and management of contaminated
sediments can be found in the publications that are listed in the Bibliography of Relevant
Publications (Appendix 2).

The second volume of the series, Design and Implementation of Sediment Quality
I nvestigations, describes the recommended procedures for designing and implementing
sediment quality assessment programs. More specifically, Volumell providesan overview
of the recommended framework for assessing and managing sediment quality conditionsis
presented in this document (Chapter 2). In addition, Volume Il describesthe recommended
procedures for conducting preliminary and detailed site investigations to assess sediment
quality conditions (Chapters 3 and 4). Furthermore, the factors that need to be considered
inthe development of sampling and analysisplansfor assessing contaminated sedimentsare
described (Chapter 5). Supplemental guidance on the design of sediment sampling
programs, on the evauation of sediment quality data, and on the management of
contaminated sediment is provided in the Appendicesto Volumell. The appendicesof this
document also describe the types and objectives of sediment quality assessments that are
commonly conducted in freshwater ecosystems.

The third volume in the series, Interpretation of the Results of Sediment Quality
I nvestigations, describes the four types of information that are commonly used to assess
contaminated sediments, including sediment and pore-water chemistry data (Chapter 2),
sediment toxicity data (Chapter 3), benthic invertebrate community structure data (Chapter
4), and bioaccumulation data (Chapter 5). Some of the other tools that can be used to
support assessments of sediment quality conditions are also briefly described (e.g., fish
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health assessments; Chapter 6). The information compiled on each of the tools includes:
descriptions of its applications, advantages, and limitations; discussions on the availability
of standard methods, the evaluation of data quality, methodological uncertainty, and the
interpretation of associated data; and, recommendations to guide the use of each of these
individual indicators of sediment quality conditions. Furthermore, guidanceis provided on
the interpretation of data on multiple indicators of sediment quality conditions (Chapter 7).
Together, the information provided in the three-volume seriesisintended to further support
the design and implementation of focused sediment quality assessment programs.
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WDOE Washington Department of Ecology
WMA Waste Management Act

wQC water quality criteria

WQS water quality standards

wWw wet weight
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Glossary of Terms

Acutetoxicity—Theresponse of an organism to short-term exposureto achemical substance.
Lethality is the response that is most commonly measured in acute toxicity tests.

Acutetoxicity threshold — The concentration of a substance above which adverse effectsare
likely to be observed in short-term toxicity tests.

Altered benthic invertebrate community — An assemblage of benthic invertebrates that has
characteristics (i.e., mIiBI score, abundance of EPT taxa) that are outside the normal
range that has been observed at uncontaminated reference sites.

Aquatic ecosystem — All the living and nonliving material interacting within an aquatic
system (e.g., pond, lake, river, ocean).

Aquatic invertebrates — Animals without backbones that utilize habitats in freshwater,
estuaries, or marine systems.

Aquatic organisms— The speciesthat utilize habitatswithin aguatic ecosystems(e.g., aquatic
plants, invertebrates, fish, amphibians and reptiles).

Benthic invertebrate community — The assemblage of various species of sediment-dwelling
organisms that are found within an aquatic ecosystem.

Bioaccumulation—The net accumulation of asubstance by an organism asaresult of uptake
from al environmental sources.

Bioaccumulation-based sediment quality guidelines (SQGs) — Sediment quality guidelines
that are established to protect fish, aquatic-dependent wildlife, and human health against
effects that are associated with the bioaccumulation of contaminants in sediment-
dwelling organisms and subsequent food web transfer.

Bioaccumulative substances— The chemical sthat tend to accumul atein thetissues of aquatic
and terrestrial organisms.

Bioavailability — Degree to which a chemical can be absorbed by and/or interact with an
organism.

Bioconcentration — The accumulation of achemical in the tissues of an organism asaresult
of direct exposure to the surrounding medium (e.g., water; i.e., it does not include food
web transfer).

Biomagnification — The accumulation of achemical in the tissues of an organism asaresult
of food web transfer.
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Chemical benchmark — Guidelines for water or sediment quality which define the
concentration of contaminants that are associated with low or high probabilities of
observing harmful biological effects, depending on the narrative intent.

Chemical of potential concern—A substancethat hasthe potential to adversely affect surface
water or biological resources.

Chronic toxicity — The response of an organism to long-term exposure to a chemical
substance. Among others, the responsesthat are often measured in chronic toxicity tests
include lethality, decreased growth, and impaired reproduction.

Chronic toxicity threshold — The concentration of a substance above which adverse effects
are likely to be observed in long-term toxicity tests.

Congener — A member of a group of chemicals with similar chemical structures (e.g.,
PCDDs generaly refers to a group of 75 congeners that consist of two benzene rings
connected to each other by two oxygen bridges).

Consensus-based probable effect concentrations (PECs) — The PECs that were developed
from published sediment quality guidelines and identify contaminant concentrations
above which adverse biological effects are likely to occur.

Consensus-based threshold effect concentrations (TECs) — The TECs that were devel oped
from published sediment quality guidelines and identify contaminant concentrations
below which adverse biological effects are unlikely to occur.

Contaminants of concern (COC) — The substances that occur in environmental media at
levels that pose arisk to ecological receptors or human health.

Contaminated sediment — Sediment that contains chemical substances at concentrations that
could potentially harm sediment-dwelling organisms, wildlife, or human health.

Conventional variables — A number of variables that are commonly measured in water
and/or sediment quality assessments, including water hardness, conductivity, total
organic carbon (TOC), sediment oxygen demand (SOD), unionized ammonia (NH,),
temperature, dissolved oxygen (DO), pH, alkalinity

Core sampler — A device that is used to collect both surficial and sub-surface sediment
samples by driving a hollow corer into the sediments.

Degradation — A breakdown of a molecule into smaller molecules or atoms.

DELT abnormalities — A number of variables that are measured to assess fish health,
including deformities, fin erosion, lesions, and tumors.
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Diagenesis — The sum of the physical and chemical changes that take place in sediments
after its initial deposition (before they become consolidated into rocks, excluding all
metamorphic changes).

Discharge — Discharge of oil as defined in Section 311(a)(2) o f the Clean Water Act, and
includes, but is not limited to, any spilling, leaking, pumping, pouring, emitting,
emptying, or dumping of oil.

Ecosystem — All the living (e.g., plants, animals, and humans) and nonliving (rocks,
sediments, soil, water, and air) material interacting withinaspecifiedlocationintimeand
space.

Ecosystem-based management — An approach that integrates the management of natural
landscapes, ecological processes, physica and biological components, and human
activities to maintain or enhance the integrity of an ecosystem. This approach places
equal emphasison concernsrelated to the environment, theeconomy, and the community
(also called the ecosystem approach).

Ecosystemgoal s—Arebroad management goal swhich describethelong-termvisionthat has
been established for the ecosystem.

Ecosystem metrics— Identify quantifiabl e attributes of theindicators and defines acceptable
ranges, or targets, for these variables.

Ecosystemobjectives—Aredevel oped for the various componentsof the ecosystemto clarify
the scope and intent of the ecosystem goals. These objectives should include target
schedules for being achieved.

Endpoint — A measured response of areceptor to astressor. An endpoint can be measured
in atoxicity test or in afield survey.

Epibenthic organisms — The organisms that live on the surface of sediments.

Exposure— Co-occurrence of or contact between astressor (e.g., chemical substance) and an
ecological component (e.g., aguatic organism).

Grab (Dredge) samplers — A device that is used to collect surficial sediments through a
scooping mechanism (e.g. petite ponar dredge).

Hazar dous substance — Hazardous substance as defined in Section 101(14) of CERCLA.

Index of biotic integrity (IBlI) — A parameter that is used to evaluate the status of fish
communities. ThelBI integratesinformation on species composition (i.e., total number
of species, types of species, percent sensitive species, and percent tolerant species), on
trophic composition (i.e., percent omnivores, percent insectivores, and percent pioneer
species), and on fish condition.
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Infaunal organisms — The organisms that live in sediments.

Injury — A measurabl e adverse change, either long or short-term, inthe chemical or physical
quality or the viability of a natural resource resulting either directly or indirectly from
exposure to a discharge of oil or release of a hazardous substance, or exposure to a
product of reactions resulting from the discharge to oil or release of a hazardous
substance. Asused in this part, injury encompasses the phrases“injury”, “ destruction”,
and “loss’. Injury definitions applicable to specific resources are provided in Section
11.62 of thispart (thisdefinitionisfrom the Department of the Interior Natural Resource
Damage Assessment Regulations).

Macroinvertebrate index of biotic integrity (miBlI) — The mIBI was used to provide
information on the overall structure of benthic invertebrate communities. The scoring
criteriafor this metric includes such variables as number of taxa, percent dominant taxa,
relative abundance of EPT taxa, and abundance of chironomids.

Mean probable effect concentration-quotient (PEC-Q) — A measure of the overal level of
chemical contamination in a sediment, which is calculated by averaging the individual
guotients for select chemicals of interest.

Natural resources — Land, fish, wildlife, biota, air, water, ground water, drinking water
supplies, and other such resources belonging to, managed by, held in trust by,
appertaining to, or otherwise controlled by the federal government (including the
resources of the fishery conservation zone established by the Magnuson Fishery
Conservation and Management Act of 1976), State or local government, or any foreign
government and Indian tribe. These natural resource have been categorized into the
following five groups: surface water resources, ground water resources, air resources,
geologic resources, and biological resources.

Natural resources damage assessment and restoration — The process of collecting,
compiling, and anayzing information, statistics, or data through prescribed
methodol ogies to determine damages for injuriesto natural resources as set forthinthis
part.

Neoplastic — Refers to abnormal new growth.
Oil —Qil asdefined in Section 311(a)(1) of the Clean Water Act, of any kind or in any form,
including, but not limited to, petroleum, fuel oil, udge, oil refuse, and oil mixed with

wastes other that dredged spoil.

Piscivorus wildlife species — The wildlife species that consume fish as part of all of their
diets (e.g., herons, kingfishers, otter, osprey, and mink).

Population— An aggregate of individual of a specieswithin aspecified locationintimeand
space.
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Pore water — The water that occupies the spaces between sediment particles.

Probabl eeffect concentration (PEC) — Concentration of achemical in sediment abovewhich
adverse biological effects are likely to occur.

Probable effect concentration-quotient (PEC-Q) — A PEC-Q is a measure of the level of
chemical contamination in sediment relative to a sediment quality guideline, and is
calculated by dividing the measured concentration of a substance in a sediment sample
by the corresponding PEC.

Receptor — A plant or animal that may be exposed to a stressor.
Release — A release of a hazardous substance as defined in Section 101(22) of CERCLA.
Sediment — Particulate material that usualy lies below water.

Sediment-associated contaminants — Contaminants that are present in sediments, including
whole sediments or pore water.

Sediment chemistry data — Information on the concentrations of chemical substances in
whole sediments or pore water.

Sediment-dwelling organisms — The organisms that live in, on, or near bottom sediments,
including both epibenthic and infaunal species.

Sediment injury — The presence of conditions that have injured or are sufficient to injure
sediment-dwelling organisms, wildlife, or human health.

Sediment quality guideline — Chemical benchmark that is intended to define the
concentration of sediment-associated contaminantsthat i sassociated with ahigh or alow
probability of observing harmful biological effects or unacceptable levels of
bioaccumulation, depending on its purpose and narrative intent.

Sediment quality targets — Chemical or biological benchmarks for assessing the status of
each metric.

Smultaneously extracted metals (SEM) — Divalent metals - commonly cadmium, copper,
lead, mercury, nickel, and zinc - that form less soluble sulfides than does iron or
manganese and are solubilized during the acidification step (0.5m HCI for 1 hour) used
in the determination of acid volatile sulfides in sediments.

Stressor — Physical, chemical, or biological entities that can induce adverse effects on
ecological receptors or human health.
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Surfacewater resources— Thewatersof North America, including the sediments suspended
in water or lying on the bank, bed, or shoreline and sedimentsin or transported through
coastal and marineareas. Thisterm doesnot include ground water or water or sediments
in ponds, lakes, or reservoirs designed for waste treatment under the Resource
Conservation and Recovery Act of 1976 (RCRA), 42 U.S.C. 6901-6987 or the Clean
Water Act, and applicable regulations.

Threshold effect concentration (TEC) — Concentration of a chemical in sediment below
which adverse biological effects are unlikely to occur.

Tissue— A group of cells, along with the associated intercellular substances, which perform
the same function within a multicellular organism.

Tissue residue guideline (TRG) — Chemical benchmark that is intended to define the
concentration of a substance in the tissues of fish or invertebrates that will protect fish-
eating wildlife against effects that are associated with dietary exposure to hazardous
substances.

Trophic level — A portion of the food web at which groups of animals have similar feeding
strategies.

Trustee — Any Federal natural resources management agency designated in the National
Contingency Plan and any State agency designated by the Governor of each State,
pursuant to Section 107(f)(2)(B) of CERCLA, that may prosecute claims for damages
under Section 107(f) or 111(b) of CERCLA; or any Indian tribe, that may commence an
action under Section 126(d) of CERCLA.

Wildlife—Thefish, reptiles, amphibians, birds, and mammal sthat are associated with aquatic
ecosystems.

Whol e sediment — Sediment and associated pore water.
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Chapter 1. Introduction

1.0 Background

In response to concerns that have been raised regarding contaminated sediments, a number
of programs have been established or expanded to support the assessment and management
of contaminated sedimentsinthe United Statesand Canada (A ppendix 1 of Volumelll). The
information generated under these programs provides important guidance for designing and
implementing investigations at sites with contaminated sediments (see USEPA 1994;
MacDonald 1994a; 1994b; Reynoldson et al. 2000; Ingersoll et al. 1997; USEPA and
USACE 1998a; ASTM 2001a; USEPA 2000a; Krantzberg et al. 2001). While these
guidancedocumentshave unquestionably advanced thefield of sediment quality assessment,
the users of these individual guidance documents have expressed aneed to consolidate this
information into an integrated ecosystem-based framework for assessing and managing
sediment quality in freshwater ecosystems.

This guidance manual, which comprises a three-volume series and was developed for the
United States Environmental Protection Agency, British ColumbiaMinistry of Water, Land
and Air Protection, and Florida Department of Environmental Protection, is not intended to
supplant the existing guidance documents on sediment quality assessment (e.g., USEPA
1994; Reynoldson et al. 2000; USEPA and USACE 1998a; USEPA 2000a; ASTM 2001&;
Krantzberg et al. 2001). Rather, this guidance manual is intended to further support the
design and implementation of assessments of sediment quality conditions by:

* Presenting an ecosystem-based framework for assessing and managing
contaminated sediments (Volume 1);

» Describing the recommended procedures for designing and implementing
sediment quality investigations (Volume 11); and,

» Describing the recommended proceduresfor interpreting the results of sediment
quality investigations (Volume [11).
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Thefirst volume of the guidance manual, An Ecosystem-Based Framework for Assessing
and Managing Contaminated Sedimentsin Freshwater Ecosystems, describesthefivestep
processthat isrecommended to support the assessment and management of sediment quality
conditions (i.e., relative to sediment-dwelling organisms, aquatic-dependent wildlife, and
human health). Importantly, the document provides an overview of the framework for
ecosystem-based sediment quality assessment and management (Chapter 2). The
recommended proceduresfor identifying sediment quality i ssuesand concernsand compiling
the existing knowledge base are described (Chapter 3). Furthermore, the recommended
procedures for establishing ecosystem goals, ecosystem health objectives, and sediment
management objectivesare presented (Chapter 4). Finally, methodsfor selecting ecosystem
health indicators, metrics, and targets for assessing contaminated sediments are described
(Chapter 5). Together, this guidance is intended to support planning activities related to
contaminated sediment assessments, such that the resultant data are likely to support
sediment management decisions at the site under investigation. More detailed information
on these and other topics related to the assessment and management of contaminated
sediments can be found in the publications that are listed in the Bibliography of Relevant
Publications (Appendix 2 in Volumel).

The second volume of the series, Design and Implementation of Sediment Quality
I nvestigations, describes the recommended procedures for designing and implementing
sediment quality assessment programs. More specifically, an overview of the recommended
framework for assessing and managing sediment quality conditions is presented in this
document (Chapter 2). In addition, Volume Il describes the recommended procedures for
conducting preliminary and detail ed siteinvesti gationsto assess sediment quality conditions
(Chapters 3and 4). Furthermore, the factors that need to be considered in the devel opment
of sampling and analysis plansfor assessing contaminated sediments are described (Chapter
5). Supplemental guidance on the design of sediment sampling programs, on the evaluation
of sediment quality data, and on the management of contaminated sediment is provided in
the Appendicesto Volumell. The appendices of this document also describe the typesand
objectives of sediment quality assessments that are commonly conducted in freshwater
ecosystems.
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The third volume in the series, Interpretation of the Results of Sediment Quality
I nvestigations, describes the four types of indicators that are commonly used to assess
contaminated sediments, including sediment and pore-water chemistry data (Chapter 2),
sediment toxicity data (Chapter 3), benthic invertebrate community structure data (Chapter
4), and bioaccumulation data (Chapter 5). Some of the other indicators that can be used to
support assessments of sediment quality conditions are also described (e.g., fish health
assessments; Chapter 6). The information compiled on each of the indicators includes:
descriptions of its applications, advantages, and limitations; discussions on the availability
of standard methods, the evaluation of data quality, methodological uncertainty, and the
interpretation of associated data; and, recommendations to guide its use. Furthermore,
guidanceis provided on theinterpretation of dataon multipleindicators of sediment quality
conditions (Chapter 7). Together, the information provided in the three-volume seriesis
intended to further support the design and implementation of focused sediment quality
assessment programs.
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Chapter 2. Assessment of Whole-Sediment and Pore-

2.0

2.1

Water Chemistry

Introduction

Sediment chemistry data represent afundamental element of sediment quality assessments
that are focused on evaluation of the effects of toxic and bioaccumulative substances.
Therefore, sediment chemistry is routinely selected as one of the key ecosystem health
indicators in most sediment quality investigations (see Volume | for information on the
selection of the ecosystem health indicators). To be effective, however, metrics and
associated targets must be selected that are relevant to the site under investigation (i.e.,
relative to the management objectives established; see Chapters 4 and 5 of Volumel). In
general, the metricsthat are selected for eval uating sediment chemistry typically include the
concentrations of the chemicals of potential concern (COPCs) that have been identified for
the site.  Sediment quality targets are usually identified by selecting sediment quality
guidelines (SQGs) that apply to the receptors of concern and desired level of protection at
thesite. Thischapter isintended to provide guidance on the sel ection of metrics and targets
for sediment chemistry that will provide the information needed to effectively assess
sediment quality conditions at contaminated sites. A description of the recommended uses
of SQGsis provided in Appendix 1 of Volumelll.

Selection of Metrics and Targets for Sediment Chemistry

Several types of information can be used to support the selection of appropriate metrics for
sediment chemistry. First, current and historic land and water use activitiesin the vicinity
of the site should be determined (see Volume Il for more information). Historical data
should include information on the nature and location of industrial developments (and
associated management practices that could lead to releases of chemical substances) and
municipal infrastructure (combined sewer overflows, sewagetreatment plants), onthenature
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and location of any spillsthat have occurred, and on the nature and general location of non-
point pollution sources. Inaddition, information on thelocation, composition, and volumes
of storm water and effluent dischargesis useful for identifying the chemicalsthat have been
or may have been released into surface waters near the site. Evaluation of the environmental
fate of these chemicals provides a basis for identifying the substances that are likely to
partition into sediments. Finally, existing sediment chemistry data should be assembled and
used to identify the chemicals that have been measured at elevated levels(i.e., compared to
SQGs) insurficial (i.e., top 10 cm) and deeper sediments. Together, thisinformation can be
used to develop alist of COPCsfor thesite. Thislist of COPCs can then be used to establish
the primary metrics for sediment chemistry at the site. Additional metrics, such as total
organic carbon (TOC), grain size, acid volatile sulfides (AVS), ammonia, and hydrogen
sulfide should al so beincluded to support interpretation of the resultant datafor the primary
metrics. The final list of chemical anaytes to be measured is aso influenced by the
equipment, technology, facilities, and fundsthat are availablefor the project (see Chapter 3
of Volume I for more information on the identification of COPCs).

The chemicals that are typically analyzed in whole-sediment samples collected near
urbanized and industrial areas include trace metas, polycyclic aromatic hydrocarbons
(PAHSs), polychlorinated biphenyls (PCBs), and several other organic constituents [e.g.,
polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDDS/PCDFs);
chlorophenols, and phthalates]. In areas that may be affected by inputs from agricultural
activities, it may be appropriate to measure the concentrations of pesticides [such as
organochlorines(OCs), carbamates, and organophosphates] in sediment samples. Chemical
concentrations are generally reported on a dry weight basis, based on the results of total
extraction of sediment samples. However, several other measures of sediment chemistry
haveal so been utilized in various assessments. For example, the concentrationsof non-ionic
organic contaminants may be normalized to TOC concentrationsin sediment (Swartz et al.
1987; Di Toro et al. 1991). In addition, AV S-normalization procedures may be used to
interpret dataon the levels of simultaneously extracted metals (SEMs; Di Toro et al. 1992;
Ankley et al. 1996). Furthermore, chemical concentrations can be normalized to percent
fines. These normalization proceduresareintended to better define the bioavailablefraction
of the substance under consideration.
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Pore water isthe water that occupies the spaces between sediment particles. Porewater can
be isolated from the sediment matrix to conduct toxicity testing or to measure the
concentrations of chemical substances. ASTM (2001a) and USEPA (20004) describe
procedures for isolating pore water from whole-sediment samples. Evaluation of the
concentrations of COPCs in pore water isimportant because sediment-dwelling organisms
aredirectly exposed to the substancesthat occur in this sediment phase. For thisreason, pore
water assessments can provide useful information on the potential effects of sediment-
associated contaminants, particularly on infaunal species (i.e., those species that utilize
habitats within the sediment matrix). Importantly, the toxicity of sediments to aguatic
organisms has been correlated to the concentrations of COPCs in pore water (Di Toro et al.
1991; Ankley et al. 1996). COPCs in pore water also represent hazards to water column
speci es because these substances can be transported into overlying waters through chemical
partitioning, diffusion, bioturbation, or resuspension processes. However, data on the
concentrations of chemicals in pore water may not fully represent the total exposure of
sediment-dwelling organisms to sediment-associated contaminants, particularly for
compounds with higher octanol-water partition coefficients (K,,S) that bind strongly to
organic carbon in the sediment (Harkey et al. 1994). For thisreason, pore-water chemistry
alone should not be used to evaluate total exposure to sediment-associated COPCs.

Selection of appropriate metrics for pore-water chemistry should be done in a manner that
is consistent with the process used to select the metrics for whole-sediment chemistry. In
addition to the substancesthat are expected to partition into sediments (dueto their physical-
chemical properties), it may be appropriate to include additional COPCs that are likely to
partition primarily into water. It is necessary to include a number of variables (e.g., pH,
water temperature, water hardness, dissolved oxygen) that will provideancillary information
for interpreting the data on the primary chemical metrics.

Sediment chemistry data provide information that is directly relevant for determining if
sediments within an assessment area are contaminated with toxic and/or bioaccumulative
substances. However, informati on on the concentrationsof contaminantsinwhol e sediments
(i.e., the metrics for sediment chemistry) does not, by itself, provide abasisfor determining
if the ecosystem goals and objectives are being achieved. For thisreason, it is necessary to
establish sediment quality targetsfor sediment chemistry that definethelevelsof each metric
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(i.e., the COPCsand mixtures of COPCs) that arelikely to support the designated uses of the
aquatic ecosystem (i.e., the benthic invertebrate community). These targets can be
established by selecting appropriate SQGs for each COPC at the site. Such SQGs can be
derived using information on contemporary background levelsand/or on the concentrations
associated with apre-sel ected probability of observing adversebiological effects(e.g., Field
et al. 2002; Appendices 2 and 3 of Volumellll).

Effects-based SQGs represent the atool that can be used to help establish sediment quality
targets that correspond to the specific management goals that have been established for the
site under consideration. A variety of numerical SQGs have been developed to support
sediment quality assessmentsin North America(Tables 1 and 2; Appendix 3 of Volumelll).
The approaches selected by individual jurisdictions depend on the receptors that are to be
considered (e.g., sediment-dwelling organisms, wildlife, or humans), thedegree of protection
that isto be afforded, the geographic areato which thevaluesareintended to apply (e.g., Site-
specific, regional, or national), and their intended uses (e.g., screening tools, remediation
objectives, identifying toxic and not toxic samples, bioaccumulation assessment). While
such SQGscan be usedinmany applications, USEPA generally advocatestheir use primarily
in screening level assessments of sediment quality conditions (B. Eleder. United States
Environmental Protection Agency. Chicago, Illinois. Personal communication).

Guidelines for assessing sediment quality relative to the potential for adverse effects on
sediment-dwelling organismsin freshwater systems have been derived using acombination
of theoretical and empirical approaches, primarily including the equilibrium partitioning
approach [(EqPA) which is used to develop equilibrium partitioning-derived sediment
benchmarks (ESBs); Di Toro et al. 1991; NY SDEC 1999; USEPA 1997], screening level
concentration approach (SLCA; Persaud et al. 1993), effectsrange approach (ERA; Long and
Morgan 1991; USEPA 1996), effectslevel approach (ELA; Smithetal. 1996; USEPA 1996),
the apparent effects threshold approach (AETA; Cubbage et al. 1997), the consensus-based
approach (Swartz 1999; MacDonald et al. 2000a; 2000b; 2002a; 2002b; USEPA 2000b;
Ingersoll et al. 2001; 2002), and the logistic regression modeling approach (LRM; Field et
al. 1999; 2000). Application of these methods has resulted in the derivation of numerical
SQGsfor many COPCsinfreshwater sediments(Tables1and 2; Appendix 3 of Volumelll).
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In addition to causing direct effects on aquatic biota (Chapters 3 and 4 of Volume IlI),
sediment-associated COPCs can accumulate in the tissues of sediment-dwelling organisms
(Chapter 50of Volumelll). Because many benthic and epibenthic speciesrepresent important
components of the food web, such contaminants can be transferred to higher trophic levels
in the food web. In this way, contaminated sediments represent a potential hazard to the
wildlife species that consume aquatic organisms. As such, sediment chemistry represents
an important ecosystem health indicator with respect to the potential for effects on aquatic-
dependent wildlife species.

Theconcentrationsof bioaccumulative substancesin sedimentsrepresent the primary metrics
for assessing sediment chemistry rel ative to aguati c-dependent wildlife (Chapter 5 of Volume
[11). In genera, the target analytes in whole sediments should be selected based on historic
information on water and land usesin the vicinity of the site under investigation, aswell as
areview of existing sediment and tissue chemistry data. The bioaccumulative substances
that are commonly measured in whole-sediment samples collected in the vicinity of urban,
industrial, and agricultural areasinclude certain PAHs, PCBs, OC pesticides, chlorophenals,
certain trace metals (e.g., mercury), and PCDDSPCDFs (ASTM 2001a; USEPA 2000a).

Residue-based SQGs provide practical toolsfor establishing targets for sediment chemistry
relative to the potential for bioaccumulation (Cook et al. 1992; Appendix 3 of Volumelll).
Residue-based SQGs define the maximum concentrations of individual chemicalsor classes
of chemicalsin sedimentsthat are predicted to result in tolerable levels of those substances
in the tissues of aquatic organisms (i.e., below the levels associated with adverse effectsin
piscivorus wildlife). Thefirst step in the development of residue-based SQGsinvolvesthe
derivation or selection of an appropriatetissue residue guideline (TRG) for the substance or
substances under consideration (e.g., the New York State Department of Environmental
Conservation fish flesh criteriafor piscivorus wildlife; Newell et al. 1987). Subsequently,
relationships between concentrations of COPCsin sedimentsand COPC residuesin aguatic
biotaneedsto be established. Ingeneral, the necessary biota-sediment accumulation factors
(BSAFs) are determined from field studies, based on the results of bioaccumulation tests,
and/or estimated using variousmodeling approaches. The SQGsarethenderived by dividing
the TRG by the BSAF (Cook et al. 1992; NYSDEC 1999). Because it is difficult to
accurately predict relationships between sediment chemistry and the concentrations of
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2.2

COPCsin thetissues of aguatic organisms, potential risks of piscivorus wildlife identified
using the SQGs should be confirmed using site-specific tissue residue data and appropriate
TRGs.

Contaminated sediment represents a significant environmental concern with respect to the
protection of human health. Humans can be directly exposed to contaminated sediments
through primary contact recreation, including swimming and wading in affected waterbodies.
In addition, indirect exposures to sediment-associated contaminants can occur when human
consume fish, shellfish, or wildlife tissues that have become contaminated due to
bioaccumulation in the food web (Crane 1996). Therefore, sediment chemistry represents
an important ecosystem health indicator for assessing the potentia effects of COPCs on
human health. The bioaccumulation-based SQGs for the protection of human health that
were developed by New Y ork State Department of Environmental Conservation (NY SDEC
1999) and Washington State Department of Health (1995; 1996) provide a basis for
establishing sediment quality targets relative to the protection of human health.

Availability of Standard Methods

Standard methods have been devel oped to support the characterization of whole-sediment
or pore-water samples for most magjor COPCs (i.e., by American Society for Testing and
Materias(ASTM), United States Environmental Protection Agency (USEPA), Organization
for Economic Cooperation and Devel opment, Environment Canada; Appendix 4 of Volume
[11). In addition, methods used to develop and evaluate SQGs have been described in the
peer-reviewed literature (Appendix 3 of Volumel ).
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2.3 Advantages and Disadvantages of Sediment Chemistry Data

One of the principal strengths of using sediment chemistry data for whole sediments in
assessing the potential effects on sediment-dwelling organisms is that it provides direct
information on the presence and concentrations of COPCs in sediments (Table 3). In
addition, standard methods have been established for determining the concentrations of many
analytesin whole-sediment samples. Because measurements of sediment chemistry can be
both accurate and precise, they provide a reliable basis for discriminating between
contaminated and uncontaminated sites. Furthermore, analytical methods have been
devel oped that may provideinformation onthepotential bioavailability of certain substances
(e.g., SEM minus AV S and organic carbon normalization of non-ionic organic compounds).
Importantly, reliable SQGs have been devel oped for many COPCs, which provide abasis of
interpreting sediment chemistry datarel ativeto the potential for effectson sediment-dwelling
organisms.

One of the main limitations of sediment chemistry dataisthat, by itself, it can not provide
abasisfor assessing the potential effectsof contaminated sediments. Theuutility of thesedata
may also be limited by the suite of analytes and detection limits selected for determination.
For example, important chemicalsmay be missed if the avail ableland and water usedataare
not collected and appropriately interpreted (e.g., PCDDs/PCDFs should be measured in the
vicinity of pulp mills, pesticides should be measured near agricultural areas). Insome cases,
the utility of these datais also limited by the inappropriate use of analytical methods (i.e.,
which do not support achievement of target detection limits) or by inadequate quality
assurance practices (i.e., such that evaluating the reliability of the datais not possible).

Oneof thestrengths of pore-water chemistry dataisthat it providesinformation onthelevels
of COPCsinthisimportant exposure medium (Table 3). Assuch, pore-water chemistry data
facilitates the identification of the substances that are causing or substantially contributing
to any adverse biological effects that are observed. As is the case for whole-sediment
chemistry, standard methods have been established for determining the concentrations of
many COPCsin porewater. Importantly, measurements of the concentrations of COPCsin
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pore water provide direct information on the sediment-associated contaminant fraction that
islikely to be most available to sediment-dwelling organisms.

Pore-water chemistry dataalso have anumber of limitationsthat restrict their applicationin
sediment quality assessments. First, pore-water chemistry data cannot be used alone to
evaluate the potential for effects on sediment-dwelling organisms(i.e., companion tools are
needed to link contaminant concentrations to the effects on various receptors). Second, the
procedures that are used to obtain pore water from whole sediments have the potential to
alter pore-water chemistry. Third, obtaining sufficient volumes of pore water to support
analysisof afull suite of chemical analytes (or toxicity testing) isoften difficult, particularly
when low detection limitsarerequired to assessrisks associated with exposures of sediment-
dwelling organismsto organic contaminants. Pore-water chemistry can also vary temporally
(e.g., seasonally). Finally, the utility of these data can be difficult to evaluate due to use of
inappropriate methods or inadequate quality assurance practices (ASTM 2001a; USEPA
2000a). Measuring water quality characteristics of the pore water to assist in the
interpretation of these data is important (i.e., hardness, alkalinity, pH, dissolved organic
carbon).

Interpretation of sediment chemistry data relative to the potential for effects on wildlife
speciesiscomplicated by differencesin BSAFsand food web transfer ratesamong sites. As
such, predictions of COPC accumulation rates from sediment to biota should generally be
validated using appropriate field and/or laboratory procedures. Residue-based SQGs
represent important tools for conducting sediment quality assessments for several reasons.
First and foremost, residue-based SQGsexplicitly consider the potential for bioaccumulation
and effectson higher trophic levels. Inaddition, the residue-based SQGs provide abasisfor
interpreting sediment chemistry datain terms of the potential for adverse effectsonwildlife.
Such assessments should be supported by direct measurements of contaminant
concentrations in the tissues of aquatic organisms and wildlife species to assure that the
actual risksto ecological receptors are appropriately evaluated (Chapter 5 of Volumellll).

One of the disadvantages of utilizing sediment quality as an indicator of effects on wildlife
isthat TRGsfor the protection of wildlife have not been devel oped for many COPCs(Newell
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2.4

et al. 1987; Cook et al. 1992). Therefore, SQGsfor such COPCs must be devel oped before
effects on aguatic-dependent wildlife can be assessed using sediment chemistry data.

When considered in conjunction with food web model s, sediment chemistry datacan be used
to predict the concentrations of COPCs in fish, shellfish, and wildlife tissues; hence, it is
possible to evaluate various human heath exposure scenarios associated with the
consumption of contaminated tissues. The availability of standard analytical methods,
procedures for assessing data quality (i.e., accuracy, precision, detection limits), and
proceduresfor evaluating the bioavail ability of sediment-associated COPCs make sediment
chemistry areliable indicator of sediment quality conditions.

In spite of the advantages noted above, interpretation of sediment chemistry datarelativeto
the potential for effects on human health poses a chalenge for several reasons. First,
sediment chemistry data, al one, cannot be used to evaluatethe potential for effectson human
health. Interpretation of such datarel ativeto human health necessarily requireseffects-based
SQGs. Relativeto direct contact recreation, derivation of such guidelines necessitates the
development of exposure scenarios that are relevant to the site under investigation (i.e., in
addition to appropriate toxicological data). Second, estimation of the levels of
bioaccumulative substances in the tissues of fish, shellfish, or wildlife necessitates the use
of bioaccumulation models, which may or may not be directly applicable to the ecosystem
under study. Furthermore, the actual exposures of humans to contaminated tissues can be
reduced through theimposition of fish consumption advisories. Therefore, effectson human
health that are predicted based on sediment chemistry datamay not actually be observed in
thefield.

Evaluation of Data Quality

The use of performance-based methods has been recommended for sediment toxicity testing
(ASTM 2001a; USEPA 2000a). Performance-based methods provide investigators with a
higher degree of confidence that project data quality objectives (DQOs) will be met. This
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2.5

approach is aso highly relevant for guiding the generation of sediment chemistry data. In
this context, performance standards should be established for data accuracy, data precision,
and analytedetection limits. Guidance on the establishment of DQOs and evaluation of data
quality is provided in Appendix 3 of Volumell. Importantly, target detection limits should
be established at concentrations lower than the selected sediment quality target (i.e., below
aselected SQG). Appendix 4 of Volumelll outlinescriteriathat should be considered when
evaluating the quality of chemistry dataused in an assessment of sediment quality. A quality
assurance project plan (QAPP) should be devel oped to describe the experimental design and
sampling procedures for sediment collection and chemical analyses.

Methodological Uncertainty

A review of uncertainty associated with endpoints commonly used in sediment ecol ogical
risk assessments and approaches for addressing these sources of uncertainty was provided
by Ingersoll et al. (1997) and Wenning and Ingersoll (2002). Endpoints included in this
evaluation included: toxicity tests (both the fraction tested and the endpoints selected);
benthic invertebrate assessments; bioaccumulation assessments; sediment chemistry; and,
sediment chemistry and SQGs. A seriesof criteriawereestablished by Ingersoll et al. (1997)
to support consistent assessments of the uncertainty associated with each of these
measurement endpoints. Theseevaluation criteriaincluded: precision; ecological relevance;
causality; sensitivity; interferences; standardization; discrimination; bioavailability; and,
field validation.

Theresults of theseevaluations are presented in Table4 for sediment chemistry andin Table
5for SQGs. Uncertainty associated with lack of knowledge isindicated with an asterisk in
these tables to differentiate it from systematic uncertainty, which can be rectified
(methodologically) or quantified (sampling decisions and design).
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2.5.1 Uncertainty Associated with Sediment Chemistry

The uncertainty associated with the following measures of sediment chemistry were
evauated by Ingersoll et al. (1997; Table 4):

Bulk sediment analysis using total extraction of sediments;

* Normalization of non-ionic organic contaminants to TOC concentration of
sediment;

» Metal speciation as derived by AV'S or by evaluating other partitioning phases,
» Concentration of contaminants in pore-water samples;
» Concentrations of contaminants in elutriate samples; and,

» Concentrations of reference elements (which are regional reference levels to
which contaminant concentrations are compared).

Theevaluation performed by Ingersoll et al. (1997) addressesthe uncertainty associated with
the use of sediment chemistry alone in sediment assessments. A lower level of uncertainty
would be assigned to severa of the chemistry measures if these endpoints were used in
combination with other endpoints (e.g., toxicity tests, benthic community assessments).

Precision was defined by Ingersoll et al. (1997) in terms of the robustness of the analytical
method. That is, proceduresthat generate similar concentrationsin repeated analyses of the
same samples were considered to have alower level of uncertainty than those that generate
variable results. The lowest level of uncertainty was assigned to bulk sediment, TOC-
normalization, SEM-AVS (i.e, on a molar basis), elutriate, and reference element
measurements because a high level of precision can be attained using existing analytical
methods. Pore-water chemistry and procedures intended to determine the form of a COPC
present in a sample (speciation procedures) were assigned a higher level of uncertainty,
primarily resulting from the lack of routine methods used in these analyses. Ecologica
relevance was evaluated in terms of linkages to receptors that are to be protected. In this
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respect, bulk sediment chemistry, elutriates, and reference element measurementswererated
low since these approaches are not based on measures of bioavailability or are not direct
measures of ecological relevance. Total organic carbon normalization, SEM-AV S, metd
speciation, and pore-water measures were rated as having a moderate level of uncertainty
since these measures are based on the principle of evaluating the bioavailable fraction of a
chemical in sediment.

Determination of causality (i.e., correctly identifying stressors) was evaluated in termsof the
ability of various indicators to determine specific linkages to a COPC, to COPC mixtures,
or to sources of COPCs. Low uncertainty was assigned to all of the measures of sediment
chemistry, except those which determined chemical concentrations in sediment el utriates.
Preparation of elutriates alters the sediment sample, increasing the uncertainty in the
sediment contaminant concentration. Although pore-water concentrations provide more
direct linkages to bulk sediment chemistry, the procedures used to isolate pore water may
also introduce considerable uncertainty. Bulk sediment chemistry and reference element-
based procedureswere considered to provide useful measuresfor evaluating COPC sources,
particularly for certain classes of organics(e.g., PAHs) and for metals. In contrast, elutriate
chemistry provideslimited information regarding the chemical composition of sedimentsin
situ or COPC sources.

Sensitivity is important because there is a need to reliably identify sediments with high,
moderate, and low concentrations of COPCs (i.e., as compared to SQGs). Most analytical
methods for determining chemical concentrations in sediments are very sensitive.
Interferences are considered to be factors which impair accurate determination or
interpretation of the concentrations of COPCs in sediment samples. In most cases,
interferences are related to sample matrix problems and are analyte specific in any of the
categorieslistedin Table 4. Interpretation interferencesinclude particle size variability and
anomalously high concentrations of natural sediment components which equilibrate with
high concentrations of COPCs.

Standard methods have been developed for virtually all of theanaytical proceduresoutlined
in Table 4 (e.g., bulk sediment chemistry, pore-water chemistry, TOC). However, thereare
still few methods avail able which can effectively speciate metals and metall oidsin oxidized
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sediments or can be used to measure non-priority pollutants. Analytical methods are very
good discriminators(i.e., establish agradient) among samples. However, theinterpretational
uncertainties described abovefor bulk sediments add substantial uncertaintiesrelativeto the
discrimination of contamination using this method. Although whole-sediment COPC
concentrations do not explicitly intend to quantify the bioavail able fraction, they have been
shown to be predictive of biological responses (Ingersoll et al. 2001; 2002). The TOC- and
AV S-normalization procedures are intended to reduce the level of uncertainty about the
bioavailability of non-ionic organics and metals, respectively; however, these procedures
have not been shown to increase predictive ability for mixtures of COPCsin field-collected
sediments beyond that whi ch has been achieved using dry-weight whol e-sediment chemistry
data(Longet al. 1998a; Field et al. 1999; 2002; USEPA 2000b). Elutriate preparation tends
to alter bioavailability in unpredictable ways and, therefore, increases uncertainty.

Field validation was interpreted by Ingersoll et al. (1997) in terms of the accuracy of the
method. That is, the uncertainty about the extent to which measurements of sediment
chemistry reflect actual field concentrations of contaminantswas evaluated. Bulk sediment
chemistry and reference element concentrations have low uncertainty with respect to
accuracy because these methods have well-established quality assurance and quality control
procedures. A number of uncertainties are associated with the analysis of inorganics (i.e.,
AVS or metal speciation) and with elutriates (e.g., alterations of the sediments which
organisms are exposed to in situ, resulting from sample collection, storage, |aboratory
treatment or other methodological procedures).

2.5.2 Uncertainties Associated with Uses of Sediment Quality

Guidelines

Intheir evaluation of uncertainty, Ingersoll et al. (1997) grouped SQGsinto seven categories
(Table5):

* Equilibrium partitioning-derived sediment benchmarks (ESBs);
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» Effects range low (ERLS) and effects range median (ERMs; threshold and
probable effect levels (TELs and PELS) were considered to be functionally
similar to the ERLs and ERMS);

* Apparent effects thresholds (AETS);

» Screening level concentrations (SLCs);

» Simultaneously extracted metals minus acid volatile sulfide (SEM-AVYS);
» Toxic units models; and,

* Residue-based SQGs (Appendix 3 of Volumelll).

Consensus-based SQGs or LRM-based SQGs had not been developed or evaluated at the
time that the Ingersoll et al. (1997) study was conducted (Swartz 1999; MacDonald et al.
2000a; 2000b; 2002a; 2002b; USEPA 2000a; Ingersoll et al. 2001; 2002; Field et al. 1999;
2002).

Precision was evaluated by Ingersoll et al. (1997) as a measure of the applicability of the
SQGs across geographic areas. In terms of precision, the lowest level of uncertainty was
assigned to the ESBs because of the extensive toxicology database on which they were
derived. Higher uncertainty was assigned to AETs and SL Cs because of the site-specificity
associated with their derivation. A moderate level of uncertainty was also assigned to the
SEM-AV S based guidelines because of the micro-spatial distribution of AVS. Ecological
relevance was evaluated in terms of its linkage to the receptors that are to be protected.
Guidelines which directly consider mixtures were assigned a relatively low level of
uncertainty (ESB mixture models, SEM-AVS guidelines, and the ERL/ERM guidelines
derived using data from the field which included contaminant mixtures). Individual ESB
values do not consider the effects of mixtures of COPCs and, hence, were assigned a
moderate level of uncertainty. Similarly, AETs were assigned a moderate level of
uncertainty because of their inherent potential for incorrectly identifying toxic samplesasnot
toxic (i.e., false negatives). The SLCs reflect the lower bound of ecologicaly relevant
sediment concentrations (i.e., background concentrations), but may not necessarily define
actual effect concentrations (i.e., false positives; non-toxic samples identified as toxic).
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Although the TRGs with which the residue-based SQGs were derived are considered to be
highly ecologically relevant, more uncertainty is associated with the model s which are used
to determine the BSAFs.

The SEM-AVS and ESB mixture models were assigned low uncertainty relative to
establishing causality because these guidelines are directly derived from experimental
determinations of effects of specific chemicals. In contrast, ERLs and ERMs, AETSs, and
SLCs were assigned higher levels of uncertainty because these guidelines are derived
primarily fromfield observationsinwhich causeand effect rel ationshipswereequivocal (i.e.,
the sediments contai ned mixtures of contaminantsand, hence, determining theidentity of the
causative agents directly is difficult). Sensitivity was evaluated relative to estimating
relatively low contaminant concentrations (i.e., minimizefal se negativeswhileallowing for
a higher probability of false positives). Optimizing sensitivity (e.g., minimize false
negatives) needsto be balanced with ecol ogical relevance (e.g., minimizebothfalsepositives
and false negatives). Low uncertainty with respect to sensitivity was assigned to the ERL s
and SLCs because they tend to be the lowest SQGs. Most of the other SQGs were
considered to have a higher level of uncertainty because they are generaly higher values
(e.g., ESBs, ERMs, and SEM-AVS). The AETswere assigned a high level of uncertainty
with respect to sensitivity since they only increase with the addition of new data, making
them particularly prone to false negatives. In contrast, the residue-based SQGs were
considered to have alower level of uncertainty becausethe TRGs upon which they are based
are based on the results of chronic toxicity tests on sensitive species.

Interferences are considered to be related to biotic or abiotic factorsthat could influence the
SQGs derivation beyond the direct effects of specific contaminants. Becausethe SLCsare
based entirely on benthic community data, they were considered to have the highest level of
uncertainty. In contrast, residue-based guidelines are derived from direct analytica
determination and are not subject to the same types of interferences. Uncertainty in the
degree of standardization was evaluated on the basis of peer review. Approaches for
determination of ESBs, ERLs and ERMs, and SEM-AV S have been published in the peer-
reviewed literature and, hence, were assigned a low degree of uncertainty. In contrast, the
ESB mixture models (in the early stages of development with sediments), TRGs, and AETs
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had not been widely peer reviewed in theliterature at the time of the evaluation by Ingersoll
et al. (1997).

SQGswere considered to be discriminatory if they could be used to correctly classify toxic
and non-toxic samples. The ESBs and the ERLs and ERMs have been demonstrated to
provide accurate toolsfor correctly predicting toxic and non-toxic responsesin thefield. In
contrast, the SL Cs have a poor ability to discriminate the range of adverse effectsthat could
occur. Sediment sampleswith contaminant concentrationsthat exceed the AETshaveahigh
probability of being toxic. However, the AETs may not reliably discriminate samples with
lower levels of contamination with respect to their potential for adverse biological effects
(i.e., falsenegatives). Thefactorsthat are consideredtoinfluencebioavailability aredirectly
considered in the derivation of the ESBs, SLCs, SEM-AV'S, and residue-based guidelines.
Although other guidelines (i.e.,, ERLs and ERMs, AETS) are largely based on dry-weight
concentrations, it is possible to refine the approaches to explicitly consider other
normalization procedures.

Field validation waseval uated by Ingersol | et al. (1997) asan assessment of the predictability
of the SQGs using a number of independent data sets (i.e., not used to derive the SQGS).
Ingersoll et al. (1997) concluded that all of the SQGs listed in Table 5 were not adequately
field validated. Subsequent to this analysis by Ingersoll et al. (1997), there have been
numerous publicationsthat have demonstrated the predictive ability of co-occurrence-based
SQGs, suchasERLsand ERMs(e.g., Long et al. 1998b; Field et al. 1999; 2002; MacDonald
et al. 2000a; 2000b; 2002c; USEPA 2000b; Ingersoll et al. 2001; 2002; Wenning and
Ingersoll 2002).

Insummary, Ingersoll et al. (1997) concluded that thereis sufficient certainty associated with
SQGsto recommend their usein assessments of sediment quality. Inparticular, ESBs, ERLS
and ERMs, SEM-AVS, and residue-based SQGs generally have less uncertainty in their
present applications than other guidelines. Although ESB mixture models were generally
considered to have somewhat higher levels of uncertainty compared to approaches derived
using field-collected sediment, they address the critically important issue of the interaction
of COPCsin complex mixtures. Importantly, anumber or recent publications confirm that
approaches that evaluate mixtures in sediment are essential for correctly predicting the
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2.6

presence and absence of sediment toxicity (MacDonald et al. 2000a; 2000b; Ingersoll et al.
2001; 2002; USEPA 2000a; Wenning and Ingersoll 2002). Toxicity identification
evaluations (TIEs) and spiked-sediment exposures were recommended by Ingersoll et al.
(1997) to hel p better establish cause and effect rel ati onshi ps between sediment chemistry and
toxicity.

Interpretation of Data

Sediment chemistry data alone do not provide an adequate basis for assessing the hazards
posed by sediment-associated contaminants to aguatic organisms or other receptors.
Interpretive tools are also required to determine if sediment-associated contaminants are
present at concentrations which could, potentially, impair the aquatic organism, aguatic-
dependent wildlife, and/or human health. In this respect, the SQGs used in an assessment
of sediment contamination need to provideascientifically-defensiblebasisfor evaluatingthe
potential effectsof sediment-associated COPCson aquatic organisms, wildlife, and/or human
health. Once the sediment chemistry data have been assembled, the quality and sufficiency
of the data needsto be determined using explicitly defined evaluation criteria, such asthose
outlined in Appendix 4 of Volumelll. If the sediment chemistry datado not meet the quality
needed for the assessment, repeating certain components of the sampling program may be
necessary.

The assessment of sediment chemistry data consistsof threemain steps (Figure1). First, the
measured concentrations of COPCs at the sampling stations should be compared to regional
background levels to determine if they are elevated relative to the background conditions
(Appendix 2 of Volumelll). Next, the concentrations of sediment-associated COPCsshould
be compared to applicable SQGs for the protection of aquatic life. Finally, the levels of
contaminants in sediments should be compared to the bioaccumulation-based SQGs,
including those for the protection of wildlife and the protection of human health.
Problematic levels of contamination are indicated when sediment-associated COPCs are
present at concentrations above one or more of the various SQGs and are present above
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background levels. However, the results of the sediment chemistry assessment should not
be viewed in isolation. Instead, these results should be evaluated in conjunction with data
on the other indicators of sediment quality conditions measured within the assessment area
to support the sediment quality assessment (e.g., ecological and/or human health risk
assessment).

A variety of approaches have been used to determine if sediments exceed SQGs. For
example, the number and/or magnitude of exceedances of individual SQGs has been used
to classify sediment samples as toxic or non-toxic (i.e.,, MacDonald et al. 1996; USEPA
1996). Alternatively, procedures have been recently described for calculating combined
effects of mixturesin sediment. Crane et al. (2000; 2002), USEPA (2000b), and Ingersoll
et al. (2001) described therel ationship between mean probabl e effect concentration quotients
(PEC-Qs) and the toxicity of whole sediments to amphipods and midgesin short- and long-
term exposure tests (see Appendix 3 of Volume Il for a description of how PEC-Qs are
calculated). Field et al. (1999; 2002) described a new procedure for evaluating matching
marine sediment chemistry and toxicity datausing logistic regression models. Thesemodels
can be used to estimate the probability of observing an effect based on measured
concentrationsof COPCs. Mixture modelsbased on equilibrium partitioning have also been
devel oped for assessing thetoxicity of non-ionic organic compounds (Swartz et al. 1995; Di
Toro and McGrath 2000) or metals (Ankley et al. 1996) in sediment.

The principal metricsfor pore-water chemistry are concentrations of contaminantsin water.
Targets for each of these metrics can be established from a variety of benchmarks for
assessing water chemistry that have been published in the scientific literature. For example,
numerical water quality criteria (WQC), such as those promulgated by the USEPA (1999),
and site-specific water quality standards provide relevant tools to assessing pore-water
quality conditions (MacDonald et al. 2002c). Such WQC are considered to be relevant for
assessing pore-water quality because Di Toro et al. (1991) reported that benthic organisms
tend to show similar chemical sensitivities as water column organisms. Alternatively,
toxicity thresholdsfor porewater can be established using dataavailablein thetoxicol ogical
literature (i.e., median lethal concentrations or median effective concentrations; LC.,s or
EC,,s) for receptors of concern at the site under consideration (Table 6). Such toxicity
thresholdsidentify the concentrations of contaminantsin water that are likely to cause acute
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and chronic toxicity to aquatic plants, amphipods and other aquatic invertebrates, and fish.
USEPA (2000a) reported toxicity thresholds from 10-day water-only toxicity tests with the
amphipod Hyal ella azteca, the midge Chironomustentans, and the oligochaete Lumbriculus
variegatus, for anumber of COPCs at contaminated sites.

Comparison of the concentration of achemical in pore water to an LC,, or an EC,, for that
chemical providesameansof determining if the concentration of that compound in the pore
water was sufficient to cause direct toxicity to sediment-dwelling organisms (i.e., sufficient
to cause sediment injury; Table6). By dividing the pore-water concentrations of each COPC
in each sample by the reported LC,, concentration for that compound, it is possible to
calculate avalue that can be used to evaluate the overall toxicity of the sample. Thisvaue
also provides a basis for reporting COPC concentrations in terms of the number of toxic
units. The number of toxic units of each compound can be summed to evaluate the
combined toxic effect of chemicalswith asimilar mode of toxicity. Samplesthat contain >1
toxic units are likely to be toxic to sediment-dwelling organisms. See Ankley et al. (1996)
for adescription of an approach that was used to eval uate toxic units of metalsin pore-water
samples.

I nterpretation of sediment chemistry datarelativetowildlifeor human health necessitatesthe
development of sediment quality targets that can be used to evaluate the extent to which
these receptorsare being protected. Such targets can be established by selecting appropriate
SQGsfor each bioaccumulative COPC at the site. The bioaccumul ation-based SQGsfor the
protection of wildlife or human health that were developed by the New York State
Department of Environmental Conservation (NYSDEC 1999) and Washington State
Department of Health (1995; 1996) provide abasisfor establishing sediment quality targets
relative to the protection of these receptors.
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2.7 Recommendations

Sediment chemistry represents an essential indicator of sediment quality conditions in
freshwater ecosystems. More specifically, sediment chemistry dataarerequired to evaluate
the nature, magnitude, and areal extent of sediment contamination. The following
recommendations are offered to support the design and implementation of sediment quality
assessments:

* The chemical analytes that are included in the sediment quality assessment
program should include the COPCs that are identified based on the preliminary
siteinvestigation and thevariablesthat support i nterpretation of theresultant data
on the COPCs;

» Evauations of the chemica composition of sediments should focus on
determining the total concentrations of COPCs, total organic carbon, and SEM-
AVS in whole-sediment samples. Analysis of other media types (e.g., pore
water, elutriates) may also be conducted depending on the objectives of the
investigation and the availability of resources;

» Qualitative descriptions of the sediment should include color, texture, and the
presence of petroleum sheens, macrophytes, or animals. Monitoring the odor of
sediment sampl es should be avoided dueto the hazards associ ated with exposure
to volatile chemicals;

* The benchmarks (e.g., SQGs) that are to be used in the sediment quality
assessment should be identified in the data analysis plan, which is developed as
part of the overall problem formulation process,

» Assuring the quality of sediment chemistry dataisof fundamental importanceto
theintegrity of the overall investigation. For thisreason, itisimportant to design
and implement an effective QAPP for the program and include it as part of the
sampling and analysis plan (SAP);

» Thewhole-sediment and pore-water chemistry datathat are generated during an
investigation of sediment quality conditions should be evaluated relative to the
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project DQOsto determine which dataare appropriate for use in the assessment
(e.g., to determine if DQOs for accuracy, precision, and detection limits have
been met);

* Numerical SQGs, such as consensus-based PECs and TECs (MacDonald et al.
2000a; 2000b; USEPA 2000b; Ingersoll et al. 2001; 2002; Macfarlane and
MacDonald 2002) represent effective tools for assessing the potential effects of
contaminated sediments on sediment-dwelling organisms (Tables 1 and 2). The
potential effects of contaminated sediments on aquatic-dependent wildlife and
human health can be eval uated using bioaccumul ative-based SQGs, such asthose
that were derived by NY SDEC (1999);

» Toxicity thresholdsfor porewater provide useful toolsfor assessing the potential
effects of contaminants on sediment-dwelling organisms (Table 6);

» Because contaminated sediments typically contain mixtures of COPCs,
approaches that consider the influence of mixtures [such as those developed by
Swartz et al. (1995); Field et al. (1999; 2002); MacDonald et al. (2000b);
USEPA (2000b); Ingersoll et al. (2001; 2002)] should be used to evaluate the
effects of contaminated sediment on sediment-dwelling organisms;

*  Whenever possible, decisions regarding the management of contaminated
sediments should be made using aweight of evidence, which includes sediment
chemistry and other relevant data. Nevertheless, the results of numerous
evaluations of the predictive ability of SQGs indicate that sediment chemistry
data can be used to accurately classify sediments as toxic or not toxic (i.e.,
typically with >75% correct classification using the results of whole-sediment
toxicity tests; Wenning and Ingersoll 2002). Therefore, it isnot unreasonableto
make sediment management decisions using sediment chemistry dataalone(i.e.,
with SQGs) at sites where the costs of further investigations are likely to
approach or exceed the costs of sediment remediation; and,

» At sites where multiple indicators of sediment quality conditions are to be
applied, sampling strategies must be devel oped and implemented that facilitate
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the collection of matching sediment chemistry and biological effects data (i.e.,
by preparing split samples for toxicity, chemistry, and benthos evaluations).
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Chapter 3. Whole-Sediment and Pore-Water Toxicity

3.0

3.1

Testing

Introduction

L aboratory sediment toxicity tests can provide rapid and highly relevant information on the
potential toxicity of contaminated sediments to benthic organisms. Acute (10- to 14-day
exposures) and chronic (21- to 60-day exposures) toxicity tests have been developed to
evaluate the biological significance of sediment contamination. Tests have been designed
to assess the toxicity of whole sediments (solid phase), suspended sediments, elutriates,
sediment extracts, or pore water. The organisms that can be tested with these methods
include microorganisms, algae, invertebrates, and fish. This chapter isintended to provide
guidance on the selection of toxicity tests and interpretation of the associated results to
support assessments of sediment quality conditions of contaminated sites.

Selection of Metrics and Targets for Sediment Toxicity

The objective of asediment toxicity test isto determine whether contaminated sedimentsare
harmful to benthic organisms (ASTM 2001a; USEPA 2000a). These tests can be used to
measure the interactive toxic effects of complex chemical mixtures in sediment.
Furthermore, knowledge of specific pathways of interactions among sediments and test
organismsisnot necessary to conduct thetests. Sediment tests can be used to: (1) determine
therelationship between toxic effectsand bioavail ability; (2) investigateinteractionsamong
chemicals; (3) compare the sensitivities of different organisms; (4) determine spatial and
temporal distribution of contamination; (5) evaluate hazards of dredged material; (6) measure
toxicity as part of product licensing or safety testing; (7) rank areas for clean up; and, (8)
estimate the effectiveness of remediation or management practices.
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The results of sediment toxicity tests can be used to assess the bioavailability of
contaminants in field-collected sediments. The responses of organisms exposed to field-
collected sediments are often compared to the response of organisms exposed to a control
and/or areference sediment. The results of toxicity tests on sediments spiked with one or
more chemicals can also be used to help establish cause and effect relationships between
chemicals and biological responses. The results of toxicity tests with test materials spiked
into sediments at different concentrations are often reported in terms of an LC,,, amedian
inhibition concentration (ICy,), a no observed effect concentration (NOEC), or a lowest
observed effect concentration (LOEC; ASTM 2001a; USEPA 2000a).

The choice of a test organism has a maor influence on the relevance, success, and
interpretation of atest. Asno one organism is best suited for all applications, considering
the intended uses of the resultant data is important in the selection of toxicity tests. The
following criteria were considered in the selection of the methods and species that were to
be described in ASTM (2001a) and USEPA (2000a; Table 7). Idedlly, a test organism
should:

» Have a toxicological database demonstrating relative sensitivity and
discrimination to arange of COPCs in sediment;

» Have adatabase for inter-laboratory comparisons of procedures (for example,
round-robin studies);

 Be in contact with sediment (e.g., water column vs. sediment-dwelling
organisms);

» Bereadily available through culture or from field collection;
* Beeaslly maintained in the laboratory;

* Beeasly identified;

* Beecologically or economically important;

» Haveabroad geographical distribution, beindigenousto the site being eval uated
(either present or historical), or have a niche similar to organisms of concern at
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the site (for example, similar feeding guild or behavior to the indigenous
organisms);

» Betolerant of abroad range of sediment physico-chemical characteristics (e.g.,
grain size); and,

* Be compatible with selected exposure methods and endpoints. The method
should also be peer reviewed and confirmed with responses with natural
populations of benthic organisms.

Of these criteria, adatabase demonstrating relative sensitivity to contaminants, contact with
sediment, easeof cultureinthelaboratory, inter-laboratory comparisons, tol erance of varying
sediment physico-chemical characteristics, and confirmation with responses of natural
benthos populations were the primary criteria used for selecting the amphipod Hyalella
azteca and the midge Chironomus tentansfor describing test methods, asoutlined by ASTM
(2001a) and USEPA (2000a; Table 7). Procedures for conducting sediment tests with
oligochaetes, mayflies, and other amphipods or midges are also outlined in ASTM (20014a)
and in Environment Canada (1997b). However, USEPA (2000a) chose to not develop
methodsfor conducting sediment toxicity testswith these additional organismsbecausethey
did not meet all the required selection criteria listed in Table 7. For both of the selected
species (Hyalella azteca and Chironomus tentans), survival is the principa endpoint
measured in 10- to 14-day acutetoxicity tests (although growthisal so commonly measured),
while survival, growth, emergence (midges only) and/or reproduction are the principal
endpoints measured in longer-term exposures.

USEPA (2000b) eval uated rel ative endpoi nt and organi sm sensitivity in adatabase devel oped
from 92 published reports that included a total of 1657 field-collected samples with high-
quality matching sediment toxicity and chemistry data. The database was comprised
primarily of 10- to 14-day or 28- to 42-day toxicity tests with the amphipod Hyalella azteca
(designated as the HA10 or HA28 tests) and 10- to 14-day toxicity tests with the midges
Chironomus tentans or Chironomus riparius (designated as the CS10 test). Endpoints
reported in these tests were primarily survival or growth. For each test and endpoint, the
incidence of effects above and below various mean PEC quotients (mean quotients of 0.1,
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0.5, 1.0, and 5.0) was determined. In general, the incidence of sediment toxicity increased
consistently and markedly with increasing level s of sediment contamination. See Appendix
3 of Volume Il for additional information on the calculation of mean PEC quotients.

A higher incidence of toxicity with increasing mean PEC-Q was observed in the HA 28 test
compared to the short-term HA10 or CS10 tests and may be due to the duration of the
exposure or the sensitivity of the growth endpoint inthelonger HA28 test. A 50% incidence
of toxicity in the HA 28 test corresponds to amean PEC-Q of 0.63 when survival or growth
were used to classify a sample as toxic Figure 2 (USEPA 2000b). By comparison, a 50%
incidence of toxicity is expected at amean PEC-Q of 3.2 when survival alone was used to
classify asampleastoxic in the HA28 test. Inthe CS10 test, a50% incidence of toxicity is
expected at amean PEC-Q of 9.0 when survival alonewas used to classify asampleastoxic,
or at amean PEC-Q of 3.5 when survival or growth were used to classify asample astoxic.
In contrast, similar mean PEC-Qs resulted in a 50% incidence of toxicity in the HA10 test
when survival alone (mean PEC-Q of 4.5) or when survival or growth (mean PEC-Q of 3.4)
were used to classify asample astoxic. The results of these analyses indicate that both the
duration of the exposure and the endpoints measured can influence whether a sample is
found to be toxic or not. The longer-term tests in which growth and survival are measured
tended to be more sensitive than shorter-term tests, with an acuteto chronicratio on the order
of six indicated for Hyalella azteca. Based on these analyses, if only one of these testswere
performed, it would be desirable to conduct chronic (i.e., 28- to 42-day) sediment toxicity
testswith Hyal ella azteca measuring survival and growth (aslength) instead of 10- to 14-day
tests with Hyalella azteca, Chironomus tentans, or Chironomus riparius.

Relative species sensitivity frequently varies among chemicals, consequently, both ASTM
(2001a) and USEPA (2000a) recommend the use of a battery of tests to assess sediment
quality, including organismsrepresenting different trophiclevels. However, testing multiple
species with every sediment sample can be very costly. An alternate approach could be to
perform apreliminary evaluation on alimited number of samplesfrom asite using abattery
of tests(i.e., see proceduresfor various speciesoutlined in ASTM 2001a). Thispreliminary
evaluation could be used to identify sensitive species or endpoints to include in a more
comprehensive assessment at the site. The preliminary evaluation should include samples
representing agradient of contamination at the site of interest. This approach was taken by
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3.2

Kembleet al. (1994) in an assessment of thetoxicity of metal-contaminated sedimentsinthe
Clark Fork RiverinMontana. A battery of acute and chronic whole-sediment and pore-water
tests were conducted with samples collected from thissite. Theresults of thisinvestigation
indicated that a28-day whol e-sediment toxicity test with Hyal el laazteca measuring survival
and growth (aslength) wasthe most sensitive metric acrossagradient of metal -contaminated
stations at the site. The results of chronic toxicity test with Hyalella azteca were also
predictive of effects observed on benthic community structure at the site (Canfield et al.
1994). Therefore, Kemble et al. (1994) recommended that future evaluations of sediment
toxicity at the site should use chronic testswith Hyal ella azteca rather than testing asuite of
toxicity tests.

Availability of Standard Methods

Whole-sediment toxicity tests are the most relevant for assessing the effects of contaminants
that are associated with bottom sediments. Standard methods have been developed for
conducting whole-sediment toxicity tests with freshwater sediments by ASTM (2001a),
Environment Canada (1997a; 1997b), and USEPA (2000a). The Organization of Economic
Cooperation and Development (OECD) isin the processof devel oping standard methodsfor
chronic sediment toxicity testing with midges. These methods can be used to assess the
acute or chronic toxicity of sediment-associated COPCs on the amphipod, Hyalella azteca,
the midges, Chironomustentans and Chironomusriparius, the mayfly, Hexagenia limbata,
and several other species of amphipods, cladocerans, and oligochaetes (Table 8). Standard
methods have been described for conducting chronic whol e-sediment toxicity testswith the
amphipod Hyalella azteca and the midge Chironomus tentans (ASTM 2001a; USEPA
2000a). Endpoints measured in these chronic tests include effects on survival, growth,
emergence (midge), and reproduction in 28- to 60-day exposures.

Theproceduresoutlined in these standard methods can be modified to assesstoxicity to other
benthic invertebrate species that occur in freshwater environments. However, the results of
tests, even those with the same species, using procedures different from those described in

GUIDANCE MANUAL TO SUPPORT THE ASSESSMENT OF CONTAMINATED SEDIMENTSIN FRESHWATER ECOSYSTEMS - VOLUME |11



WHOLE-SEDIMENT AND PORE-WATER TOXICITY TESTING — PAGE 31

the ASTM (20014) and USEPA (2000a) may not be comparable and using these different
procedures may alter the bioavailability of sediment-associated COPCs. Comparison of
results obtained using modified versions of these procedures might provide useful
information concerning new concepts and procedures for conducting sediment tests with
aguatic organisms. If tests are conducted with procedures different from those described in
ASTM (2001a) or in USEPA (2000a), additional tests are required to determine
comparability of results (i.e., conducted on split sediment samples).

Several endpoints are suggested to measure potential effects of COPCs in sediment,
including survival, growth, behavior, or reproduction; however, survival of test organisms
in 10-day exposuresis the endpoint most commonly reported. Such short-term exposures,
which only measure effects on survival, can be used to evaluate the effects associated with
exposure to high levels of contamination in sediments, but may not be as relevant for
assessing sedimentswith moderate level s of contamination (ASTM 2001a; USEPA 2000a).
Long-term toxicity testing methods recently described in ASTM (2001a) and in USEPA
(2000a) can be used to measure effects on reproduction, as well as long-term survival and
growth. Reproduction is a key variable influencing the long-term sustainability of
populations and has been shown to provide valuable and sensitive information in the
assessment of sediment toxicity (ASTM 2001a; USEPA 2000a). Furthermore, as concerns
have emerged regarding the environmental significance of chemicalsthat can act directly or
indirectly on reproductive endpoints (e.g., endocrine disrupting compounds), the need for
comprehensivereproductivetoxicity testshasbecomeincreasingly apparent (SETAC 1999).
Sub-lethal endpoints in sediment tests have also been shown to provide better estimates of
responses of benthic communitiesto COPCsin the field (Hayward 2002).

The decision regarding the selection of short-term or long-term toxicity tests dependson the
objectives of the assessment. In some instances, sufficient information may be gained by
measuring growth in 10-day tests (i.e., for assessing highly contaminated sediments).
However, longer term tests are needed to evaluate the effects associated with exposure to
moderately contaminated sediments. Likewise, long-term tests are needed to directly assess
effects on reproduction. Nevertheless, measurement of growth in these toxicity tests may
serve as an indirect estimate of reproductive effects of COPCs associated with sediments
(ASTM 2001a; USEPA 2000a).
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Use of sub-lethal endpointsprovidesimportant information for assessing the ecological risks
associated with exposure to contaminated sediments. As such, numerous regulatory
programs require the use of sub-lethal endpoints in various decision-making processes
(USEPA 2000a), including:

* Monitoring for compliance with water quality criteria (and state water quality
standards);

» National Pollution Discharge Elimination System (NPDES) effluent monitoring
(including chemical-specific limits and sub-lethal endpointsin toxicity tests);

* Federal Insecticide, Rodenticide and Fungicide Act (FIFRA) and the Toxic
Substances Control Act (TSCA, tiered assessment includes several sub-lethal
endpoints with fish and aquatic invertebrates);

» Superfund (Comprehensive Environmental Responses, Compensation and
Liability Act; CERCLA);

* Organization of Economic Cooperation and Development (OECD, sub-lethal
toxicity testing with fish and invertebrates);

»  European Economic Community (EEC, sub-lethal toxicity testing with fish and
invertebrates); and,

» The Paris Commission (behavioral endpoints).

ASTM (2001a) and USEPA (2000a) outline methods for measuring effects on reproduction
in 42-day tests with Hyalella azteca or 60-day tests with Chironomus tentans. The results
of water-only studiesin chronic exposuresto DDD, fluoranthene, or cadmium indicate that
measures of reproduction are often more sensitive compared to measures of survival or
growth for these species (Kemble et al. In preparation). The chronic sediment toxicity
methods with Hyalella azteca have been applied to evaluate a variety of field collected
sediments (e.g., Ingersoll et al. 2001; MacDonald et al. 2002c). However, the methods for
conducting chronic sediment toxicity tests with Chironomus tentans have not been applied
routinely to assess the toxicity of field-collected sediments. Therefore, additional studies
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need to be conducted with field-collected sediments before the chronic methods with
Chironomus tentans for measuring reproductive endpoints are applied routinely to evaluate
the toxicity of contaminated sediments.

ASTM (2001a) and USEPA (2000a) recommend additiona research and methods
development with standard methods for conducting sediment toxicity tests to:

Evaluate additional test organisms;

* Further evaluate the use of formulated sediment;
* Refine sediment dilution procedures,

* Refine sediment TIE procedures,

* Refine sediment spiking procedures;

» Develop in situ toxicity tests to assess sediment toxicity and bioaccumulation
under field conditions;

» Evaluate relative sensitivities of endpoints measured in tests,
» Develop methods for new species;
» Evauate relationships between toxicity and bioaccumulation; and,

* Produce additional data on confirmation of responses in laboratory tests with
natural populations of benthic organisms.

Some issues that may be considered in interpretation of test results are the subject of
continuing research, including: the influence of feeding on contaminant bioavailability;
nutritional requirements of the test organisms; and, additional performance criteria for
organism health.

In addition to whole-sediment toxicity tests, various procedures are available for assessing
the potential for adverse effects on aguatic organisms due to the resuspension of sediments
or partitioning of COPCs into pore water or into the water column. However, standard

GUIDANCE MANUAL TO SUPPORT THE ASSESSMENT OF CONTAMINATED SEDIMENTSIN FRESHWATER ECOSYSTEMS - VOLUME |11



WHOLE-SEDIMENT AND PORE-WATER TOXICITY TESTING — PAGE 34

3.3

methods have not been developed for such methods. Perhaps the most frequently used of
theseisthe bacterial luminescencetest (Microtox; Schieweet al. 1985; Burton and Stemmer
1988; Johnson and Long 1998) or cladoceran tests (Burton et al. 1996). Testsusing algae,
invertebrates, and fish have al so been adapted to assess the toxicity of the suspended and/or
agueous phases, including pore water (ASTM 2001b). These exposures are typically
conducted for 4to 10 days, with survival measured asthe primary endpoint. ASTM (2001a)
and USEPA (2000a) describe proceduresfor isolating and handling pore-water samplesfrom
whole-sediment samples.

Advantages and Disadvantages

Toxicity tests with aquatic organisms have a number of advantages that make them
particularly relevant for evaluating the effects of contaminated sediments on aquatic
organisms (Table 9; ASTM 2001a; USEPA 2000a). First, they provide quantitetive
information on sediment toxicity that provides abasis for discriminating between impacted
and unimpacted sediment samples. In addition, standard methods have been established to
support thegeneration of reliabledataand minimizetheeffectsof thephysical characteristics
of the sediments. The results of these tests are also ecologically- and socially-relevant
because they commonly employ species which are familiar or important to area residents.
Furthermore, studies conducted throughout freshwater environmentsin North Americahave
demonstrated that aguatic organisms respond primarily to the COPCs in the sediments and
pore water (i.e., not typically to physical factors or other variables; ASTM 2001a; USEPA
2000a). These characteristics make toxicity tests relevant for evaluating COPC-related
impactsin freshwater systems. Moreover, techniquesfor identifying the chemicalsthat are
causing toxicity are being refined (i.e., TIE), which further support the identification of
contaminants of concern (COCs, i.e., the substances that are causing or substantially
contributing to sediment toxicity; USEPA 1991).

Toxicity testsalso have several disadvantageswhich influencetheir application in sediment
quality assessments(Table9). For example, many of theteststhat are currently used involve
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short-term exposures (i.e., 10-day) and, hence, may not be sensitive enough to detect sub-
lethal effects on sensitive species. In addition, field-collected sediments are manipulated
before testing, which may affect their integrity and toxicity. Similarly, certain sediment
phases(e.g., organic extracts, el utriates) may belessrelevant for evaluating thein situ effects
of toxic substances in sediments. Tests with field-collected samples may not discriminate
effects of individual chemicals. Likewise, the ecological relevance of certain tests has not
beenfully established (e.g., Microtox; althoughit wasnot intended for thispurposebut rather
as an indicator of potential exposure). Importantly, certain test organisms may be more
sensitive to certain classes of COPCs than others; therefore, it is desirable to use a suite of
teststo cover therangeof sensitivitiesexhibited by sediment-dwelling organismsinthefield.
See ASTM (2001a) and USEPA (2000a) for a more complete description of potential
interferences associated with sediment toxicity tests.

Toxicity tests with fish also have several limitations which influence their application in
sediment quality assessments. First, methods for assessing the toxicity of contaminated
sedimentsto fish have not been standardized. 1naddition, toxicity testswith fish may beless
senditive than similar tests with freshwater invertebrates since fish derive more of their
exposureto COPCsfromtheoverlying water (as opposed to exposureto porewater or during
the processing of contaminated sediments). Furthermore, most of theteststhat are currently
available involve short-term exposures (i.e., 4- to 10-day) and, hence, may not be sensitive
enough to detect sub-lethal effects on sensitive fish species. It is also difficult to obtain
sufficient sample volumes to support testing with pore water. Finaly, field-collected
sediments are manipulated prior to testing, which may affect their toxicity.

Evaluation of Data Quality

Use of performance-based methods have been recommended for use in sediment toxicity
testing (ASTM 2001a; USEPA 2000a). Performance-based methods permit the use of
appropriate methods that meet pre-established performance standards. For example, no
single method is appropriate for culturing test organisms (ASTM 2001a; USEPA 2000a).
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However, having healthy test organismsof known quality and agefor testingiscritical tothe
successof thetoxicity test. The performance-based criteriadescribedinthesemethodsallow
laboratoriesto optimize culture methods and minimize effects of test organism health onthe
reliability and comparability of test results. A QAPP should be developed to address the
experimental design and sampling proceduresfor thetoxicity tests (Chapter 5 of Volumell).

Performance-based proceduresare also established in ASTM (2001a), Environment Canada
(1997a; 1997b), and USEPA (20004) for establishing the acceptability of atoxicity test. For
example, Table 10 from ASTM (2001a) and USEPA (2000a) outlines the method
recommended for conducting chronic sediment toxicity tests with the amphipod Hyalella
azteca, while Table 11 lists the test acceptability requirementsfor chronic sediment toxicity
testswith Hyalella azteca. The primary requirementsfor meeting test acceptability include
the age of organismsat the start of the exposure, minimum survival and growth of organisms
a the end of the exposure in the control sediment, maintenance of water quality
characteristics of the overlying water during the exposure, documentation of the quality of
the cultures used to obtain organisms for testing, maintenance of the exposure system, and
handling of sediments for testing (Table 11). ASTM (2001a) and USEPA (2000a) have
provided specific definitions for the use of the terms “must” and “should” relative to test
acceptability. “Must” isused to express an absolute requirement, that is, to state that atest
hasto be designed to satisfy the specified conditions, unless the purpose of the test requires
adifferent design. “Must” isused only in connection with the factorsthat relate directly to
the acceptability of a test. “Should” is used to state that the specified condition is
recommended and ought to be met if possible. Although the violation of one “should” is
rarely a serious matter, violation of several will often render the results questionable.
Additional Quality Assurance and Quality Control procedures for conducting sediment
toxicity tests are outlined in ASTM (2001a), Environment Canada (1997a; 1997b), and
USEPA (2000a).
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3.5 Methodological Uncertainty

A review of uncertainty associated with the endpointscommonly used in sediment ecol ogical
risk assessments and approaches for addressing these sources of uncertainty was described
inIngersoll et al. (1997). The endpointsincluded in this evaluation included: toxicity tests
(both the fraction tested and the endpoints selected); benthic invertebrate assessments;
bioaccumulation assessments; sediment chemistry; and, sediment chemistry and SQGs. A
seriesof criteriawere established by Ingersoll et al. (1997) to support consistent assessments
of the uncertainty associated with each measurement endpoint. These evaluation criteria
included: precision; ecological relevance; causality; sensitivity; interferences,
standardization; discrimination; bioavailability; and, field validation (Tables 12 and 13).

The results of these evaluations are presented in Tables 12 and 13. Uncertainty associated
with lack of knowledge is indicated with an asterisk in these tables to differentiate from
systematic uncertainty which can be rectified (methodologically ) or quantified (sampling
decisionsand design). Uncertainty relative to laboratory toxicity tests was divided into two
categories. Uncertainties related to the phase tested; and, uncertainties related to the
selection of endpoints measured in toxicity tests (Ingersoll et al. 1997). A diverse array of
exposure phases have been used in sediment toxicity tests. Six principal phases have been
evaluated in toxicity tests (Table 12):

* Whole sediment using benthic invertebrates;
» Whole sediment using pelagic organisms;

» Organic extracts of whole sediment;

» Suspended solids

e FElutriates; and,

* Porewater isolated from whole sediment.
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Whole-sediment toxicity tests were developed to evaluate the effects associated with
exposure to in-place sediments. Toxicity tests with pore-water samples isolated from
sediment weredevel oped for eval uating the potential in situ effectsof contaminated sediment
on aquatic organisms. Toxicity tests with organic extracts were developed to evaluate the
effects of the maximum concentrations of organic contaminants associated with a sediment.
Tests with elutriate samples and suspended solids measure the potential release of
contaminants from sediment to the water column during disposal of dredged material or
during sediment resuspension events.

Each of the six phases considered in sediment toxicity tests was evaluated in Ingersol| et al.
(1997). The uncertainty associated with each phase is a function of inherent limitations of
the test (e.g., testing of whole sediments has greater ecological significance than organic
extracts) and the stage of development of the response as a toxicological endpoint (e.g.,
whole-sediment tests are much better developed than pore-water tests). In Table 12,
precision was evaluated in terms of the replicability the particular measurement. Ecological
relevance was evaluated in terms of its linkage to the receptors which are to be protected.
Causality was evaluated relative to the ability of the measure to determine the factors that
adversely affect organisms exposed to contaminated sediments. Sensitivity was evaluated
relative to the ability of the measure to identify sediments that have the potential to affect
sensitive species in aquatic ecosystems. Interferences were evaluated related to biotic or
abiotic factors which could influence the response of the measurement beyond the direct
effectsof specific contaminants. Standardization was evaluated intermsof thelevel of peer
review and the publication of standard methods. Discrimination was evaluated based on
whether or not agraded response could beidentified. Bioavailability was evaluated relative
to the ability of the measure to determine the fraction of contaminants in sediment that is
readily availableto organisms. Finally, field validation was evaluated relative to the extent
to which the measure has been used to predict responses of benthic communitiesinthefield.

Whole-sediment tests were considered to provide the most realistic phase for assessing the
response of test organismsto exposuresto sediment-associated COPCs (Table 12). Because
organic extracts may alter the bioavailability of sediment-associated contaminants, toxicity
tests conducted using this phase were considered to have arelatively low level of relevance.
Similarly, elutriate and suspended solids tests are conducted using a phase which may
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artificially alter the availability of contaminants. In order to establish cause and effect
relationships, it is necessary to link the toxicity test to appropriate measures of sediment
chemistry, mixture toxicity models, spiked-sediment tests, and/or TIE procedures designed
to help identifying specific compounds or classes of compounds responsible for toxicity.
Ingersoll et al. (1997) providesamore complete summary of information presented in Table
12.

Uncertaintiesrel ated to the sel ection of endpointsmeasured intoxicity testsfocused onseven
principal classes of response endpoints that are often measured in toxicity tests, including:
survival; growth; reproduction; behavior; life tables; development; and, biomarkers (Table
13; Ingersoll et al. 1997). The uncertainties associated with each of the endpoints are a
function of their inherent limitations (e.g., reproduction has greater ecological significance
than biomarkers) and the stage of development of the response as a toxicological endpoint
(e.g., acute lethality tests are much better devel oped than chronic reproductive tests).

The uncertainty associated with survival is less than that of the other endpoints used in
sediment toxicity tests (Table 13). Thisis because mortality is an extreme response with
obvious biological consequences. Also, asubstantial body of literature concerning survival
in sediment toxicity tests has been generated to date. Biomarkers have significant sources
of uncertainty as sediment toxicological endpoints, especially with respect to ecological
relevance and interferences by non-treatment factors. The continued development and
application of more sensitive and ecologically relevant endpoints (e.g., chronic effects on
growth and reproduction, lifecycletabl es) hasthe potential to produce superior measurement
endpoints for use in assessment of contaminated sediments.

Toxicity tests, aone, are not useful for identifying the COPCs that are responsible for
observed responses. Even linkage of test resultsto thelist of chemicals measured during an
exposure assessment might not provideall of theinformation needed to identify the potential
causes of toxicity for anumber of reasons, including:

» Chemicalsresponsible for toxicity may not have been measured;
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3.6

» Thebioavailability of chemicalsin either porewater or in whole sediment can be
uncertain; and,

» Correlativetechniques(i.e., comparison of responsesto chemical concentrations)
may be unable to deal with multiple contributions from complex mixtures.

Toxicity identification evaluation methods provide a useful approach for assessing toxicity
contributions in sediment phases where unmeasured contaminants may be responsible for
toxicity or where there are questions regarding bioavailability or mixture toxicity models
(Ingersoll et al. 1997). The TIE methodsconsist of toxicity-based fractionation schemesthat
are capable of identifying toxicity due either to single compounds or to broad classes of
contaminants with similar properties. Sediment TIEs have typically been conducted using
pore water as the test phase; however, methods are being developed for testing whole
sediments. Ingersoll et al. (1997) provides a more complete summary of the information
presented in Table 13.

Interpretation of Data

For toxicity tests, the endpoints that are measured represent the primary metrics that are
considered. Several methods have been used to establish targets for sediment toxicity tests.
Most commonly, the responses of test organisms(e.g., survival or growth) in test sediments
are compared to responses in control or reference sediments using a variety of statistical
procedures. Samples in which the observed response of the test organism is significantly
different from the control are designated astoxic. Similarly, the responsesin test sediments
can be compared to that in reference sediments, provided that the reference sediments are
demonstrated to be appropriate (i.e., non-toxic, chemical concentrations below threshold
effect-type SQGs; ASTM 2001a; Environment Canada 1997a; 1997b; USEPA 2000a;
2000b). For some toxicity tests (i.e., 10-day marine amphipod survival), power analyses
have been used to i dentify minimum significant differences (M SD) from the control (i.e., the
results of power analyses can be used to identify the response value that is highly likely
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significantly different from the negative control, based on a specified aphalevel; Thursby
et al. 1997). Using this approach, test sediments are designated as toxic if the response of
thetest organismissignificantly different from the control and the responserate exceedsthe
MSD from the control. Such MSDs have not been routinely applied for the freshwater
toxicity tests that are commonly used in sediment quality assessments. Dilution series are
often tested with pore water, elutriate, or organic extracts samples, with results typically
reported asan LC,, (Carr et al. 1996).

Laboratory testing of sediment toxicity is an essential component of the sediment quality
assessment process. At present, the nature and extent of avail ableinformation on the effects
of sediment-associated contaminants is such that there is often uncertainty associated with
predictions of the biological significance of sediment-associated contaminants (i.e., most of
the data available for field collected samples do not support the establishment of cause and
effect relationships). Therefore, biological testingisrequiredto providereliableinformation
regarding the toxicity of sediments (generally asuite of biological testsis desirable) and to
confirm the results of the sediment chemistry assessment.

Further biological testingisrequired to support three distinct aspects of the sediment quality
assessment process. First, biological testing may be required to assess the toxicity of
sediments at stations where the concentrations of one or more COPCs is elevated above
SQGs (e.g., PECs). Second, biological testing may be required to assess the toxicity of
sediments that may contain unmeasured substances (i.e., based on the results of the
preliminary siteinvestigation). Third, biological effects datamay be required to assess the
site-specific applicability of the SQGs. In this respect, additional biological testing is
required when the forms of the COPCs that are present may be less biologically available
than those at other sites (i.e., the datathat were used to support predictive ability evaluation
of SQGs; USEPA 2000b).

The stepsthat should be used to assess sediment toxicity dataare outlined in Figure 3. Once
the sediment toxicity datahave been assembled, the quality of the dataneedsto be evaluated
inrelation to the project DQOs (see Appendix 3 of Volumell). If the sediment toxicity data
do not meet the quality needed for the assessment, it may be necessary to repeat certain
components of the sampling and/or toxicity testing program.
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3.7

The assessment of sediment toxicity data consists of two main steps (Figure 3). First, the
results of the toxicity tests should be compared to the negative control datato determine if
the sediments are significantly toxic. Next, the toxicity test results should be compared to
datafrom appropriately selected reference stations. Inthiscase, areference sediment should
be considered to be acceptableif it has been well-characterized and satisfies the criteriafor
negative controls(i.e., reference sediments should not be contaminated and referenceresults
should not be significantly different from controls). Sediments that are found to be
significantly toxic relative to control and reference sediments should be considered to be
problematic. The results of the sediment toxicity assessment should be considered in
conjunction with the results of the companion measures of other indicators of sediment
quality, including sediment chemistry, benthic invertebrate community structure, and
bioaccumulation, that are conducted at thesite. ASTM (2001a) and USEPA (2000a) provide
adescription of procedures for conducting statistical analyses of data from toxicity tests.

Recommendations

Theresults of sediment toxicity tests provideimportant information for assessing the effects
of contaminated sedimentsand aquati c organisms, including sediment-dwelling invertebrate
speciesand fish. Based on the preceding eval uation of the applications of sedimentstoxicity
test, the following recommendations are offered:

» Sediment toxicity testing should be included as an integral element of most
sediment quality assessments;

e Because in situ communities of benthic invertebrates are exposed to
contaminated sediments for extended periods of time, chronic toxicity tests are
the most relevant for assessing effects on aguatic organisms;

* Dueto their higher level of standardization and unequivocal relevance, whole-
sediment toxicity tests should be preferentially included in sediment quality
assessments; toxicity tests involving other media types (e.g., pore water) or
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exposures (e.g., in situ toxicity tests) should be included as projects objectives
and resources dictate;

» Although awidevariety of aguatic speciesmay betested, theamphipod, Hyalella
azteca, and midge, Chironomus tentans, are the most highly recommended for
most freshwater sediment quality assessments,

» Bothlethd (i.e, survival) and sub-lethal (e.g., growth, reproduction, emergence)
endpoints should be measured in sediment toxicity tests;

* Whenever possible, a suite of sediment toxicity tests should be used to assess
sediment quality conditions;

» All sediments evaluated with toxicity tests should be characterized for at least:
pH and ammonia of the pore water; and, organic carbon content (TOC), particle
size distribution (percent sand, silt, clay), and percent water content of the
sediment (ASTM 2001a; USEPA 20004). Other analyses conducted on
sediments can include: biological oxygen demand; chemical oxygen demand;
cation exchange capacity; redox potential; total inorganic carbon; total volatile
solids; AVS; metals, synthetic organic compounds; oil and grease; petroleum
hydrocarbons; and, interstitial water analyses (ASTM 2001a; USEPA 2000a).
The concentrations of other COPCs should al so be measured, asidentified onthe
PSI (Chapter 3 of Volume I1);

» If direct comparisons are to be made, subsamples for toxicity testing should be
collected from the same sample for analysis of sediment physical and chemical
characterizations,

» Qualitative descriptions of the sediment should include color, texture, and the
presence of petroleum sheens, macrophytes, or animals. Monitoring the odor of
sediment sampl es should be avoi ded dueto the hazards associ ated with exposure
to volatile chemicals;

* Following the selection of the most appropriate toxicity tests for the specific
application, the test procedures and DQOs should be described in the project
QAPP;
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» Theproceduresfor interpreting the sediment toxicity data should be described in
thedataanalysisplan that isdevel oped as part of the overall problem formulation
process,

» Thefirst step in the datainterpretation process should involve evaluation of test
acceptability (i.e., by comparing the resultsto the DQOs that were established in
the QAPP):

* Theresults of sediment toxicity tests should be compared to those obtained for
the negative control to evaluate test acceptability and/or to those obtained for
appropriate reference sediment to assess the effect of contaminated sediment;
and,

* Methods for testing caged organisms on site (i.e., in Situ toxicity tests) are
currently being developed by avariety of investigators (Crane and Maltby 1991;
Veerasingham and Crane 1992; Seager et al. 1991; 1992; Maltby and Crane
1994; Crane et al. 1995a; 1995b; 1996; 1999; 2000; Sarda and Burton 1995;
Ireland et al. 1996; Chappieand Burton 1997; Olsen et al. 2001). These methods
have been used to eval uate the acute toxicity of sedimentsinthefield. However,
additional methods development and standardization is needed before these
methodsare applied routinely to eval uatethetoxicity of contaminated sediments.
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Chapter4. Benthic Invertebrate Community Assessment

4.0

4.1

Introduction

The structure of benthic invertebrate communities represents an important indicator of
sediment quality conditions. Such assessments are based on comparisons of community
structure metrics, such as species richness, diversity, and the abundance of key taxa at test
stations and appropriate reference stations (i.e., stations with similar depth, flow, sediment
grain size, and TOC) and provide ameans of assessing the COPC-related effects associated
with exposureto sedimentsin the assessment area(USEPA 1992a; 1992b; 1994). Numerous
studies have documented changes in the composition of benthic invertebrate communities
resulting from sediment contamination (i.e., Rosenberg and Wiens 1976; Hilsenhoff 1982;
1987; Clementset al. 1992). However, many of these studies have examined the responses
of benthic invertebratesin stony riffle areas of streams and rivers, and provide only limited
information on the assessment of soft sediments (which typically accumulateelevated levels
of contaminants; USEPA 1994). Thischapter isintended to describetheexisting procedures
for assessing benthic invertebrate data as part of an overall assessment of sediment quality
in depositional freshwater habitats.

Selection of Metrics and Targets for Benthic Invertebrates
Community Structure

Benthic communities are assemblages of organismsthat livein or on the bottom sediment.
In most benthic community assessments, the primary objective isto determine the identity,
abundance, and distribution of the species that are present (USEPA 1992a; 1992b; 1994).
Because most benthic macroinvertebrates arerelatively sedentary and are closely associated
with the sedimentary environment, they tend to be sensitive to both short-term and long-term
changes in habitat, sediment, and water quality conditions (Davis and Lathrop 1992).
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Therefore, data on the distribution and abundance of these species provide important
information on the health of the aguatic ecosystem. Assuch, benthicinvertebratecommunity
structure represents an important ecosystem health indicator.

Assessments of benthic community structure have been used to describe reference
conditions, to establish baseline conditions, and to evaluate the effects of natural and
anthropogenic disturbances (Striplin et al. 1992). In terms of evaluating sediment quality,
such assessments are focused on establishing relationships between various community
structure metrics (e.g., species richness, total abundance, relative abundance of various
taxonomic groups, macroinvertebrate index of biotic integrity; miBl) and measures of
sediment quality (e.g., chemica concentrations, and organic content). Data from benthic
community assessments have the potential to provide relevant information for identifying
impacted sites and, with appropriate supporting data, the factorsthat are contributing to any
adverse effects that are observed (USEPA 1992a; 1992b; 1994).

The International Joint Commission (1JC 1988) suggested that benthic community surveys
should be the first assessment tool used to evaluate areas of the Great L akes with suspected
sediment contaminant problems. If no effects are demonstrated in an initial survey, 1JC
(1988) recommended no further assessment. However, the absence of benthic organismsin
sediment does not necessarily indicate that contaminated sediment caused the observed
response. Benthicinvertebrate distributionsmay exhibit high spatial or temporal variability.
Furthermore, short-term exposureto chemical (e.g., ammonia, dissolved oxygen) or physical
(e.g., temperature, abrasion) factors can influence benthic invertebrate distribution and
abundance, even in the absence of measurable levels of COPCs in sediment. Therefore,
information on distribution of benthicinvertebratesaloneisnot dwaysindicative of ambient
sediment quality conditions and is certainly not diagnostic of sediment contamination or
sediment toxicity (USEPA 1992a; 1992b; 1994).

One objective of a benthic invertebrate community assessment is to determine whether
sediment-associated COPCs may be contributing to a change in the distribution of benthic
organismsin the field. These assessments can be used to measure interactive toxic effects
of complex chemical mixturesin sediment. Furthermore, knowledge of specific pathways
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4.2

of interactions among sediments and test organismsis not necessary to conduct assessments
of the benthic community. Assessments of the benthic invertebrate community can be used
to:

» Determine the relationship between toxic effects and bioavailability;
* Investigate interactions among chemicals,

» Compare the sensitivities of different organisms;

» Determine spatial and temporal distribution of contamination;

» Rank areasfor clean up; and,

» Evauate the effectiveness of remediation or management practices.

Theresults of benthic community assessments can also be used to assess the bioavailability
of COPCsinfield-collected sediments. The response of organisms collected from test sites
are often compared to the response of organisms collected from reference sites. Reynoldson
et al. (1995; 1997) and MacDonald and Ingersoll (2000) describe procedures for assessing
benthic invertebrate community structure of sediment quality conditions.

Availability of Standard Methods

Standard methods for evaluating effects of sediments on benthic community characteristics
have not been established by organizations such asthe ASTM. Thislack of standardization
hasresulted in the use of awide variety of techniquesto evaluate the effects of contaminated
sediments on benthic invertebrate communities (Rosenberg and Resh 1993; USEPA 19923;
1992b; 1994). These techniques can be classified into four general categories based on the
level of organization that is considered (Ingersoll et al. 1997; Table 14), including:

e Individua (e.g., morphological changes, biomarkers);
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4.3

» Population (e.g., abundance of keystone species; population size structure);
e Community structure (e.g., benthic index, multivariate analyses); and,

» Community function (e.g., energy transfer, functional groups).

All of the various measurement endpointsare eval uated based on departurefrom an expected
or predicted condition (such as observations made at appropriate reference sites).
Uncertainty in the application of these techniques stems from incompl ete knowledge of the
system (i.e., what represents normal conditions); systematic error in the method being used,;
and, the sampling scale that is selected (Ingersoll et al. 1997). One of the major limitations
of these techniquesisassociated with the difficulty in relating the observed effect to specific
environmental stressors (e.g., contaminants vs. low dissolved oxygen levels). For this
reason, benthic invertebrate community structure has typically not been considered to be a
central indicator of sediment quality conditions. However, such assessments may be
conducted to provide ancillary information for further interpreting the sediment chemistry
and toxicity datathat are collected. Contingency tableshave been devel oped for interpreting
theresults of sediment quality assessmentsthat include multiplelines of evidence, including
benthic invertebrate assessments (Chapter 7 of Volumelll). USEPA (1992a; 1992b; 1994)
and ASTM (2001c) provide summaries of various procedures used to sample benthic
invertebrates from sediments (i.e., grab samplers, artificial substrate samplers, dip nets;
preservation and sorting of samples).

Advantages and Disadvantages

Benthic invertebrate community assessments have a number of advantages that make them
useful for eval uating theimpacts of contaminated sediments on sediment-dwelling organisms
(Table15; USEPA 1992a; 1992b; 1994). First and foremost, theresultsof these assessments
provideinformation that is directly relevant for evaluating benthic invertebrate community
status (i.e., evaluating the in situ effects of contaminated sediments on the benthic
community). Inaddition, proceduresfor conducting such assessments have been established
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that facilitate unbiased random sampling, support broad geographic coverage of the
assessment area (including both contaminated and uncontaminated areas), and reduce
variability in the results (i.e,, by sampling under consistent hydrologica and physical
sediment conditions). Furthermore, the information generated is socially-relevant (i.e.,
benthic species represent important food organisms for many sportfish species, such as
walleye) and can be used to discriminate between sites that are degraded to various extents.
The spatial and temporal distribution of benthic organisms may reflect the degree to which
chemicalsin sedimentsarebioavailableandtoxic. Field surveysof invertebratescan provide
an important component of sediment assessments for several reasons:

» Benthic invertebrates are abundant, relatively sedentary, easy to collect, and
ubiquitous across a broad array of sediment types,

* Benthic organisms complete all or most of their life cycle in the aquatic
environment, serving as continuous monitors of sediment quality; and,

» Assessment of indigenous populations may be useful for quantifying resource
damage.

The usefulness of field studies with benthic invertebrates for assessing sediment
contamination has been limited by severa factorsincluding:

The composition of benthic communities has been difficult to relate to the
concentrations of individual chemicals;

» Benthicinvertebratesrespondto avariety of biotic and abioticfactors, inaddition
to COPCs,

» Large numbers of samples are typically needed to address the high variance
associated with distribution of benthos (USEPA 1992a; 1992b; 1994);

» Limited standardized methods for collecting and processing samples; and,

* Inconsistencies in taxonomic identification of organisms.

GUIDANCE MANUAL TO SUPPORT THE ASSESSMENT OF CONTAMINATED SEDIMENTSIN FRESHWATER ECOSYSTEMS - VOLUME |11



BENTHIC INVERTEBRATE COMMUNITY ASSESSMENT — PAGE 50

4.4

Of primary concern, the information on benthic community structure can not be used alone
to evaluate the cause of any impacts that are observed. While such communities certainly
respond to chemical contamination in the sediment, they are also affected by a wide range
of physical factorsthat arenot directly rel ated to sediment quality (e.g., low dissol ved oxygen
levels, grainsize differences, nutritional quality of substrates, and water depth). Inaddition,
benthic community composition exhibits significant spatial, short-term temporal, and
seasonal variability; therefore, interpretation of the datarel ativeto COPC-rel ated effectscan
be difficult. Care needs to be exercised to collect representative samples to minimize
problems with data interpretation due to natural variation. For example, collection of
samples should not be made after floods or other physical disturbances than may alter or
remove benthic community assemblages (USEPA 1992a). The selection of reference sites
can also influence the results of benthic community assessments. To complicate matters
further, there is little agreement among benthic ecologists on which metrics are the most
appropriate for evaluating the status of the community asawhole. Therefore, it isdifficult
to determine if information on individual organisms (e.g., morphological changes,
biomarkers), popul ations of organisms(e.g., abundance of indicator species, population size
structure), community structure (e.g., species richness, community indices), or community
function (e.g., energy processing, presenceof functional groups) should be used asindicators
of benthic community status (Ingersoll et al. 1997).

Evaluation of Data Quality

Performance-based methods have been recommended for determining the acceptability of
sediment toxicity tests (Chapter 3 of Volume IlI; ASTM 200la; USEPA 2000a).
Unfortunately, similar types of performance-based methods have not been established to
determine the acceptability of benthic community data. Nevertheless, a QAPP should be
developed to address the experimental design and sampling procedures for the benthic
community assessment (Chapter 5 and Appendix 3 of Volume Il). The first step in
conducting an evaluation of benthic invertebrate communities is the development of an
appropriate experimental design (USEPA 1992a; 1992b; 1994). An inappropriate
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experimental design can be a magjor source of error in the resulting data. There are many
factors to be considered when sampling contaminated sediments for benthic invertebrates
that differ from the considerations required for sampling sediments for toxicity testing
(Chapter 3 of Volume 111). Benthic communities are strongly influenced by abiotic factors
in the absence of COPCs, and in some cases, the effects of COPCs can be masked by effects
of abiotic factors. Important abiotic characteristics (i.e., sediment grain size, TOC, nutrient
content, water quality, current velocity, and depth) at the site needs to be evaluated so that
potential confounding effects of these characteristics can be accounted for when data are
analyzed and interpreted. This holds true whether the intent of the project is to make
comparisons between upstream and downstream areas, between different aquatic systems
(different lakes or rivers), or between seasons.

When assessing benthic invertebrates for changes in community structure, it is critical to
select appropriate reference sites (USEPA 1994; see Appendix 3 of Volume [1). Ideally,
reference sites should be unaffected or minimally affected by anthropogenic influences
(ASTM 2001c). In addition to having low concentrations of COPCs in sediment, the
reference sites should also have physical and chemical characteristics of both water and
sediment that are similar to the site under investigation to minimize the potential effects of
these characteristics on benthic invertebrates.

Several studies have evaluated the number of replicate samplesrequired to provide adequate
assessments of benthic invertebrates (see USEPA 1992a; 1992b; 1994 for alisting of these
publications). USEPA (1994) recommends that a sufficient number of replicate samples
should be collected to achieve an among-sample coefficient of variation of less than 50%.
Preliminary sampling at the sites of interest should be conducted to determine the number
of replicatesrequired to achievethisobjective. Depending on thetypesof taxacollected, the
methods used to collect samplesmay need to be modified to more effectively samplebenthos
at thesitesof interest. Theresultsof thispreliminary study can also be used to determinethe
lowest practical level of taxonomic identification of the species at the sites of interest
(USEPA 1992a). Thedatamay not be normally distributed; therefore, transformation of data
may need to be made to determine the appropriate number of replicates (USEPA 1992a). In
addition, the variance may be different for the different endpoints evaluated (i.e., number of
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4.5

taxavs. number of individuals). Previousstudieshave often collected threetofivereplicates
per sampling station (USEPA 1992b; 1994). The decision to collect this number of
replicates is often based on funding and personnel constraints that limit the processing of a
large number of samples. Although the collection of asmaller number of replicates may not
invalidate the benthic invertebrate data, such data should be interpreted with caution if the
sitesof interest areheterogeneous. USEPA (1992a; 1992b; 1994) includecitationsof several
publications that more throughly address design of benthic invertebrate assessments.

Methodological Uncertainty

A review of uncertainty associated with the endpoints commonly measured in benthic
invertebrate community assessmentsof sediment quality and approachesfor addressing these
sources of uncertainty was described in Ingersoll et al. (1997). A series of criteria were
established by Ingersoll et al. (1997) to support consistent assessments of the uncertainty
associated with each measurement endpoint. These evaluation criteriaincluded: precision;
ecological relevance; causality; senditivity; interferences; standardization; discrimination;
biocavailability; and, field validation.

Theresultsof the eval uations of uncertainty associated with benthic community assessments
are presented in Table 14. Uncertainty associated with lack of knowledgeisindicated with
an asterisk in this table to differentiate from systematic uncertainty which can be rectified
(methodologically ) or quantified (sampling decisions and design). Benthic invertebrates
assessment methods were classified by Ingersoll et al. (1997) at different organizational
scales, from the individual to the community level (Table 14). The types of endpoints
included at these different organizational scalesinclude:

» Individua (e.g., morphological changes, biomarkers);

* Population (e.g., indicator or keystone species abundance, population size
structure and life history modifications);
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*  Community structure (e.g., indices, metrics, multivariate approaches); and,

* Community function (e.g., functional groups, energy transfer, size spectra).

Although community function was considered, there is little information on its use and
application in sediment assessment. Therefore, the degree of uncertainty associated withits
use is high because of lack of knowledge (Ingersoll et al. 1997).

The primary purpose of benthic invertebrate measurement metricsisto identify departure of
the endpoint from either an expected or predicted condition, given normal variability in both
time and space. Furthermore, these metrics should relate such a departure to a directional
stressor.  The precision of a benthic community assessment decreases as the scale of
organi zation increases; thus, measurement of community metricstendsto belessprecisethan
measurement of metrics relating to individual organisms. However, the uncertainty of
measurements at the community level can be quantified and reduced by appropriate design
and effort. Ingersoll et al. (1997) recommended that pilot studies be conducted to identify
cost-effective benthic community metrics in relation to study objectives and available
resources to reduce or quantify the uncertainty associated with problems of precision.
Ecological relevance in Table 14 refers to the relationship between the measured endpoint
and the benthic ecosystem. Accordingly, direct measures of the populations of organisms
present have a higher certainty of being related to ecosystem than measurements at a finer
organizational scale.

M easurements of benthic invertebrates provide little information with which to identify the
specific COPCs or stressors that are causing the response. Ingersoll et al. (1997)
recommended that additional research be conducted, using controlled dose-response
experiments, to evaluate the use benthic invertebrate datafor identifying the toxic effects of
specific COPCs in sediments (e.g., Hayward 2002). The response of benthic invertebrates
may be sensitive to COPCs in sediment, but it is difficult to separate out effects due to
interferences such as grain size, TOC, depth, and water quality characteristics of the
overlying water at the site of interest. Additional standardization and field validation of
methods used to assess and interpret benthic community datawould improve the application
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4.6

of these approaches in sediment assessments, particularly in soft-bottom substrates where
COPCs in sediments are of primary concern.

Interpretation of Data

A variety of metrics are directly relevant for assessing benthic invertebrate community
structure (USEPA 1992a; 1992b; 1994; MacDonald and Ingersoll 2000). Domination of the
benthic invertebrate community by pollution-tolerant species, such asworms (oligochaetes,
particularly tubificid oligochaetes) and midges (chironomids), has been considered to be
indicative of degraded conditions (i.e., for grab samples;, MacDonald and Ingersoll 2000).
Theabsenceof more sensitive organisms, such asamphipodsand EPT taxa(Ephemeroptera-
mayflies, Plecoptera - stoneflies, and Tricoptera - caddisflies) has also been considered to
provide strong evidence that benthic habitats and associated communities have been
degraded, particularly in hard-bottom substrates, such asriffles(OEPA 1988a; 1988b; 1989).
Additionally, mIBI scoreswere used to determineif benthic macroinvertebrate communities
had been degraded relative to unimpacted sites (i.e., for artificia substrate samples;
MacDonald and Ingersoll 2000). Information from studies on the colonization of benthic
invertebrates on artificial substrates and from assessments of in situ benthic invertebrate
community status can also be used to assess benthic invertebrate community structure
(USEPA 1992a; 1992b; 1994).

In general, sediment quality targets for the various metrics relating to benthic invertebrate
community structure can be established by assembling relevant information from relatively
uncontaminated reference sites. For example, Ohio Environmental Protection Agency has
established biocriteriaapplicabl eto the benthic community for avariety of ecoregionsinthe
state using thisreference site approach (OEPA 1988a; 1988b; 1989). Likewise, Simonetal.
(2000) established astate-widemodel for ng benthicinvertebratecommunity structure
in Indiana using the mIBI, which provides a basis for establishing sediment quality targets.
In this respect, Reynoldson et al. (1995) recommended that the normal range of benthic
invertebrate community metrics be established using the 95% prediction limits; sediment
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quality targets could then be established as the upper and/or lower limits of the normal range
for each metric (Reynoldson et al. 1997; Reynoldson and Day 1998; Reynoldson and
Rodriguez 1999).

Benthic community assessmentsare required to support threedi stinct aspectsof the sediment
quality assessment process. First, benthic community assessments may berequired to assess
the effects of contaminated sediments at stations where the concentrations of one or more
COPCs is elevated above threshold SQGs (e.g., PECs). Second, benthic community
assessments may berequired to assessthe effect of sedimentsthat could contain unmeasured
substances. Third, benthic community assessment data may be required to assess the site-
specific applicability of the SQGs. In this respect, additional data on sediment toxicity
(Chapter 3 of Volumelll) and on benthic community assessments may be needed when the
forms of the COPCs that are present may be less biologically available than those at other
sites (i.e., the data used to support predictive ability evaluation of SQGs; USEPA 2000a).

The steps that should be used to assess benthic invertebrate community status are outlined
in Figure 4. Once benthic community data have been assembled, the quality of the data
needs to be determined using criteria outlined in Section 4.4 of Volumel l11. If the benthic
community data do not meet the quality needed for the assessment, it may be necessary to
repeat certain components of the sampling and analysisprogram. The assessment of benthic
community data consists primarily of comparing the response of individual metrics (i.e.,
number of taxa or an index) measured at test stations to those measured for appropriately
selected reference stations (Figure 4). Test stationsthat are found to statistically differ from
reference stations are classified as having a degraded community. These comparisons may
be based on ANOVA, multivariate, or nonparametric statistical analyses (USEPA 1992a;
1992b; 1994).
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4.7 Recommendations

The results of benthic invertebrate community assessments can provide useful information
for evaluating the effectsof contami nated sedimentson sediment-dwelling organisms. Based
on the preceding evaluation of the applications of benthic invertebrate assessments, the
following recommendations are offered:

» Historically, sediment chemistry and toxicity datarepresent the primary elements
of most routine sediment quality assessments. In some cases, benthic
invertebrate assessments have complemented these data by providing abasisfor
validating the results of such evaluations;

* The metrics that provide information on the status of the benthic invertebrate
community (e.g., abundance of sensitive and tolerant taxa, species diversity,
species richness, mIBI) are the most relevant for assessing sediment quality
conditions;

» USEPA (1994) recommended atiered approach for ng benthicinvertebrate
communities. The first tier should include a qualitative preliminary survey of
each study areato: (1) determine if community structure indicates alterations
relativetoreferenceconditions; (2) evaluateif therearedifferencesin community
structureacross spatial gradientsthat may identify hot spotsof contamination; (3)
determine if taxa are represented by several orders of organisms or if the
community is skewed toward alimited number of orders of organisms; and, (4)
determine the number of replicate samples needed for the second tier of the
assessment. Results from this first-tier assessment can be used to identify the
best methods for sampling organisms at the sites of interest. The second tier
should then include aquantitative survey that allowsfor amore robust statistical
analyses of the various metrics chosen for the assessment;

* In order to interpret impacts on benthic invertebrates, it is critical to sample a
number of reference stations that bracket the rangein physical characteristics of
the test stations. The physical characteristics that should be considered when
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selecting a range of appropriate reference stations include sediment TOC,
sediment grain size, water depth, water current, and water quality at the station;

* Benthic invertebrate community assessments should be designed to collect an
adequate number of replicate samples from both reference and test sites to
characterize within site variability;

» The procedures that are to be used to collect samples and to identify and count
invertebrates should be documented in the QAPP,

 ASTM (2001a) and USEPA (2000a) recommend that all sediments evaluated
with toxicity tests should be characterized for at least: pH and anmonia of the
pore water; organic carbon content (TOC); particle size distribution (percent
sand, silt, clay); and, percent water content. Other analyses on sediments can
include: biological oxygendemand; chemical oxygen demand; cation exchange
capacity; oxidation reduction potential; Eh; total inorganic carbon; total volatile
solids; AVS, metals, synthetic organic compounds; oil and grease; petroleum
hydrocarbons; and, interstitial water analyses (ASTM 2001a; USEPA 2000a).
These physical and chemical characterizations of sediments are also relevant
when collecting benthic community data at a site;

» Qualitative descriptionsof the sediment may include color, texture, and presence
of petroleum sheens, macrophytes, or animals. Monitoring the odor of sediment
samples should be avoided due to the hazards associated with exposure to
volatile chemicals;

» Theproceduresfor interpreting theresults of the benthicinvertebrate community
assessments should be described inthedataanalysisplanthat isdevel oped as part
of the overall problem formulation process;

* Thefirst step in the datainterpretation process should invol ve evaluation of data
acceptability (i.e., based onthedataquality objectivesthat wereestablished inthe
QAPP);

» Theresults obtained for test sites should be compared with the results obtained
for appropriately selected reference sites[i.e., uncontaminated sites which have
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similar physical (e.g., grain size, water depth), and chemical (e.g. dissolved
oxygen) characteristics as the test sites];

* Models have been developed for use in predicting expected distributions of
benthic invertebrates at stations in the absence of sediment contamination
(Reynoldson et al. 1994). If these models are used, it isimportant to determine
if the database used to develop the models is representative of the physical
characteristics of the test stations being evaluated; and,

* Unlike the results of assessments conducted using sediment chemistry data,
benthic invertebrate assessments alone should not be used to definitively
determine sediment quality (USEPA 1992a). Again, the results of benthic
invertebrate assessments should be considered in conjunction with the results of
the companion measures of sediment chemistry, sediment toxicity, and
bioaccumulation that are conducted at the assessment area (see Chapter 7 of
Volumelll).

GUIDANCE MANUAL TO SUPPORT THE ASSESSMENT OF CONTAMINATED SEDIMENTSIN FRESHWATER ECOSYSTEMS - VOLUME |11



BIOACCUMULATION ASSESSMENT — PAGE 59

Chapter 5. Bioaccumulation Assessment

5.0

5.1

Introduction

In aguatic ecosystems, many substancesthat occur at only tracelevelsin overlying water can
accumulate to elevated levels in sediments. The same physical-chemical properties that
cause these substancesto accumulatein sediments (e.g., low agueous solubilities, highK,,),
make chemicals such as PCBs, OC pesticides, and mercury prone to bioaccumulation. The
accumulation of such substances in the tissues of sediment-dwelling organisms and
subsequent biomagnification in aguatic food webs can pose risks to avariety of ecological
receptors, particularly those organisms that consume aquatic species. Bioaccumulation
assessments are conducted to provide the information needed to assess the risks to aquatic-
dependent wildlife and human health associated with exposure to bioaccumulative
substances. This chapter is intended to describe the procedures for bioaccumulation
assessments as part of integrated assessments, which represent important components of
integrated assessments of sediment quality conditions.

Selection of Metrics and Targets for Bioaccumulation
Assessment

Contaminated sediments represent important sources of the substances that accumulate in
aguatic food webs (Ingersoll et al. 1997). Because these contaminants can adversely affect
aquatic-dependent wildlife species and/or human health, tissue chemistry represents an
important ecosystem health indicator in sediment quality assessments (ASTM 2001d,;
USEPA 20004). Ingeneral, the concentrationsof COPCsinthetissuesof sediment-dwelling
organisms represent the primary metrics for tissue chemistry. Aswildlife speciestypically
consume the entire prey organism, whole body COPC levels are the most relevant for
assessing risksto wildlife. In contrast, the levels of COPCs in edible tissue represents the
most important metrics for human health assessments. Assessments that are directed at
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evaluating COPC residuesin the tissues of benthic macroinvertebrates should focus on the
bioaccumulative COPCs that are known or suspected to occur in sediments at the site under
investigation. Typically, the COPCs that are considered in such assessments include:
metals, methyl mercury, PAHs, PCBs, OC pesticides, chlorophenols, and/or PCDDS/PCDFs.
However, thislist should berefined based on theland and water use activitiesthat have been
documented in the vicinity of the site.

The selection of species for inclusion in assessments of bioaccumulation requires an
understanding of the predator-prey relationships in the ecosystem under investigation. For
example, the levels of COPCs in benthic macroinvertebrates are likely to be relevant when
evaluating risks associated with dietary uptake of COPCs by bottom-feeding fish or
sediment-probing birds. Conversely, emergent insects may be the primary focus of an
investigation if swallows represent the primary receptor of concern. In cases where
fish-eating birds and mammals represent the wildlife species of specia concern, fish would
be the primary speciestargeted in sampling and analytical programs. Inthisway, sampling
programs can be tailored to answer the key risk questions that are being posed by the
investigators. Bioaccumulation is not an appropriate assessment approach for COPCs that
arerapidly metabolized or otherwise not accumul ated in thetissues of the organism(s) being
evaluated.

Ingersoll et al. (1997) identified four general approaches for conducting bioaccumulation
assessments, including:

A laboratory approach, which involves exposing organisms to sediment under
controlled conditions;

» A field approach which involves collecting organisms from a study area;
e Assessment of food web transfer; and,

* Modelsto predict bioaccumulation processes.

The following sections briefly describe each of these approaches.

GUIDANCE MANUAL TO SUPPORT THE ASSESSMENT OF CONTAMINATED SEDIMENTSIN FRESHWATER ECOSYSTEMS - VOLUME |11



BIOACCUMULATION ASSESSMENT — PAGE 61

In the laboratory approach, individuals of a single species are exposed under controlled
laboratory conditions to sediments collected from the study area being assessed (ASTM
2001d; USEPA 2000a). After an established period of exposure, thetissuesof the organisms
are analyzed for the COPCs. Bioaccumulation has occurred if the final concentration in
tissues exceeds concentrations that were present before the exposure was started. This
requiresthat individual srepresentative of initial conditionsalso beanalyzed. Thisapproach
has been routinely applied in the assessment of contaminated sediments (ASTM 2001d;
USEPA 2000a).

In the field approach, concentrations of COPCsin tissues are determined by collecting one
or more species exposed to sediments at the study area being assessed. In addition,
organisms representing various trophic levels may be collected and analyzed to determine
tissue residue levels. These concentrations are compared to those that have been measured
in the tissues of organisms collected from appropriately selected reference area(s). Two
methods have been used to determine bioaccumulation in the field:

* Organisms resident at the area are collected in situ for analysis; or,

» Organisms are transplanted from another location (presumably with a history of
little contaminant exposure) to the area of concern then re-collected, and tissues
are analyzed after an established period of exposure.

These approaches have not been used routinely in the assessment of contaminated sediments
(ASTM 2001d). In some cases, semipermeable membrane devices (SPMDs) are deployed
inthefield for specified time periods to simulate exposures of aguatic organismsto COPCs
(Williamson et al. 2002).

M odels which describe bioaccumulation are rel atively well developed for both organic and
inorganic contaminants (Thomann 1989; Luoma and Fisher 1997, ASTM 2001d).
Toxicokinetic models have a long history, as do simpler models of bioaccumulation
processes. Site-specific models predict bioaccumulation on the basis of laboratory-
determined characterization of biological processes in the species of interest and field-
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5.2

determined chemical measurements at the area of concern. Some uncertainties remain
unresolved in most models and consensus does not exist about the appropriate model to
apply for some (if not all) COPCs (Luoma and Fisher 1997).

Equilibrium modelsare commonly employed in risk assessment of bioaccumulation and are
available for both organic and inorganic COPCs (Di Toro et al. 1991; Ankley et al. 1996).
The models assume that the concentrations of COPCs among all compartments of the
environment are controlled by thermodynamicsand at | east approach equilibrium conditions.
If thermodynamic equilibrium existsand if oneroute of uptakeisknown or can be predicted,
overall bioaccumulationisinferred. Recent applications use an extension of the equilibrium
models, termed kinetic or pathway models (ASTM 2001d). These models incorporate
geochemical principles and also address uncertainties in the assumptions of equilibrium.
Kinetic models assume that routes of bioaccumulation are additive and must be determined
independently. Kinetic models and equilibrium models may yield similar resultsif COPC
distributions and concentrationsin an environment are at equilibrium (although not always),
but canyield very different resultswhereenvironmental compartmentsarenot at equilibrium
(e.g., if biological processes control concentrations, speciation, or phase partitioning of
COPCs; Ingersoll et al. 1997).

Tissue residue guidelines for the protection of piscivorus wildlife species and/or human
health represent the principal targetsthat are used to interpret the results of bioaccumulation
assessments. However, a variety or risk-based procedures have also been developed to
evaluate the results of such assessments. These tools can also be used to back-cal culate to
the concentrations of COPCs in sediment that will protect human health and ecological
receptors.

Availability of Standard Methods

Standard methods have been developed for conducting whole-sediment bioaccumulation
tests with a variety of test organisms, including the oligochaete Lumbriculus variegatus
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(ASTM 2001d; USEPA 2000a) and the amphipod Diporeia spp. (ASTM 2001d). The
Organization for Economic Cooperation and Development (OECD) is in the process of
developing standard methods for conducting sediment bioaccumulation tests with
Lumbriculusvariegatus. ASTM (2001d) al so describesproceduresfor conducting sediment
bioaccumulation tests with midges (Chironomus tentans and Chironomus riparius) and the
amphipod (Hyalella azteca); however, Lumbriculus variegatus or Diporeia spp. are
recommended in ASTM (2001d) for routine bioaccumulation testing with sediments.

The following criteria, which are outlined in Table 16, were used to select Lumbriculus
variegatus for bioaccumulation method development (ASTM 2001d; USEPA 2000a):

» Easeof culture and handling;

* Known chemical exposure history;

* Adequate tissue mass for chemical analyses,

» Tolerance of awide range of sediment physico-chemical characteristics,

* Low sengitivity to contaminants associated with sediment;

* Amenability to long-term exposures without feeding;

» Ability to accurately reflect concentrations of contaminants in field-exposed
organisms (i.e., exposure is realistic); and,

» Data is available confirming the response of laboratory test organisms with
natural benthic populations.

Thus far, extensive inter-laboratory testing has not been conducted with Lumbriculus
variegatus. Other organisms that did not meet many of these selection criteria (i.e., as
outlined in Table 16) included mollusks (valve closure), midges (short-life cycle), mayflies
and Diporeia (difficult to culture), amphipods (Hyalella azteca; small tissue mass, too
sensitive), cladocerans, and fish (not in direct contact with sediment).
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Sediments for bioaccumulation testing may be either collected from thefield or spiked with
arange of concentrations of oneor more COPCs. Recommendationsare providedin ASTM
(2001d) concerning procedures for meeting differing study objectives in sediment
evaluations. Theserecommendationsaddressthefollowing: sediment physical and chemical
measurements; test organism selection, collection, and maintenance; construction and
mai ntenance of exposure systems; sampling methods and test durations; model sthat may be
used to predict bioaccumulation; and statistical design of tests and analysis of test data.

The procedures outlined in these standard methods can be modified to assess
bi oaccumulation of contaminantsin sediment by other benthi cinvertebrate speciesthat occur
infreshwater environments. However, the results of tests, even those with the same species,
using procedures different from those described in the ASTM (2001d) and USEPA (2000a)
may not be comparabl e, asusing different proceduresmay alter the bioavail ability of COPCs.
If tests are conducted with procedures different from those described in ASTM (2001d) or
in USEPA (2000a), additional tests are required to determine comparability of results.
Comparison of results obtained using modified versions of these procedures might provide
useful information concerning new concepts and procedures for conducting sediment tests
with aquatic organisms.

The procedures described in these standard methods are designed to generate quantitative
estimates of steady-state tissue residue levels, which are commonly used in ecological or
human health risk assessments. Eighty percent of steady-state concentrations of sediment-
associated COPCs is used as the genera criterion for bioaccumulation tests. Because the
results from a single or few species are often extrapolated to other species, the procedures
are designed to maximize exposure to sediment-associated COPCs so that residues in
untested species are not systematically underestimated. A 28-day bioaccumulation test with
sediment-ingesting invertebrates, which are provided with no supplemental food, is
recommended asthe standard exposure scenario (ASTM 2001d; USEPA 2000a). Procedures
for conducting long-term and kinetic tests are recommended for use when 80% of
steady-state is unlikely to be obtained within 28 days or when more precise estimates of
steady-state tissue residues are required (ASTM 2001d). The procedures are adaptable to
shorter exposures and different feeding types. Exposures shorter than 28 days may be used
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5.3

to identify which compounds are bioavailable (that is, bioaccumulation potential) or for
testing species that do not live for 28 days in the sediment (for example, certain species of
midge such as Chironomus tentans or Chironomus riparius). Non-sediment-ingestors or
species requiring supplementary food may be used if the objectiveisto determine uptakein
these particular species due to their importance in ecological or human health risk
assessments. However, the results obtained for such species should not be extrapolated to
other species.

Advantages and Disadvantages

The strengths of using tissue chemistry data for evaluating the effects of contaminated
sediments on sediment-dwelling organisms are similar to those that were cited for sediment
chemistry data (Chapter 2 of Volume Ill; Table 17). These advantages include the
availability of standard methods for quantifying contaminant concentrationsin tissues, and
of procedures for evaluating the accuracy and precision of the resultant data. Importantly,
tissue chemistry datacan be used to reliably identify the substancesthat are accumulatingin
the tissues of sediment-dwelling organisms and, as a result, causing or substantially
contributing to sediment toxicity. Standard methods have aso been developed for
conducting bioaccumulation testsin the laboratory with sediments (ASTM 2001d; USEPA
2000a).

There are a number of factors that can limit the applicability of tissue chemistry data in
sediment quality assessments. First, generation of high quality tissue chemistry data often
requires a substantial mass of tissue to support analysesfor the various COPCs. Collection
of sufficient numbers of organismsto support such analyses can be challenging, particularly
in highly contaminated sediments which typically have depauperate benthic communities.
In addition, interpretation of such datais dependent on the availability of benchmarks that
link tissue residue levels to adverse effects in sediment-dwelling organisms. The use of
inappropriate analytical methods (i.e., with high reporting limits), the presence of
interferences, and inadequate quality assurance practices can limit the utility of the resultant
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data. See ASTM (2001d) and USEPA (2000a) for amore complete description of potential
interferences associated with conducting sediment bioaccumulation tests in the laboratory.

Tissue chemistry data provide important information for identifying the substances that are
accumulating in biological tissues. However, these data cannot, by themselves, be used to
assess risks or hazards to sediment-dwelling organisms. Interpretation of these data
necessitates the establishment of targetsthat define the levels of COPCsthat are unlikely to
adversely effect sediment-dwelling organisms. Bioaccumulated substances may cause an
adverse effect on either the organism accumulating the material or an organism that
consumesthe contaminated tissue. Whilenumerical TRGsarenot yet availablefor ng
thedirect effectsof contaminant residuesin benthic macroinvertebrates, Jarvinen and Ankley
(1999) recently published a database that links tissue residues to effects on aquatic
organisms. The United States Army Corps of Engineers has developed a similar database
(Environmental Residue-Effects Database), whichisavailableon the organization’ swebsite
(http://www.wes.army.mil/el/ered/index.html). The information that is contained in these
databases can be used to help identify toxicity thresholds (i.e., targets for tissue chemistry)
for the various COPCs a the site under investigation. Subsequent comparison of
field-collected tissue residue data to the published toxicity thresholds provides a basis for
determining if bioaccumulative substances are present in the tissues at levelsthat are likely
to adversely affect sediment-dwelling organisms.

The effects on aquatic-dependent wildlife associated with dietary exposure to tissue-borne
contaminants are typically evaluated using numerical TRGs or toxicity reference values
(TRVs) for tissues. In both cases, the measured concentrations of COPCs in the tissues of
aguatic organisms are compared to the level sthat have been established to protect piscivorus
wildlife (TRGs; Newell et al. 1987) and/or the levelsthat are associated with specific types
of adverse effects (TRV's; Sample et al. 1996). The potential for adverse effects on human
heal th associated with the consumption of contaminated fish and/or invertebrate tissues can
be evaluated using the Action Levels that have been established by the Food and Drug
Administration (USEPA 1989). The availability of such benchmarks to support
interpretation of thedatarepresentsanimportant advantage of the bioaccumul ation approach.
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5.4 Evaluation of Data Quality

The use of performance-based methods has been recommended for laboratory
bioaccumul ation testing (ASTM 2001d; USEPA 2000a). Performance-based methods permit
the use of methods that meet pre-established performance standards (Chapter 3 of Volume
[11). The experimental design and sampling procedures for the bioaccumulation analyses
should bedocumented in the project QAPP. Two primary issuesrelated to quality of thedata
in bioaccumulation assessments include detection limits and replication. Detection limits
for tissue analyses sel ected for the assessment should depend on the objectives of the study
and the benchmarks for assessing potential effects (Section 5.6 of Volume IIl). ASTM
(2001d) and USEPA (2000a) describe procedures for determining adequate tissue mass for
the selected detection limits and minimum detectable differences among treatments. For
example, ASTM (2001d) and USEPA (2000a) recommend aminimum of 1 g per replicate
and preferably 5 g per replicate in bioaccumulation tests with the oligochaete Lumbriculus
variegatus; fivereplicatesper treatment werea so recommended. Methodsfor achieving low
detection limitsfor avariety of organic and inorganic compounds can befound in Ankley et
al. (1992), Brunson et al. (1998), ASTM (2001d) and USEPA (2000a). Methods for
achieving low detection limits for lipid analyses in small tissue samples can be found in
Gardner et al. (1985), ASTM (2001d), and USEPA (20008).

Thedecisionto depurate the gut contentsof organismsbefore chemical analysisisdependent
on the objective of the study. If the objective of the study is to determine the total dose of
contaminants in prey organisms that could be transferred to a predator, then test organisms
should not be depurated before analyses of body burden. However, if the objective of the
study is to determine a steady-state concentration of compounds in an organism, then
organismsaretypically depurated. See ASTM (2001d) and USEPA (20004) for adiscussion
of approachesthat can be used to estimate the contribution of contaminantsin the gut to the
overall body burden of contaminantsin an organism.

Performance-based procedureshave been establishedin ASTM (2001d) and USEPA (2000a)
for establishing the acceptability of alaboratory bioaccumulation test. For example, Table
18 outlines a method for conducting 28-day sediment bioaccumulation exposures with the
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5.5

oligochaete Lumbriculusvariegatus, while Table 19 liststhe test acceptability requirements
for conducting this test (ASTM 2001d; USEPA 2000a). The primary requirements for
meeting test acceptability of organisms in this sediment exposure include behavior (i.e.,
organisms should not avoid the sediment) and toxicity (survival of organism should not be
reduced relativeto the control sediment), maintenance of water quality characteristicsof the
overlying water during the exposure, documentation on the quality of the cultures used to
obtain organisms for testing (organisms at the start of the exposure should have low
concentrations of COPCs), maintenance of the exposure system, and handling of sediments
for testing (Table 19). Additional quality assurance and quality control procedures for
conducting sediment toxicity tests are outlined in ASTM (2001d) and USEPA (2000a).

Methodological Uncertainty

In areview of uncertainty associated with endpoints commonly used in bioaccumulation
assessments, Ingersoll et al. (1997) identified four general approaches for bioaccumulation
assessments, including:

* A laboratory approach, which involves exposing organisms to sediment under
controlled conditions;

» A field approach, which involves collecting organisms from a study areg;

» Assessment of food web transfer; and,

* Modelsto predict bioaccumulation processes.

Each of these approaches was evaluated in Ingersoll et al. (1997) in relation to following
major sources of uncertainty: precision, ecological relevance, causality, sensitivity,
interference, standardization, discrimination, bioavailability, andfield validation (Table 20).
Precision wasevaluated in terms of the replicability the particular measurement. Ecological
relevance was evaluated in terms of its linkage to the receptors which are to be protected.
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Causality was evaluated relative to the ability of the measure to determine the factors that
adversely affect organisms exposed to contaminated sediments. Sensitivity was evaluated
relative to the ability of the measure to identify sediments that have the potential to affect
sensitive species in aquatic ecosystems. Interferences were evaluated related to biotic or
abiotic factors which could influence the response of the measurement beyond the direct
effects of specific contaminants. Standardization was evaluated intermsof thelevel of peer
review and publication of standard methods. Discrimination was evaluated in terms of
whether or not agraded response could beidentified. Bioavailability was evaluated relative
to the ability of the measure to determine the fraction of contaminants in sediment readily
availableto organisms. Finaly, field validation was established rel ative to how the measure
has been used to predict responses of benthic communitiesin the field.

Variability is a common problem in bioaccumulation studies and can lead to imprecise
estimates of exposure. However, standard methods for determining bioaccumulation
describe procedures for avoiding extreme sources of uncertainty (ASTM 2001d; USEPA
20008). Laboratory bioaccumulation tests are potentially the most precise of
bi oaccumul ation approaches. However, their precisionisdirectly dependent upon biological
factors, such asthe selection of appropriatetest organisms. Number of individual s sampled,
number of composites, life-stage, size of organisms, biases from analysis of gut content or
surface contamination are examples of uncertainty associated with field approaches.
Bioaccumulation models were ranked as imprecise because of the large knowledge gaps
which remain in identifying values for model parameters (Table 20).

Ecological relevance includes both relevance to ecological change and relevance to human
exposure pathways. A limitation to the bioaccumulation approachisitsweak link to adverse
ecological effects. Bioaccumulation does not mean an adverse effect is occurring.
Organisms are capable of detoxifying, adapting to or otherwise surviving some dose of
COPCs. Correlations between bioaccumulated COPCs and effects on sediment-dwelling
organisms are also not as well established (Jarvinen and Ankley 1999). Collection of
organismsexposed in thefield, food web bioaccumul ation estimates, and empirical and site-
specific models provide direct determination of contaminant concentrations in aguatic
resource (food) species and provide information for pathways of human exposure. Where
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tissue concentrations are directly determined in the food organism, thereislittle uncertainty
about relevance. The precise human exposure pathway is predicted with less certainty if
analyses of a surrogate species are used to estimate human exposures from a variety of
Species in an environment.

Causality describes the linkage between the source of the COPCs, exposure pathways, and
the measured biological effect. Bioaccumulation data alone cannot provide information
about whether the source of exposure was overlying water or sediment, and cannot be used
aone to evauate effects of contaminants on aquatic organisms. Nevertheless,
bioaccumulation data provide the strongest endpoints for drawing linkages to COPCs
becauseit involvesdirect determinationsof the concentrationsof those substancesin tissues.
Bioaccumulation is a sensitive response because it measures exposure of an organism to
relevant COPCs. However, bioaccumulation is not appropriate for determining exposures
to ammoniaor certain metals, which are not bioaccumulated before exerting toxic effects.
In addition, model results will be fraught with uncertainty about sensitivity until widely
accepted input parameter values are established (Table 20).

I nterferences can add uncertaintiesto bioaccumul ation studies. Sediment characteristicsare
animportant source of uncertainty in laboratory bioaccumul ation studies because collection,
transport, and deployment can change sediment characteristics from conditionsin thefield.
It is possible that variability over small spatial scales interferes with or adds uncertainty to
discrimination between areas on larger scales. Use of standard methods for field and
laboratory bioaccumulation assessments can reduce uncertainty (ASTM 2001d; USEPA
2000a).

Theability of bioaccumulation to discriminate contamination gradientswith low uncertainty
isone of its advantages. Inherently, bioaccumulation is a highly quantitative approach for
discriminating the risk of exposure to COPCs from a sediment. Bioaccumulation directly
measures bioavailability in both laboratory and field studies. Some qualitative uncertainty
in bioavailability (if it is defined as COPCs assimilated into tissues) can occur in
determination of whole-tissue concentrations. Undigested gut content can be analyzed as
part of the tissue burden and cause systematic uncertainties (upward bias) in estimates of
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bioavailability if COPC concentrations in food are high compared to tissues (and if food
massin the gut issufficiently great). COPCsin gut content and on animal surfaceswill be
consumed by predators, so thereisnot awidespread consensus about the necessity of purging
al undigested COPCs from the gut of organisms. Some studies, especialy with small
organisms, have successfully related bioaccumul ation obtained in the laboratory with field-
collected sediments to residue concentrations observed in synoptically collected organisms
from the field (Ankley et al. 1992; Brunson et al. 1998; Ingersoll et al. 2003).

In summary, the principal use of bioaccumulation isto estimate the exposure or dose which
organisms encounter in a sediment (Ingersoll et al. 1997). Bioaccumulation is not an
appropriate assessment approach for COPCs which are rapidly metabolized or, for other
reasons, are not accumulated in the tissues of the organism(s) being evaluated. Another
limitation of the bioaccumulation endpoint is its weak link to ecological effects.
Bioaccumulation does not mean an adverse effect is occurring. The relevance of
bioaccumulation stems mainly from itsvaluein characterizing exposures and understanding
the dose that an organism experiences. This can be especially valuable information if used
to expand understanding of bioavailability or if exposures are complex in space or time (as
is often the case) at the site of interest. Bioaccumulation can be ahighly variable endpoint,
but if established methodsarefollowed and sample sizeisadequate, variability, imprecision,
and insensitivity can be controlled.

Interpretation of Data

Interpretation of tissue chemistry datarelativeto the potential for adverse effects on aquatic-
dependent wildlife necessitates the establishment of targets that define tolerable levels of
COPCsin the tissues of aguatic organisms. More specifically, such data may be compared
to TRGsto determineif COPCs have accumulated in thetissues of aguatic organismsto such
an extent that adverse effects on piscivoruswildlife speciesarelikely to occur. Such TRGs
for the protection of piscivorus wildlife have been developed by the New York State
Department of Environmental Conservation (Newell et al. 1987). Toxicity thresholds for
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wildlife species have also been established to support interpretation of field and laboratory
data (Sample et al. 1996).

The consumption of contaminated tissues represents the most important route of human
exposure to biocaccumulative COPCs at sites with contaminated sediments. Fish
consumption advisories are frequently established as a result of bioaccumulation of
sediment-associated contaminantsby fish (Beltman and Lipton 1998). USEPA haspublished
guidance on the use of chemical contaminant datain the development of fish consumption
advisories (USEPA 2000d). For this reason, tissue chemistry represents an important
ecosystem health indicator for assessing effects on human health. Application of this
ecosystem health indicator necessitates the identification of appropriate metrics that can be
used to evaluatethe statusof thisindicator. A list of target analytesfor biological tissuescan
be developed from the preliminary list of COPCsfor the site (i.e., that is established using
background information on the site) by identifying the substances that are likely to
accumulate in biologica tissues (e.g., mercury, certain PAHs, PCBs, organochlorine
pesticides, PCDDs).

Evaluation of the actual hazards posed by bioaccumul ative substances requires information
on the levels of contaminants that are present in fish and shellfish tissues, on the weekly
consumption of contaminated tissues by various sectorsof the popul ation, and onthetoxicity
of each COPC to mammalian receptors. Alternatively, TRGs can be used, in conjunction
with tissue residue data, to determine if existing concentrations of bioaccumulative
substances pose a potential hazard to human consumers.

Interpretation of tissue chemistry datarelative to the potential for adverse effects on human
health necessitates the establishment of targets that define tolerable levels of COPCsin the
tissues of aguatic organisms. In this context, numerical TRGs provide a basis for assessing
sediment injury relative to human health. The Action Levelsthat have been established by
the U.S. Food and Drug Administration (USEPA 1989) provide benchmarks for assessing
the quality of fish tissues. Additionally, the presence of fish or wildlife consumption
advisories provides direct evidence that the beneficial uses of the aquatic ecosystem have
been compromised (i.e., the target for fish consumption advisories would be zero).
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Information on levels of contaminants in aquatic biota and on bioaccumulation supports
determination of the significance of COPC levels in sediments relative to the direct toxic
effectson these organismsor relativeto protection of human health and the health of wildlife
that consume these aquatic organisms. Equilibrium-partitioning model s and kinetic models
can also predict the accumulation of both organic and inorganic COPCs from sediment by
aguatic organisms (ASTM 2001d).

Interpretation of tissue residue data is challenging for a number of reasons. While many
aguatic organisms are sedentary (i.e., infaunal invertebrate species), others can be highly
migratory (i.e., fish). For migratory species, it can be very difficult to establish where the
exposure to bioaccumulative COPCs actually occurred. In addition, the concentrations of
tissue-associated COPCs can vary depending on the trophic status, reproductive status, age,
tissue sampled, and lipid content of the species under consideration, to name afew of the
most important factors. Therefore, itisdifficult tofully characterizetheriskstowildlifeand
human health that are associated with the accumulation of COPCs in the food web.

Sediment characteristics, such as TOC, can have amajor influence on the bioavailability of
nonpolar compounds and increase the among-site variation in bioaccumulation (ASTM
2001d). Calculation of BSAFs can reduce this variability. Biota-sediment accumulation
factors are calculated as the ratio of lipid-normalized tissue residue to organic
carbon-normalized sediment COPC concentration at steady state, with units of
g-carbon/g-lipid. Normalizing tissue residues to tissue lipid concentrations reduces the
variability in chemical concentrations among individuals of the same species and between
species.  These normalization procedures can be used to develop a simple
thermodynamic-based bioaccumulation model for chemica uptake from sediment. The
fundamental assumptions of this thermodynamic model are that the tissue concentration is
controlled by the physical partitioning of the compound between sediment carbon and tissue
lipidsand that the organi sm and the environment approach thermodynamic equilibrium. The
method assumes that lipidsin different organisms and TOC in different sediments partition
chemicalsin similar manners. The key input parameter in the model is the BSAF, which
predicts the lipid-normalized tissue residue when multiplied by the TOC-normalized
sediment chemical concentration.
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In theory, BSAFs should not vary with sediment type or among species. Based on the
relationship between organic carbon partition coefficients (K,.) and lipid-normalized
concentrations in tissue, the maximum BSAF for neutral organic compounds has been
calculated to be about 1.7 (ASTM 2001d). Measured BSAFs would be lower than this
maximum if metabolism of the compound by the organism israpid or the organism failsto
reach steady-state body burdens due to limited exposure durations or kinetic limitations to
accumulation (for example, steric hindrances to uptake and slow desorption from sediment
particulates to interstitial water). Measured BSAFs could exceed the calculated
thermodynamic maximum if there is active uptake of the chemical inthegut or if thereisan
increasein the gut fugacity of the chemical, driving the chemical from the gut into the body.
The chemical fugacity in the gut could increase as the volume of food decreases during
digestion or as aresult of areduction in lipids.

The steps that should be used to assess tissue chemistry dataare outlined in Figure 5. Once
tissue chemistry data have been assembled, the quality of the data needs to be determined
using criteria outlined in Section 5.4 of Volume Il and in ASTM (2001d) and USEPA
(20004). If the tissue chemistry data do not meet the quality needed for the assessment, it
may be necessary to repeat certain components of the sampling program.

Themeasured concentrations of COPCsin biol ogical tissues should be compared to regional
background levels to determine if tissues contain elevated levels of COPCs (Figure 5).
ASTM (2001d) and USEPA (2000a) provide a description of procedures for conducting
statistical analyses of data from bioaccumulation assessments. Comparison of tissue
chemistry data to published toxicity thresholds provides a basis for determining if
bi oaccumul ative substances are present in the tissues of aguatic organisms at levelsthat are
likely to be toxic to sediment-dwelling organisms or fish (e.g., Jarvinen and Ankley 1999).
In addition, these data may be compared to numerical TRGs to determine if COPCs have
accumulated in the tissues of aguatic organisms to such an extent that adverse effects on
piscivorus wildlife species are likely to occur (Figure 5). Such TRGs for the protection of
piscivorus wildlife have been developed by the New York State Department of
Environmenta Conservation (Newell et al. 1987). TRGs have aso been developed for the
protection of human health (USEPA 1989). The results of tissue residue chemistry should
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also be considered in conjunction with measures of sediment chemistry, sediment toxicity,
and community status of benthic invertebrates and fish at the assessment area (Chapter 7 of
Volumelll).

Recommendations

Theresults of bioaccumul ation assessments provide essential information for evaluating the
uptake of bioaccumulative substances from contaminated sediments by sediment-dwelling
and other aguatic organisms. In turn, this information provides a basis for evaluating the
potential effects of biocaccumulative substances on aguatic-dependent wildlife and human
health. Thefollowing recommendations are offered to support the design and interpretation
of bioaccumulation assessments:

» Bioaccumulation assessments should be included as an integral element of
freshwater sediment quality assessments that are conducted at sites that are
known or suspected to contain bioaccumulative substances,

» Theuptake of bioaccumulative substancesfrom freshwater sediments should be
evaluated using theresults of 28-day bioaccumulation tests with the oligochaete,
Lumbriculus variegatus (i.e., to support the determination of BSAFs and the
prediction of levelsin higher tropiclevel organisms). Itisrecommended that 28-
day toxicity tests with the oligochaete Lumbriculus variegatus be conducted
following procedures outlined in ASTM (2001d) and USEPA (2000a) and in
Tables 18 and 19;

» The concentrations of bioaccumulative COPCs in test organisms exposed to
control sediments should be determined at the beginning and end of the
bioaccumulation test to support interpretation of the results of tests conducted

using site sediments;
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 The physical and chemical characteristics of sediments that are used in
bioaccumulation tests should be determined, in accordance with the guidance
provided in ASTM (2001d) and USEPA (2000a);

» The concentrations of bioaccumulative COPCs should be determined in
sediment-dwelling organismsthat are obtai ned from fiel d-collected sedimentsto
validate the results of laboratory bioaccumulation tests and to evauate the
potential for adverse effects on invertebrate-eating wildlife species (e.g., fish,
sediment-probing birds);

» The concentrations of bioaccumulative substances in the tissues of aquatic
organisms (fish and shellfish) from the site under investigation should be
determined to evaluate the potential for adverse effects on aquatic-dependent
wildlife and human health;

» A conceptual model of the site, including COPCs, potential exposure pathways,
and receptors at risk, should be developed to guide the selection of species for
bioaccumulation testing and tissue residue analysis,

» Following the selection of the most appropriate bioaccumulation test(s) for the
specific application, the test procedures and DQOs should be described in the
project QAPP;

» The procedures for interpreting the results of the bioaccumulation tests and the
tissue residue data for field-collected samples should be described in the data
analysisplanthat isdevel oped aspart of theoverall problem formulation process;

» Thefirst step in the datainterpretation process should involve evaluation of test
and data acceptability (i.e., by comparing the results to the DQOs that were
established in the QAPP);

* Theresultsof bioaccumulation tests should be compared to those obtained at the
beginning of the test and/or those obtained for control sedimentsto evaluate the
uptake of bioaccumulative COPCs,
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» The results of bioaccumulation tests and the measured concentrations of
bioaccumulative COPCs in aquatic organisms may be compared to toxicity
reference values (TRVS) and/or TRGs to evaluate the potential for effects on
aquatic-dependent wildlife and/or human health; and,

» Applications of exposure models and dose-response relationships provides a
basis for refining the effects assessments that are conducted using the tissue
residue data in conjunction with TRVsand TRGs.

The bioaccumulation of sediment-associated contaminants can best be determined by
conducting laboratory bioaccumulation tests with sediments collected from the area of
interest. Minimum physical and chemical characterization of sediment samplesusedinthese
bioaccumulation tests are outlined in Section 3.7 of Volume Ill dealing with sediment
toxicity testing (see also ASTM 2001d and USEPA 2000a). In addition to laboratory
biocaccumulationtesting, itisalso useful to collect organismsinhabiting sedimentsat thearea
of interest to determinethe potential for food chain transfer of contaminantsto upper trophic
levels. Itiscritical to useanalytical methodsthat have been previously demonstrated to meet
the desired detection limits for tissue residues and lipids. It isalso important to establish a
minimum tissue mass per replicate needed for all of the required analyses before conducting
an assessment of bioaccumulation with either field-collected or laboratory-exposed
organisms.
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Chapter 6. Fish Health and Fish Community

6.0

6.1

Assessments

Introduction

Contaminated sediments have been demonstrated to be toxi ¢ to sediment-dwelling organisms
and fish (MacDonald and Ingersoll 2000). More specifically, exposure to contaminated
sediments can result in decreased survival, reduced growth, or impaired reproduction in
benthic invertebrates and/or fish. Additionally, certain COPCs in the sediments are taken
up by organisms through bioaccumulation (Chapter 5 of Volume l1l). Asaresult, benthic
organisms, fish, birds, and mammals can be adversely affected by contaminated sediments.
This chapter describes proceduresfor assessing potential impacts of contaminated sediment
on fish health and on the composition of fish communities.

Selecting Metrics and Targets in Fisheries Assessments

Data on fish health provides important information for determining if fish have been
adversely affected by exposure to contaminated sediments. Fish health representsarelevant
indicator of sediment quality conditions because fish that are exposed to contaminated
sediment can exhibit impaired health. Health can be defined as the capacity of an organism
to withstand stress (Schmitt et al. 2000). Hence, the more stressed (i.e., less healthy) an
organism is, the less capacity it has to withstand further stress (Bayne et al. 1985).
Assessments of fish health areintended to integrate the overall responses of an organism to
environmental stresses, including exposureto toxic and bioaccumul ative substances (Schmitt
et al. 2000). Fishheathrepresentsarelevantindicator of sediment quality conditionsasfish
that are exposed to contaminated sediments can exhibit avariety of responses, someof which
provide evidence of exposure to COPCs and others which indicate that such exposures are
adversely affecting the organism.
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Investigatorsin the fish health field have utilized a number of metrics to assess exposure to
toxic and bioaccumulative substances. For example, tissue chemistry data have been used
extensively to quantify exposures to bioaccumulative substances, such as PCBs, PAHS,
PCDDS/PCDFs, and OC pesticides (Table 21). In addition, a number of metrics, such as
ethoxyresorufin-O-deethylase (EROD) activity in liver (responsive to PCBs, PAHSs, and
PCDDSPCDFs), H4IIE assay results in whole fish (responsive to PCBs, PAHs, and
PCDDs/PCDFs), sex steroid (estradiol and testosterone) levels in plasma (responsive to
endocrine modulating substances), metallothein levels in liver and kidneys (response to
metals), vitellogenin in plasma (response to endocrine modulating compounds), and
macrophage aggregate analyses of spleen, kidney, and liver (responsiveto PAHsand metals)
have been used as evidence of exposure to various classes of contaminants (McCarthy and
Shugart 1990; Schmitt et al. 2000; Table 21). While these metrics provide information on
exposures to toxic and bioaccumulative substances, they do not provide direct information
on the effects that are associated with such exposures. Therefore, more direct measures of
the effects of exposuresto COPCs on fish heath are also needed in assessments of sediment
quality conditions.

There are anumber of metricsthat can be used to provide information on the overall health
of fish that have been exposed to elemental and organic chemicals. For example,
histopathological examination of fish liver, gills, gonads, spleen, and kidney has been used
to determine the frequency of lesions and tumorsin fish (Malins et al. 1985; Goyette et al.
1988; Payne et al. 1988). Somatic indices, such asthe relative mass of gonads, spleen, and
liver, have al'so been used as a measure of overall organism health (Grady et al. 1992).
Furthermore, necropsy-based fish health assessments, which include visual examination of
al tissues for external and internal abnormalities (e.g., deformities, fin erosion, lesions,
tumors, parasites), can also be used to evaluate organism health (Nener et al. 1995; Antcliffe
et al. 1997; Schmitt et al. 2000). These types of information on fish health status are
important because impaired fish health can lead to increased rates of fish mortality and result
in associated effects on fish populations.

Establishment of targets for fish health depends on the determination of normal conditions
for the fish species that reside in the geographic area under consideration. In some areas
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(e.g., Indiana, Ohio), theincidenceof deformities, finerosion, lesionsandtumors(i.e., DELT
abnormalities) in fish have been determined for uncontaminated reference sites (Sobiech et
al. 1994). As such, statistical comparisons can be made of the metric scores that are
measured at the contaminated site and the reference areas. In this way, it is possible to
determine if fish health has been adversely affected at the site under investigation.

Exposure to toxic and bioaccumul ative chemicals can adversely affect fish in several ways.
First, exposureto COPCscan cause behavioral abnormalities, increasedincidenceof disease,
decreased fish health, impaired reproduction, and elevated levels of mortality. In addition,
the presence of sediment-associated contaminants can impact the benthic invertebrate
community and, thereby, reduce the abundance of preferred fish food organisms. Assuch,
affected aquatic habitats may support only reduced populations of fish.

A variety of metrics can be used to assess the status of fish communities in freshwater
ecosystems. Such metrics provideinformation on speciescomposition (i.e., total number of
species, types of species, percent sensitive species, and percent tol erant species), on trophic
composition (i.e., percent omnivores, percent insectivores, and percent pioneer species), and
on fish health (Karr and Chu 1997; 1999). Other metrics that have been used in various
investigations include, species richness, total abundance, percent alien taxa, and trophic
status (Karr and Chu 1999). Integration of these metrics into multimetric indices, such as
the Index of Biotic Integrity (IBI) and the Index of Well-Being (IWB), provides abasis for
evaluating the overall status of the fish community, rather than individual attributes of the
community (Y oder and Rankin 1995; Karr and Chu 1999). In many areas, 1Bl and/or IWB
scores have been determined for appropriately selected reference sites within the ecoregion
under consideration (e.g., Indiana- Sobiech et al. 1994; Ohio - OEPA 1988a; 1988b; 1989;
Florida- Griffithetal. 1994). Inthisway, the status of thefish community at acontaminated
site can be compared with the community that would normally occur in areas with similar
physical habitats, in the absence of chemical contamination. MacDonald and Ingersoll
(2000) and MacDonald et al . (2002b) applied thisapproach to identify areaswiththe Indiana
Harbor area of concern that had degraded fish communities.
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6.2 Availability of Standard Methods

Standard methods for collecting and processing of fish samples have not been established
by organizationssuch asthe ASTM. Nevertheless, USEPA (2000d) has devel oped guidance
onthecollection and analysisof fishtissues. However, guidance hasrecently been published
for evaluating fish health as part of the USGS biomonitoring of environmental status and
trends (BEST) program (Schmitt et al. 2000). The BEST program has been designed to
document temporal and spatial trends in fish health through the use of chemical and
biological monitoring methods. Fish are normally selected for sampling based on:

* A high potential for exposure and response to COPCs;,
» Having aterritory that overlaps the area being monitored; and,

* Being large and abundant enough to permit sampling.

Methods are outlined in the BEST protocols for measuring several metrics, including
histopathology, EROD activity, lysozyme activity, macrophage aggregate anaysis, H4lIE
bioassay, vitellogenin, sex steroids, chemical analyses of wholefish, somaticindices, stable
nitrogen isotopes, and necropsy-based fish health examination. See Table 21 for a brief
description of each of these metrics. A general measure of overall organism health can be
evaluated using metrics such as histopathology, lysozyme activity, or necropsy for internal
or external abnormalities. Metrics such asH4I1E and EROD can be used to determineif fish
have been exposed to specific classes of compounds, such as PCBs, PAHSs, or
PCDDs/PCDFs.
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6.3 Advantages and Disadvantages

Evaluation of fish health offers a number of advantages relative to the assessment of
sediment quality conditions. First, fish areoften keystone speciesin aguatic ecosystems(i.e.,
species that influence the structure and/or function of the ecosystem as awhole); therefore,
dataon fish health can providerelevant information for assessing the health of the ecosystem
as awhole. In addition, human uses of aquatic ecosystems are often dependent on the
availability and quality of sport and food fish. Asimpaired fish health can adversely affect
such uses, fish health data can be used to assess the maintenance and restoration of the
designated water uses. Importantly, certain COPCs that do not bioaccumulate to elevated
levels in fish tissues can adversely affect their health (e.g., PAHS). Therefore, fish health
assessments can provide relevant data for evaluating the effects of such COPCs (Malins et
al. 1985; Payne et al. 1988).

While fish health assessments can be highly relevant in evaluations of sediment quality
conditions, thereare several limitationsthat influencetheir applicability. First, assessments
of fish health typically involve destructive sampling of substantial numbersof fishto support
statistical comparisonsbetween contaminated sitesand reference areas, potentially impacting
the populations of affected species. In addition, fish health can be affected by exposure to
water-borne chemicals or habitat gradients, in addition to sediment-associated COPCs.
Therefore, adverse effects cannot necessarily be attributed to contaminated sediments.
Furthermore, fish can be migratory speciesthat residewithin the siteunder consideration for
variable and unknown time periods. Hence, it isdifficult to fully determine the duration of
exposure to contaminated sediments.

Many of the advantages that were cited for fish health assessments are also relevant to fish
community assessments. That is, askeystone speciesin aquatic ecosystems, information on
fish community status can provide valuable information on the health of the ecosystem as
awhole. Additionally, changesin the composition of the fish community or the abundance
of certain fish species have the potential to adversely affect the designated uses of a
waterbody. Importantly, unlikefish health assessments, fish community assessments do not
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necessarily require destructive sampling and, hence, can be conducted without significantly
adversely affecting fish populations.

In spite of the advantages noted above, fish community assessments have a number of
limitationsthat caninfluencetheir applicability in sediment quality investigations. First and
foremost, fish communities can be affected by avariety of natura (e.g., flooding, drought)
and anthropogenic (e.g., habitat alterations, fishing pressure, water-borne contamination,
sediment-associated contamination) stressors. Additionally, fish are often not always in
direct contact with sediment; as such, it is challenging to determine the cause or causes of
changesin the composition of the fish community. Furthermore, fish tend to be migratory
species and, as such, the composition of fish communities can change on seasonal basesin
response to natural factors, such as food supply, temperature changes, and reproductive
status. Finally, the applicability of fish health and fish community data can be limited due
to difficulties associated with obtaining sufficient samples to support statistical analysis of
the data.

Evaluation of Data Quality

Performance-based methods have been recommended for determining the acceptability of
sediment chemistry (Chapter 2 of Volume I11) or sediment toxicity tests (Chapter 3 of
Volume 1I1). Unfortunately, performance-based methods have not been established to
determine the acceptability of fish health data or fish community data. The first step in
conducting an evaluation of fish communities is the development of an appropriate
experimental design. An inappropriate experimental design can be amajor source of error
intheresulting data. There are many factorsto be considered when sampling fish that differ
from the considerations required for sampling sediments (Chapter 2 of Volume Il1). Fish
communities can be influenced by abiotic factors in the absence of COPCs, and in some
cases, the effects of COPCs can be masked by effects due to these abiotic factors (Sobiech
etal. 1994). Important abiotic characteristics(i.e., water quality, current vel ocity and depth,
shade cover) at the site need to be evaluated so that potential confounding effects of these
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characteristics can be accounted for when datais analyzed and interpreted. This holdstrue
whether theintent of the project isto make comparisons between upstream and downstream
areas, between different aquatic systems (different lakes or rivers), or between seasons.

When assessing fish communities, it iscritical to select appropriate reference sites. 1dealy,
reference sites should be unaffected or minimally affected by anthropogenic influences
(ASTM 2001a; Appendix 3 of Volume Il). In addition to having low concentrations of
COPCs in sediment, the reference sites should also have physica and chemica
characteristics of both water and sediment that are similar to the study site to minimize the
potential effects of these characteristics on fish communities. See Appendix 3 of Volume
Il for additional discussion of reference sites. The methodsthat are to be used in fish health
and/or fish community assessments should be documented in the project QAPP.

Methodological Uncertainty

A review of uncertainty associated with endpoints measured in fish health or fish community
assessments of sediment quality was not addressed in Ingersoll et al. (1997). Nevertheless
the same criteria that were established by Ingersoll et al. (1997) can be used in this
assessment to estimate uncertainty associated with measures of fish health and fish
community structure in the assessment of sediment quality (Table 22) including: precision;
ecological relevance; causality; sensitivity; interferences; standardization; discrimination;
biocavailability; and, field validation.

The primary purpose of fish health or fish community metricsareto identify departure of the
endpoint from either an expected or predicted condition, given natural variability in both
time and space. Furthermore, these metrics should relate such a departure to a directional
stressor. The precision of a fish community assessment was rated as moderate given
movement of fish within the areaof interest and the lack of direct contact with sediment by
many fish species. In contrast, fish health metrics were rated asrelatively precise assuming
that consistent methods are used to perform these evaluations. Ecological relevancein Table
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6.6

22 refers to the relation of the measured endpoint to the fish community at the area of
interest. Accordingly, direct measures of the fish health or fish communities have a high
certainty of being related to ecosystem responses at the area of interest. However, some of
the fish health endpoints provide an indication only of exposure and not necessarily of an
effect.

M easurements of fish community structure provide limited information on specific COPCs
or stressors causing the response. The response of fish may beto either COPCsin sediment
or physical factorsthat interfere with interpretations of sediment quality, such as substrate,
shade, flow, and water quality characteristics of the overlying water at the area of interest.
In contrast, fish health metrics can be used to identify specific chemical stressors that may
be causing adverse responses to organisms (e.g., EROD activity, lysozyme activity,
macrophage aggregate analysis, H4I1E bioassay, vitellogenin, sex steroids). Neither fish
health nor fish community metrics have been standardized through such organizations as
ASTM; however, detailed methods have been described for conducting these measures
(OEPA 1988a; 1988b; 1989; Schmitt et al. 2000; USGS 2000). M ethodol ogical uncertainty
relative to discrimination and bioavailability were both rated relatively high for fish
community assessment given the difficulty in linking effects observed on fish to a specific
location with contaminated sediments (Table22). Because certain metricsusedinfish health
assessments respond to a specific class or classes of COPCs, the uncertainty associated with
discrimination and bioavailability was considered to be lower. Both fish health and fish
community metrics have been extensively field validated, but these assessments have not
been routinely used to assess sediment quality.

Interpretation of Data

The steps that should be used to assess fish health data are outlined in Figure 6. Once fish
health datahave been assembl ed, the quality of the dataneedsto be determined using criteria
outlined in Section 6.4 of Volume lll. If these data do not meet the quality needed for the
assessment, it may be necessary to repeat certain components of the sampling program.
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6.7

Establishment of targets for fish health depends on determining normal conditions for the
fish speciesthat residein the geographic areaunder consideration. For example, background
conditionsintermsof theincidence of DELT abnormalitiesin fish have been determined for
areasin Indianaand Ohio (Sobiech et al. 1994). Assuch, fish health at test stations within
these areas can be compared to the target for a geographic area being considered (Figure 6).
If the incidence of adverse effects associated with fish health is not different from the
geographic target, then fish health is unlikely to be adversely affected at the test station.
However, if theincidencein abnormalitiesis higher than the geographic target, test stations
are classified as having a degraded fish health.

As is the case for fish health, establishment of targets for the fish community necessitate
determination of normal conditions for uncontaminated sites within the same ecoregion as
the site under investigation. In Ohio, for example, data collected throughout the state have
been used to generate | Bl and IWB scoresthat denote exceptional, good, fair, poor, and very
poor fish communities at three types of sites, including wading sites, boat sites, and
headwater sites (OEPA 1988a; 1988b; 1989). Similarly, Indiana has calibrated the IBI for
use in several ecoregions, thereby making it applicable for use in a number of areas within
the state. In the absence of such benchmarks, normal conditions may be determined by
selecting and sampling one or more reference sites that have similar habitat characteristics,
but are unaffected by chemical contamination. Theresultsof fish health assessments should
be considered in conjunction with measures of fish community structure and results of
companion assessments of sediment chemistry, sediment toxicity, and bioaccumul ation that
are conducted at the assessment area (see Chapter 7 of Volume I11).

Recommendations

Fish health and fish community assessments provide useful ancillary information for
evaluating exposure to, and the effects of, sediment-associated COPCs in freshwater
ecosystems. Based on the forgoing evaluation of fish heath and fish community
assessments, the following recommendations are offered:
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*  Fish health assessments can be used to assess exposure of fish to certain classes
of COPCs, including metals, PAHs, PCBs, OC pesticides, and/or
PCDDs/PCDFs;

» Themetricsthat provide the most direct information on exposure of fish to toxic
and bioaccumulative COPCs include EROD, H4IIE, vitellogenin, and sex
steroids;

» Themetricsthat providethemost direct information onthe health of exposed fish
include histopathology, lysozyme activity, somatic indices, and necropsy-based
fish health assessments;

* Theproceduresthat areto be used to assessfish health and fish community status
should be documented in the QAPP,

» The procedures for interpreting the results of fish health and fish community
assessments should be described inthe dataanalysisplan that isdevel oped aspart
of the overall problem formulation;

» Thefirst stepinthe datainterpretation process should involve evaluation of data
acceptability (i.e., based on the DQOs that were established in the QAPP; and,

» Theresults obtained for test sites should be compared with the results obtained
for appropriate reference sites [i.e., uncontaminated sites which have similar
physical (e.g., grain size, water depth) and chemical (e.g., dissolved oxygen)
characteristics as the test sites].
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Chapter 7. Integration of Information on Multiple

7.0

Indicators of Sediment Quality Conditions

Introduction

Sediment quality assessmentsaretypically conducted to determineif sedimentshave become
contaminated as a result of land or water use activities. When such contamination is
indicated, the results of sediment quality assessments need to provide the information
required to evaluatethe nature, severity, and areal extent of sediment contamination. Inturn,
this information can be used to identify actua and probable use impairments at the
assessment area. The purpose of this chapter is to describe procedures for interpreting the
data that are generated for assessing effects on sediment-dwelling organisms, on aguatic
dependent wildlife, or on human health (Chapter 5 of Volumel). Proceduresfor evaluating
the quality of the data generated for specific indicators, such as sediment chemistry or
sediment toxicity, are outlined in Chapters 2 to 6 of Volumelll. Proceduresfor determining
if specific targets for each of these individua indicators have been exceeded are also
described in these earlier chapters. Importantly, approaches for integrating data that are
generated from multiplelines of evidence, including sediment chemistry, sediment toxicity,
bioaccumulation, or responses of organisms in the field, are described in the following
sections. A series of contingency tables (Tables 23 to 24) are presented which can be used
to interpret impacts on aquatic life, wildlife, or human health using a weight-of evidence
approach.
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7.1

Integration of Information on Multiple Indicators of
Sediment Quality Conditions

While individual indicators of sediment quality each have an inherent level of uncertainty
associated with their application, the uncertainty associated with an overall assessment of
sediment contamination can be reduced by integrating information from each of these
individual indicators. For example, sediment chemistry, sediment toxicity, and benthic
community data can be used together in a sediment quality triad assessment to establish a
wel ght-of -evidencelinking contaminated sedimentsto adverse effects on sediment-dwelling
organisms(Table23). Theintegration of multipletool susing aweight-of-evidence approach
has the potentia to substantially reduce uncertainty associated with risk assessments of
contaminated sediment and, thereby, improve management decisions (Long and Chapman
1985; Chapman 1992; Canfield et al. 1996; Ingersoll et al. 1997; Wenning and Ingersoll
2002).

Thefirst step in the evaluation of sediment quality data should be to determineif individual
indicators exceed the established targets. For example, the following questions should be
addressed:

Do the concentrations of COPCs in sediments exceed applicable SQGs (Figure
1)?

» Aresedimentstoxic relative to control and/or reference treatments (Figure 3)?

* Are communities of invertebrates or fish in the field degraded relative to
reference conditions (Figure 4 or 6)?

» Do the concentrations of COPCs in tissues exceed TRGs (Figure 5)?

» Isthe health of fish compromised relative to reference conditions (Figure 6)?

Theanswersto these questionswill help to establish if metrics associated with each of these
individual indicators are adversely affected at the test stations relative to the reference
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stations. However, it is also important to determine the relationships among individual
indicators measured at the assessment area. These relationships can be evaluated most
directly by using scatter plots of the datato determine if there is correspondence between
pairsof indicatorsand associated metrics measured on splits of individual samplescollected
from stations in the assessment area (e.g., sediment toxicity vs. sediment chemistry).
Alternatively, the scatter plots can be used to evaluate broader trends across geographic
reaches within the assessment area (e.g., fish community status or fish health vs. sediment
chemistry). Comparisonsof fishcommunity statusor tissue chemistry of fish are often made
across multipl e stations sampl ed for sediment chemistry to account for the movementsof fish
within the assessment area.

Statistical regression analyses can be used to determineif there are significant relationships
between pairs of indicators and associated metrics. For example, Figure 7 illustrates the
relationship between sediment chemistry (as a function of mean PEC-Qs) and sediment
toxicity (as afunction of toxicity to Hyalella azteca in 10-day sediment tests). Similarly,
relationships between metrics for a particular indicator can aso be evaluated using scatter
plots. Figure8illustratestherelationship between two metricsfor sediment chemistry: SEM
normalizedto AVS (i.e., SEM-AV S) and toxic units of metals measured in pore water from
these same samples. The results of these types of analyses can be used to establish
concordance among variousindicators (i.e., high chemistry and toxic, low chemistry and not
toxic). Additionaly, these analyses can help to establish therate of false positives(i.e., high
chemistry and not toxic) or false negatives (i.e., low chemistry and toxic) among various
indicators.

The following sections describe procedures for using contingency tables in an expanded
version of the sediment quality triad approach to incorporates measures of bioaccumulation
with the traditiona measures of sediment quality (MacDonald 1998). Specificaly,
integration of data from sediment chemistry, sediment toxicity, community status, and/or
tissue chemistry provides important information for assessing sediment quality conditions.
The contingency tables presented in Tables 23 to 24 provide ameans of interpreting the data
generated from multipleindicatorsof sediment quality using aweight-of-evidence approach.
The results of these analyses can be used to estimate the likelihood of impacts of sediment
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contamination on aguatic life (sediment-dwelling organisms), wildlife (vertebrates), or
human health.

7.1.1 Integration of Information on Multiple Indicators for
Assessing Impacts on Sediment-Dwelling Organisms and
Other Receptors

Historically, the sediment quality triad is the approach that has been used most frequently to
evaluate the concordance between measures of sediment chemistry, sediment toxicity, and
benthic community structure in the assessment of impacts of on sediment-dwelling
organisms. The continency table presented in Table 23 presents eight possible outcomes
based onthe correspondence among thesethreeindicatorsof sediment quality. Alternatively,
broader assessmentsof sediment quality conditionscan be conducted by al so consideringthe
potential for bioaccumulation. There are 16 possible outcomes when four individua
indicators of sediment quality are evaluated (sediment chemistry, sediment toxicity, benthic
community surveys and tissue chemistry; Table 24) providing abasis for assessing effects
on sediment-dwelling organisms, aquatic-dependent wildlife, and/or human health.
Frequently, there may only betwo indicators of sediment quality reported for aparticular site
assessment (i.e., chemistry and toxicity), which would result in acontingency tablewith four
possible outcomes (Table 25).

In each of these contingency tables, a“+” or “-” withinin acolumn and row designates that
theindicator for aparticular sasmple (or station) is classified as being adversely affected “ +”
or not “-” relative to the established target. Multiple metrics can be used in classifying an
individual indicator asimpacted or not impacted. For example, multiple sediment toxicity
tests or multiple measures of sediment chemistry may be reported for splits of the same
sample collected from a station. MacDonald and Ingersoll (2000) and MacDonald et al.
(2002a; 2002b) classified asample astoxicif one or more of the tests on asample exceeded
the target for toxicity relative to control or reference sediments. Similarly, a sample was
designated asimpacted if one or more measures of sediment chemistry exceeded established
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targetsfor selected SQGs. Alternatively, Canfield et al. (1994; 1996) described aprocedure
for ranking multiple metrics for a particular indicator to designate a sample (or station) as
impacted. Menzie et al. (1996) and MacDonald et al. (2002c) describe procedures for
assigning weighting factors when ranking multiple metricsin an ecol ogical risk assessment.
Carr et al. (2000) described a procedure for using principal component analysesto classify
indicators of sediment quality asimpacted relative to reference conditions.

Concordanceamong thevariousindicators of sediment quality measured onthe samesample
generatesahigh level of confidence that the sampleisbeing correctly classified asimpacted
or not impacted. For example, if each of the four indicators of sediment quality were
designated asadversely affected (line1in Table 24), it would be highly likely that the station
isimpacted due to contaminant-induced degradation in the field resulting in direct toxicity
and bioaccumulation. Similarly, if al of theindicatorsexcept for bioaccumulation indicated
that a station is impacted (line 9 in Table 24), it is highly likely that the station is being
adversely affected by the toxic substances present in contaminated sediments. In this case,
however, bioaccumulative substances are probably not contributing to use impairment.
Alternatively, if each of these four indicators of sediment quality were designated as not
adversely affected (line 10 in Table 24), it would be highly unlikely that the station isbeing
impacted. There may be stationswheretheindividual indicatorsare not in concordance. For
example, there may be no indication of effects based on sediment chemistry, toxicity, or
benthic community structure, but bioaccumulation is occurring, based on exceedances of
tissue chemistry targets(line2in Table24). Inthisinstance, itisunlikely that COPCswould
bedirectly toxic to organisms at the station. However, adverse effects on aquati c-dependent
wildlife and/or human health could be occurring.

There may be instances where sediment toxicity, benthic community structure, or tissue
chemistry identify a station as impacted, but sediment chemistry is not elevated (i.e., lines
4,7, or 15 in Table 24). In these instances, the station may be impacted as a result of
unmeasured substances contributing to thetoxicity. Inother instances, there may beimpacts
identified with sediment chemistry and toxicity, but community structure is not impacted
(i.e, lines6 or 14 in Table 24). This situation may be the result of spatial variability of
COPCsinthefield that isnot identified with composited sampl es used to measure chemistry
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and toxicity. Impactson benthosin the field without corresponding impactsidentified with
sediment chemistry or toxicity may also result from spatial (or temporal) variability of
contaminantsin thefield (i.e., lines5 and 13 in Table 24). However, effects on organisms
inthefield also may reflect differencesin habitat or other physical factors(i.e., low dissolved
oxygen) rather than reflecting responses to COPCs (line 13 in Table 24). The presence of
elevated levels of bioaccumulative COPCs in tissues indicates the potential for adverse
effects on aguatic-dependent wildlife and/or human health.

Sediment may not be toxic in laboratory tests, but there may be elevated levels of COPCs,
bioaccumulation, or evidence of altered benthic community structure (lines 3, 8, and 16 in
Table24). Intheseinstances, thetoxicity tests may not be sensitive enough to detect toxicity
in the laboratory or chemicalsin the sediment may not be directly toxic to organismsin the
field. Sediment may also have elevated levels of COPCs without any other indication of
sediment impacts (line 11 in Table 24). Intheseinstances, there may be COPCsthat are not
bioavailablein the sediments. Alternatively, thetarget SQGs may betoo low. For example,
if thetargetsfor sediment chemistry werebased on exceedancesof threshold-type SQGs|i.e.,
effectsrange-lows (ERLS) or threshold effect levels (TELS)], then there may be a high rate
of false positives (SQG exceeded and non-toxic sample). Finally, there may be instances
where sediments are identified as toxic in laboratory tests without any other indication of
sediment contamination (line 12 in Table 24). In these instances, there may be unmeasured
chemicals contributing to the toxicity. Alternatively, the sediment toxicity test may be
responding to an abiotic characteristic of the sediments that is out of the tolerance range of
the test organism (i.e., TOC influencing the growth of midges; ASTM 2001a).

The simplest contingency table, where only two indicators of sediment quality have been
measured at the sampling stations, is presented in Table 25. In this example, sediment
chemistry and sediment toxicity are being compared and there are only four possible
outcomes. A station could be identified as impacted or not impacted due to toxicity and
chemistry exceeding the established targets (lines 1 and 2 in Table 25). Elevated chemistry
with no toxicity may be classified as afalse positive (line 3 in Table 25). In thisinstance,
the target thresholds for sediment chemistry may be set too low. Alternatively, the toxicity
test may not have been sensitive enough to detect the elevated chemicalsin the sample. A
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sampleidentified astoxic without elevated chemistry would be classified asafal se negative
(line4inTable25). Perhapsthetoxicity test was responding to abiotic characteristics of the
sediment (i.e,, TOC or ammonia). Alternatively, there may be unmeasured chemicals
contributing to the toxicity. Clearly, the use of only two indicators can limit the overall
interpretation sediment quality at a the assessment area. ldeally, sediment chemistry,
sediment toxicity, benthic community structure, and tissue chemistry, would be measured at
all stationsto provide a more robust evaluation of sediment quality (Table 24).

Contingency tables are useful for determining concordance among various indicators of
sediment quality. Canfield et al. (1998) used athe contingency table similar to Table 23 to
determine the percentage of stations in an assessment area classified in each of the eight
possible outcomes. A second approach for evaluating concordance among individual
indicators of sediment quality would be to plot the data on a map (Figure 9). Data for
individual indicators in these tri-axial graphs were arithmetically scored proportionally
between 1and 100 (i.e., Lisindicativeof thelowest concentration, least toxic, or most robust
benthic community observed and 100 isthe most impacted; Canfield et al. 1994). Morethan
one metric can be used for a particular indicator by scoring each individual variable,
summing these scores acrosstheindividual metrics, and re-scoring the sum of the combined
scores between 1 and 100. The results of these analyses can then be plotted on tri-axia
graphswhen threeindicatorsare being evaluated (Figure 9). Alternatively, these plotscould
include multiple axesif additional indicators are being evaluated (i.e., quad-axial graphsfor
the contingency table presented in Table 24). These plots are useful for evaluating general
trends among stations at the assessment area. However, symmetry among the individual
indicatorsin these plots does not always represent concordance among theindicators. There
may beinstanceswhere arelatively low scorefor sediment chemistry or toxicity isidentified
as impacted relative to the target, whereas a higher score for benthic community would be
needed to identify a station asimpacted relative to the corresponding target (Canfield et al.
1996).

Carr et al. (2000) presented an alternative procedure for plotting the results of a sediment
quality triad investigation on a map of the study area. Color-coded pie diagrams for each
station were subdivided into three sections and each section was used to classify chemistry,
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toxicity, or benthic community as indicating high (green), medium (yellow), or low (red)
sediment quality. A similar approach was used by MacDonald et al. (2002c) to assessrisks
to aquatic receptors associated with exposure to COPCs.

An example application of the sediment quality triad assessment of sediment quality was
presented in a series of papers by Canfield et al. (1994; 1996; 1998). Sediment toxicity,
chemistry, and benthic community structure were measured at stations located in the
following areas:

» Three Great Lakes AOCs (Buffalo River, NY; Indiana Harbor, IN; Saginaw
River, M1);

* Theupper Mississippi River; and,

 TheClark Fork River located in Montana.

The results of the benthic invertebrate community assessments were compared to the
sediment chemistry and toxicity datafor each site. Good concordance was evident between
measures of laboratory toxicity (28-day sediment exposures with Hyalella azteca, which
measured effects on survival, growth, and sexual maturation), sediment contamination, and
benthic invertebrate community composition in highly contaminated samples. However, in
moderately contaminated samples, |ess concordance was observed between the composition
of the benthic community and either [aboratory toxicity test results or sediment contaminant
concentrations. Laboratory sediment toxicity tests which measured sub-lethal endpoints
better identified chemical contamination in sediments compared to many of the commonly
used measures of benthic invertebrate community composition. One explanation for thisis
that the benthic community attributes may reflect other factors, such as habitat alterations,
inadditionto respondingto COPCs. Canfield et al. (1994; 1996; 1998) concluded that there
is a need to better evaluate non-contaminant factors (i.e., TOC, grain size, water depth,
habitat alteration) in order to better interpret theresponse of benthicinvertebratesto sediment
contamination.
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Geographicinformation systems (GIS) provide another alternativefor interpreting sediment
quality data. Using this approach, the matching sediment chemistry, sediment toxicity, and
benthic invertebrate structure data are georeferenced in arelationa database. Subsequent
overlay mapping of the information on the three or more types of indicators facilitates
identification of the areas that have various degrees of concordance among the indicators.
Inthisway, it ispossibleto rank therelative priority of the various reachesin the study area.
For example, the reaches in which the majority of sediment samples exhibit elevated
chemistry, significant toxicity, and degraded benthos would be considered the highest
priority for developing and implementing sediment restoration options. In contrast, those
reachesin which ahigh proportion of samplesarerelatively uncontaminated, non-toxic, and
have normal benthos would be the highest priority for ongoing protection. Other
management actions (e.g., further investigation) may be needed in the reaches with one or
two indicators showing that the sediments have been degraded. This type of ranking
approach can aso be applied to non-matching data that have been collected over a number
of years.

7.1.2 Integration of Information on Multiple Indicators of
Sediment Quality in the Assessment of Impacts on
Wildlife

In addition to effects on sediment-dwelling organisms, contaminated sediments have the
potential to adversely affect avariety of aquatic-dependent wildlife (i.e., vertebrate) species,
including fish, amphibians, reptiles, birds, and mammals. MacDonald and Ingersoll (2000)
andMacDonald et al. (2002b)evaluated atotal of fiveindicatorsfor determining the potential
effectsof contaminated sedimentsonwildlife, including sediment toxicity tofish, fish health,
fish community status, sediment chemistry, and tissue chemistry. For most assessments of
the effects of contaminated sediments on wildlife species, measures of sediment chemistry,
fishcommunity status, and tissue chemistry arethe primary indicatorseval uated, as sediment
toxicity testswith fish and fish health assessments are not routinely reported in assessments
of sediment quality conditions. Effects on other wildlife species, such as amphibians,
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reptiles, birds, and mammals, can be evaluated relative to either sediment chemistry (i.e., by
applying biocaccumulation-based SQGS) or fish tissue chemistry (i.e., by applying TRGsfor
consumption by piscivorus wildlife). The biggest challenge relative to the evaluation of
effects of contaminated sediments on fish populations is the mobility of fish within the
assessment area. As such, it is difficult to directly link elevated concentrations of
contaminants in sediment to effects on fish. Nevertheless, general patterns of sediment
contamination within a groups of stations and fish populations samples from the same
geographic area can be used to link contaminated sediments to adverse affects on fish
(Chapter 6 of Volumell1).

The continency table presented in Table 26 presents the eight possible outcomes for
interpreting the correspondence among measures of sediment chemistry, fish community
status, and tissue chemistry relativeto the potential for impacts of contaminated sediment on
wildlife. Notethat if laboratory toxicity testswith fish were conducted with sedimentsfrom
a station, a contingency table similar to Table 23 could be used to evaluate relationships
between sediment toxicity, sediment chemistry, and fish community status. Similarly, if fish
health wasevaluated, acontingency table similar to Table 26 could be used (i.e., substitution
of fish community status with fish health).

If each of the three indicators listed in Table 26 are positive (i.e., bioaccumulation-based
SQGs are exceeded, fish community status is impaired, and TRGs are exceeded; line 1 in
Table 26), itislikely that wildlife are being impacted as aresult of sediment contamination
in the portion of the assessment area being evaluated. Alternatively, if al three of these
indicators are not positive (line 2 in Table 26), it isunlikely that wildlife in the assessment
area have not been impacted (assuming that these three indicators are representative
surrogates for al wildlife inhabiting the portion of the assessment area being evaluated).
Again, these comparisons of fish community status (or fish health) and tissue chemistry are
often made across multiple stations sampled for sediment chemistry, to account for the fact
that fish migrate among stations. |mpacts may beidentified on fish community statusand/or
tissue chemistry without an indication of elevated sediment chemistry (lines4, 5, and 7 in
Table 26). In these instances, effects on wildlife are probably not due to sediment
contamination within the stations being evaluated (tissue residues maybe due to exposure
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from other sites or other media types). Alternatively, there may be elevated chemistry
without noticeableimpacts on fish community status or tissue chemistry (line 3in Table 26).
In this instance, it may be that fish are not in direct contact with the sediments or the
sediment-dwelling organisms from the stations being sampled. Finally, impacts may be
identified with sediment chemistry and either fish community statusor tissuechemistry (lines
6 and 8 in Table 26). In these instances, impacts on sediment quality on wildlife are likely
resulting either through direct toxic effects (line 6) or through exceedances of TRGs for
piscivorus wildlife (line 8).

7.1.3 Integration of Information on Multiple Indicators of
Sediment Quality in the Assessment of Impacts on
Human Health

Humans may be exposed to sediment-associ ated contaminantsviaseveral routesof exposure
including direct contact with sediment (i.e., wading), through ingestion of surface water
contaminated by sediments, or through consumption of shellfish, fish, and/or other wildlife
species exposed to contaminated sediments (Chapter 6 of Volume Il1). Crane (1996)
described procedures for evaluating potential human health effects associated with direct
contact with contaminated sediment, through ingestion of water contaminated by sediment,
and through the consumption of contaminated fish. The contingency table in Table 27
addresses the assessment of potential dietary impacts on human health associated with
contaminated sediments, as evaluated based on exceedances of sediment chemistry targets
(bioaccumul ation-based SQGs for human health) or exceedances of tissue chemistry targets
(TRGs or fish consumption advisories for human health).

In instances where sediment chemistry and tissue chemistry are elevated in the assessment
area(linelinTable 27), itislikely that sediment contamination has the potential to impact
human health. Additionally, when sediment chemistry is elevated in the assessment area
abovebioaccumulation-based SQGsfor humansbut tissue chemistry targetsare not exceeded
(line3in Table 27), it is possible that there are impacts on human health. In thisinstance,
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7.2

theremay bewildlifein the assessment area exposed to the contaminated sediment that were
not sampled for tissue chemistry. Tissue chemistry may be elevated without substantial
elevation in sediment chemistry (line 4 in Table 27). In this instance, impacts on human
health are possible, but organisms may not be exposed to sediments from the sampling
stations.

Summary

Contaminated sedimentshavethe potential to adversely affect sediment -dwelling organisms,
wildlife, and/or human health. Whenever practical, multiple lines of evidence (i.e., dataon
multiple indicators of sediment quality conditions) should be used to assess the quality of
freshwater sediments. Procedures for determining if individual lines of evidence indicate
that the beneficial usesof freshwater sedimentsare beingimpaired are described in Chapters
2to 6 of Volume lll. The contingency tables presented in this chapter provide a basis for
integrating the information on multiple indicators of sediment quality conditions and, in so
doing, supporting informed decisi onsregarding the management of contami nated sediments.

Importantly, the weight-of-evidence generated should be proportional to the weight of the
decision in the management of contaminated sediments. At small and uncomplicated sites,
the costs associated with detailed siteinvestigations arelikely to exceed the costs associated
with the removal and disposal of contaminated sediments. In these cases, SQGs represent
cost-effective tools for establishing clean-up targets and developing remedial action plans
(Wenning and Ingersoll 2002). At larger, more complicated sites, it is prudent to conduct
further investigations when preliminary screening indicate that contaminated sediments are
present. In such cases, the application of toxicity testing, benthic macroinvertebrate
community assessments, and other tools provide a means of confirming the severity and
extent of degraded sediment quality conditions (Wenning and Ingersoll 2002). Application
of TIE proceduresand/or sediment spiking studiesprovidesabasisof confirming theidentity
of the substancesthat are causing or substantially-contributing to sediment toxicity (Ingersol|
et al. 1997).
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Table1l. Sediment quality guidelinesthat reflect threshold effect concentrations (TECS; i.e., below which har mful effectsare

unlikely to be observed; from MacDonald et al. 2000b).

Threshold Effect Concentrations

Substance TEL LEL MET ERL TEL-HA28 SQAL Consensus-Based TEC

Metals (in mg/kg DW)
Arsenic 59 6 7 33 11 NG 9.79
Cadmium 0.596 0.6 0.9 5 0.58 NG 0.99
Chromium 37.3 26 55 80 36 NG 434
Copper 35.7 16 28 70 28 NG 31.6
Lead 35 31 42 35 37 NG 35.8
Mercury 0.174 0.2 0.2 0.15 NG NG 0.18
Nickel 18 16 35 30 20 NG 22.7
Zinc 123 120 150 120 98 NG 121

Polycyclic Aromatic Hydrocarbons (PAHS; in pg/kg DW)
Anthracene NG 220 NG 85 10 NG 57.2
Fluorene NG 190 NG 35 10 540 77.4
Naphthalene NG NG 400 340 15 470 176
Phenanthrene 41.9 560 400 225 19 1800 204
Benz[a]anthracene 31.7 320 400 230 16 NG 108
Benzo(a)pyrene 31.9 370 500 400 32 NG 150
Chrysene 57.1 340 600 400 27 NG 166
Dibenz[a,h]anthracene NG 60 NG 60 10 NG 33.0
Fluoranthene 111 750 600 600 31 6200 423
Pyrene 53 490 700 350 44 NG 195
Total PAHs NG 4000 NG 4000 260 NG 1610
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Table1l. Sediment quality guidelinesthat reflect threshold effect concentrations (TECS; i.e., below which har mful effectsare

unlikely to be observed; from MacDonald et al. 2000b).

Threshold Effect Concentrations

Substance TEL LEL MET ERL TEL-HA28 SQAL Consensus-Based TEC
Polychlorinated Biphenyls (PCBs; in pg/kg DW)
Total PCBs 34.1 70 200 50 32 NG 59.8
Organochlorine Pesticides (in pg/kg DW)
Chlordane 4.5 7 7 05 NG NG 324
Dieldrin 2.85 2 2 0.02 NG 110 1.90
Sum DDD 354 8 10 2 NG NG 4.88
Sum DDE 142 5 7 2 NG NG 3.16
Sum DDT NG 8 9 1 NG NG 4.16
Total DDTs 7 7 NG 3 NG NG 5.28
Endrin 2.67 3 8 0.02 NG 42 2.22
Heptachlor epoxide 0.6 5 5 NG NG NG 247
Lindane (gamma-BHC) 0.94 3 3 NG NG 3.7 2.37

TEC = Threshold effect concentration (from MacDonald et al. 2000a).

TEL = Threshold effect level; dry weight (Smith et al. 1996).

LEL = Lowest effect level, dry weight (Persaud et al. 1993).

MET = Minimal effect threshold; dry weight (EC & MENVIQ 1992).

ERL = Effects range low; dry weight (Long and Morgan 1991).

TEL-HA28 = Threshold effect level for Hyalella azteca ; 28 day test; dry weight (USEPA 1996).
SQAL = Sediment quality advisory levels; dry weight at 1% OC (USEPA 1997).

NG = No guideline; DW = dry weight.
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Table2. Sediment quality guidelinesthat reflect probable effect concentrations (PECs, i.e., above which harmful effectsare
likely to be observed; from MacDonald et al. 2000Db).

Probable Effect Concentrations

Substance PEL SEL TET ERM PEL-HA28 Consensus-Based PEC
Metals (in mg/kg DW)
Arsenic 17 33 17 85 48 33.0
Cadmium 3.53 10 3 9 32 4.98
Chromium 90 110 100 145 120 111
Copper 197 110 86 390 100 149
Lead 91.3 250 170 110 82 128
Mercury 0.486 2 1 13 NG 1.06
Nickel 36 75 61 50 33 48.6
Zinc 315 820 540 270 540 459
Polycyclic Aromatic Hydrocarbons (PAHS; in pg/kg DW)
Anthracene NG 3700 NG 960 170 845
Fluorene NG 1600 NG 640 150 536
Naphthalene NG NG 600 2100 140 561
Phenanthrene 515 9500 800 1380 410 1170
Benz[a)anthracene 385 14800 500 1600 280 1050
Benzo(a)pyrene 782 14400 700 2500 320 1450
Chrysene 862 4600 800 2800 410 1290
Fluoranthene 2355 10200 2000 3600 320 2230
Pyrene 875 8500 1000 2200 490 1520
Total PAHs NG 100000 NG 35000 3400 22800
Polychlorinated Biphenyls (PCBs; in pg/kg DW)
Total PCBs 277 5300 1000 400 240 676
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Table2. Sediment quality guidelinesthat reflect probable effect concentrations (PECs, i.e., above which harmful effectsare
likely to be observed; from MacDonald et al. 2000Db).

Probable Effect Concentrations

Substance PEL SEL TET ERM PEL-HA28 Consensus-Based PEC

Organochlorine Pesticides (in pg/kg DW)
Chlordane 8.9 60 30 6 NG 17.6
Dieldrin 6.67 910 300 8 NG 61.8
Sum DDD 851 60 60 20 NG 28.0
Sum DDE 6.75 190 50 15 NG 313
Sum DDT NG 710 50 7 NG 62.9
Total DDTs 4450 120 NG 350 NG 572
Endrin 62.4 1300 500 45 NG 207
Heptachlor Epoxide 2.74 50 30 NG NG 16.0
Lindane (gamma-BHC) 1.38 10 9 NG NG 499

PECs = probable effect concentrations (from MacDonald et al. 2000a)

PEL = Probable effect level; dry weight (Smith et al. 1996).
SEL = Severe effect level, dry weight (Persaud et al. 1993).
TET = Toxic effect threshold; dry weight (EC & MENVIQ 1992).

ERM = Effects range median; dry weight (Long and Morgan 1991).

PEL-HA28 = Praobable effect level for Hyalella azteca ; 28-day test; dry weight (USEPA 1996a).

NG = No guideline; DW = dry weight.

Page 125



Table 3. Advantages and disadvantages of whole sediment and pore water chemistry (Ingersoll et al. 1997).

Advantages

Disadvantages

* Provides direct information for determining the presence/absence
of COPCs.

* Standard methods are available for most COPCs.

* Procedures are available for evaluating the reliability of the data
(i.e., accuracy and precision).

* Methods for assessing the bioavailability of COPCs are available.

* Benchmarks (i.e., SQGs) are available for many COPCs for
evaluating the potential for biological effects.

Can not be used to evaluate effects on ecological receptors directly.

Effective interpretation of the datais dependent on selecting the
appropriate suite of analytes.

The use of inappropriate methods (e.g., with high detection limits)
can limit the utility of the resultant data.

For pore water, it is challenging to obtain sufficient sample volumes
to support the desired chemical analysis.

Pore water extraction methods can alter pore water chemistry.
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Table4. Uncertainty associated with sediment chemistry measur ements (Ingersoll et al. 1997).

Total Organic Metal
. SEM o . Reference
Bulk Sediment Carbon . Speciation Porewater Elutriate
L minusAVS Element

Normalization (non AVYS)
Precision 1 1 1 2* 2* 1 1
Ecological relevance 2 2 3 3
Causality: Contaminant 1 1 1 3 1
Causality: Source 2* 2 2 3 1
Sensitivity 1* 1* 1* 1* 1* 1* 1*
Interference 2* 2% 2% 2* 2* 2* 2%
Standardization 1* 1* 1* 3* 2% 2% 1*
Discrimination 1 1 2% 1 1
Bioavailability 2* 1* 2* 2*
Field validation® 1 2* 2% 3 3

Ranking Code: 1 = low uncertainty (good); 3 = high (bad); * = lack of knowledge.

Not related to field sampling.

Page 127



Table5. Uncertainty associated with sediment quality guidelines (Ingersoll et al. 1997).

Toxic Unit Residue-Based

ESBs' ERL and ERM AET SLC SEM-AVS Models SOG
Precision 1 2* 3 3 2* 3* 2
Ecological relevance 2 1 2 3 1 2+P
Causality 1 3*a 3 3 1* 2
Sensitivity 2 12 3 1 2* 1
Interference” 2 2* 2 3 2* 2 1
Standardization 1 1 2 2 1
Discrimination® 1 1 3 3 1
Bioavailability 1 2x° 2+° 1 2* 1*
Field validation 2* 2* 2* 3* 2* 2 2*

Ranking Code: 1 = low uncertainty (good); 3 = high (bad); * = lack of knowledge.
Awith TU; ° few compounds, based on consumption effects; © ERL; 4 interferences resulti ng from community responses and mixture effects; ® with normalization.
'ESB = Equilibrium Partitioning-derived Sediment Benchmarks (formerly known as Sediment Quality Criteriain Ingersoll et al. 1997).
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Table6. Summary of potential targetsfor pore-water chemistry.

WQ Criteria LCyyfor Invertebrates
Analyte Q _ Reference %0 Reference _ Reference
Acute Chronic Hyalella azteca Acute Chronic

Metals
Aluminum
Arsenic 340 pg/L 150 ug/L.  USEPA 1999
Cadmium 4.3 ug/L 22ug/L  USEPA 1999 294pugll  USEPA 1994 36° 0.17° Outridgeet al. 1994
Chromium 152 25° CCREM 1987
Chromium (111) 570 pg/L 74ug/L  USEPA 1999
Chromium (V1) 16 pg/L 11pg/l  USEPA 1999
Copper 13 pg/L 9 ug/L USEPA 1999 35 pg/L USEPA 1994 20* 8! Spear and Pierce 1979
Lead 65 ug/L 25ug/L  USEPA 1999 <16ug/L  USEPA 1994 1247 17 USGS1998
Mercury 1.4 pg/L 0.77 ug/L  USEPA 1999
Nickel 470 pg/L 52pug/lL USEPA 1999 780 po/L USEPA 1994 102° 152 EC and HC 1994;

CCREM 1987

Silver 3.4 ug/L USEPA 1999
zZinc 120 pg/L 120 g/l USEPA 1999 73 pg/L USEPA 1994 517 10" USGS1998

Polycyclic Aromatic Hydrocarbons (PAHS)
Acenaphthene
Acenaphthylene
Anthracene
Fluorene
2-Methylnaphthalene
Naphthalene
Phenanthrene
Benz(a)anthracene
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Table6. Summary of potential targetsfor pore-water chemistry.

Analyte WQ Criteria | Reference L Cgofor Refer ence Invertebrates. Refer ence
Acute Chronic Hyalella azteca Acute Chronic
PAHs (cont.)
Dibenz(a,h)anthracene
Benzo(a)pyrene
Chrysene
Fluoranthene
Pyrene
Total PAHs
Polychlorinated Biphenyls (PCBs)
Aroclor 1016 0.014 pg/L  USEPA 1999
Aroclor 1221 0.014 pg/L  USEPA 1999
Aroclor 1232 0.014 pg/L  USEPA 1999
Aroclor 1242 0.014 pg/L  USEPA 1999
Aroclor 1248 0.014 pg/L  USEPA 1999
Aroclor 1254 0.014 pg/L  USEPA 1999
Aroclor 1260 0.014 pg/L  USEPA 1999
Total PCBs 0.014 pg/L  USEPA 1999
Pesticides
Chlordane 24pug/L 0.0043 pg/L USEPA 1999
Dieldrin 0.24pg/L  0.056 pg/L  USEPA 1999
sum DDD
sum DDE
sum DDT 1.1 pg/L 0.001 pg/L  USEPA 1999
Total DDT 1.1 pg/L 0.001 pug/L  USEPA 1999
Endrin 0.086 pg/L  0.036 pg/L  USEPA 1999
Heptachlor 052 pg/L  0.0038 pg/L USEPA 1999




Table6. Summary of potential targetsfor pore-water chemistry.

WQ Criteria Invertebrates
Analyte Q : Reference Reference : Reference
Acute Chronic Hyalella azteca Acute Chronic
Pesticides (cont.)
Heptachlor epoxide 052 ug/L  0.0038 pg/L USEPA 1999
Lindane (gamma-BHC) 0.95 pg/L USEPA 1999
Others
Phenol
Ammonia (total) * USEPA 1999

*Temperature and pH dependent
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Table7. Rating of selection criteriafor freshwater sediment toxicity testing organisms (ASTM 2001a; USEPA 2000a).

Daphnia spp.
Criterion Hyalella Diporeia Chironomus Chironomus Lumbriculus Tubifex Hexagenia and
azteca spp. tentans riparius variegatus  tubifex spp. Molluscs Ceriodaphnia
Sop.
Relative sensitivity toxicity ) N ) N i i i )
database
Round-robin studies + ) N ) i i i i )
conducted
Contact with sediment + + + + + + + + -
Laboratory culture + - + + + + - - +
Taxonomic identification + +- +/- +/- + + + + +
Ecological importance + + + + + + + + +
Geographical distribution + +/- + + + + + + +-
Sediment physicochemical + + 4 + N + i N NA
tolerance
Response confirmed with
. + + + + + + + - +
benthos populations
Peer reviewed + + + + + + + - +/-
Endpoints monitored S,GM SBA S,GE S,GE B,S SR S,G B SGR
Overall Assessment 10+ 5+ 8+ 7+ 9+ 8+ 5+ 5+ 4+

“+" or “-” rating indicates a positive or negative attribute; NA = not applicable.
S-saurvival; G =growth; M = maturation; E = emergence; B = bioaccumulation; R = reproduction.
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Table8. Summary of standard methods for conducting whole-sediment toxicity or sediment bioaccumulation testswith freshwater

invertebrates.
: mmon Duration of : , Matching Chemistr
Species Commo uration o Primary Endpoints Standard Method g . by
Name Exposur e (days) and Toxicity Data
Hyalella azteca Amphipod 10to 14 Survival and growth ASTM (2001b); Environment 673 and 670
Canada (1997a); USEPA (2000b)
Hyalella azteca Amphipod 28to42 Survival, growth, and reproduction  ASTM (2001b); USEPA (2000b) 165 and 160
Diporeia spp. Amphipods 28 Survival and bioaccumulation ASTM (2001b) Not reported
Chironomus tentans Midge 10to 14 Survival, emergence, and ASTM (2001b); Environment 556 and 557
growth Canada (1997b); USEPA (2000b)
Chironomus tentans?® Midge 20to 60 Survival, growth, emergence, ASTM (2001b); USEPA (2000b) Not reported
and reproduction
Chironomus riparius Midge 10to 14 Survival and growth Environment Canada (1997b) 76 and 81
Chironomusrriparius® Midge 30 Survival, growth, and emergence  ASTM (2001b) Not reported
Daphnia magna or Cladocerans 7 Survival and reproduction ASTM (2001b) 8
Ceriodaphnia dubia
Hexagenia spp. Mayflies 21 Survival and growth ASTM (2001b) 112
Tubifex tubifex Oligochaete 28 Survival and reproduction ASTM (2001b) Not reported
Lumbriculus variegatus®  Oligochaete 28 Bioaccumul ation ASTM (2001d); USEPA (2000b) Not reported

%0ECD is currently developing standard methods for conducting sediment tests with these species (tests with Chironomus yoshimatsui are also being devel oped).
’Number of samples with matching sediment chemistry and toxicity in anational database described in USEPA (2000b).

Page 133



Table 9. Advantages and disadvantages of laboratory sediment toxicity tests (ASTM 2001a; USEPA 2000a).

Advantages

Disadvantages

M easure bioavailable fraction of contaminant(s).

Provide a direct measure of benthic effects, assuming no field
adaptation or amelioration of effects.

Limited special equipment is required.

Methods are rapid and inexpensive.

Legal and scientific precedence exist for use; ASTM standard guides
are available.

Measure unique information relative to chemical analyses or benthic
community analyses.

Tests with spiked chemicals provide data on cause-effect relationships.

Sediment-toxicity tests can be applied to all COPCs.

Tests applied to field samples reflect cumulative effects of
contaminants and contaminant interactions.

Toxicity tests are amenable to confirmation with natural benthos
populations.

Sediment collection, handling, and storage can alter sediment toxicity.

Spiked sediment may not be representative of field-contaminated sediment.

Natural geochemical characteristics of sediment may affect the response of
test organisms.

Indigenous animals may be present in field-collected sediments.

Route of exposure may be uncertain and data generated in sediment toxicity
tests may be difficult to interpret if factors controlling the bioavailability of
contaminants in sediment are unknown.

Tests applied to field samples may not discriminate effects of individual
chemicals.

Few comparisons have been made of methods or species.

Only afew chronic methods for measuring sublethal effects have been
developed or extensively evaluated.

Laboratory tests have inherent limitations in predicting ecological effects.

Tests do not directly address human health effects.
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Table 10. Test conditionsfor conducting 28- to 42-day sediment toxicity test with Hyalella azteca (ASTM 2001a; USEPA 2000a).

Parameter Conditions

Test type Whole-sediment toxicity test with renewal of overlying water.
Temperature 23+ 1°C.

Light quality Wide-spectrum fluorescent lights.

[lluminance About 100 to 1000 lux.

Photoperiod 16L:8D.

Test chamber 300-mL high-form lipless beaker.

Sediment volume

Overlying water volume

Renewal of overlying water
Age of organisms
Number of organisms/chamber

Number of replicate
chambers/treatment

100 M.

175 mL in the sediment exposure from Day 0 to Day 28 (175 to 275 mL in the water-only exposure from Day 28
to Day 42).

2 volume additions/d; continuous or intermittent (e.g., one volume addition every 12 h).
7- to 8-d old at the start of the test.

10

12 (4 for 28-day survival and growth and 8 for 35- and 42-day survival, growth, and reproduction). Reproduction is
more variable than growth or survival; hence, more replicates might be needed to establish statistical differences among
treatments.
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Table 10. Test conditionsfor conducting 28- to 42-day sediment toxicity test with Hyalella azteca (ASTM 2001a; USEPA 2000a).

Parameter Conditions

Feeding YCT food, fed 1.0 mL (1800 mg/L stock) daily to each test chamber.

Aeration None, unless dissolved oxygen in overlying water drops below 2.5 mg/L.

Overlying water Culture water, well water, surface water or site water. Use of reconstituted water is not recommended.

Test chamber cleaning If screens become clogged during atest; gently brush the outside of the screen.

Overlying water quality Hardness, alkalinity, conductivity, and ammonia at the beginning and end of a sediment exposure (Day 0 and 28).

Temperature daily. Conductivity weekly. Dissolved oxygen (DO) and pH three times/week. Concentrations of DO
should be measured more often if DO drops more than 1 mg/L since the previous measurement.

Test duration 42 days.

Endpoints 28-day survival and growth; 35- and 42-day survival, growth, reproduction, and number of adult males and females on
Day 42.

Test acceptability Minimum mean control survival of 80% on Day 28. Additional performance-based criteria specifications are outlined

in Table 11 and in round-robin.
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Table 11. Test acceptability requirementsfor a 42-day sediment toxicity test with Hyalella azteca (ASTM 2001a; USEPA 2000a).

It isrecommended for conducting the 42-day test * Age of Hyalella azteca at the start of the test should be 7- to 8-day old. Starting a test with
with Hyalella azteca that the following substantially younger or older organisms may compromise the reproductive endpoint.

performance criteria be met:
* Average survival of Hyalella azteca in the control sediment on Day 28 should be greater than or

equal to 80%.

* Laboratories participating in round-robin testing (ASTM 2001a; USEPA 2000a) reported after 28-
day sediment exposuresin acontrol sediment (West Bearskin), survival >80% for >88% of the
laboratories; length >3.2 mm/individual for >71% of the laboratories; and dry weight >0.15
mg/individual for 66% of the laboratories. Reproduction from Day 28 to Day 42 was >2
young/female for 71% of the laboratories participating in the round-robin testing. Reproduction
was more variable within and among |aboratories; hence, more replicates might be needed to
establish statistical differences among treatments with this endpoint.

* Hardness, akalinity, and ammoniain the overlying water typically should not vary by more than
50% during the sediment exposure, and dissolved oxygen should be maintained above 2.5 mg/L
in the overlying water.

Performance-based criteriafor culturing Hyalella * 1t may be desirable for laboratories to periodically perform 96-hour water-only reference-toxicity
azteca include the following: tests to assess the sensitivity of culture organisms. Data from these reference toxicity tests could
be used to assess genetic strain or life-stage sensitivity of test organisms to select chemicals.

* |Laboratories should track parental survival in the cultures and record this information using
control chartsif known-age cultures are maintained. Records should aso be kept on the frequency
of restarting cultures and the age of brood organisms.

* |Laboratories should record the following water-quality characteristics of the cultures at |east
quarterly: pH, hardness, akalinity, and ammonia. Dissolved oxygen in the cultures should be
measured weekly. Temperature in the cultures should be recorded daily. If static cultures are
used, it may be desirable to measure water quality more frequently.
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Table 11. Test acceptability requirementsfor a 42-day sediment toxicity test with Hyalella azteca (ASTM 2001a; USEPA 2000a).

Performance-based criteria (cont.)

Additional requirements:

Laboratories should characterize and monitor background contamination and nutrient quality of
food if problems are observed in culturing or testing organisms.

Physiological measurements such as lipid content might provide useful information regarding the
health of the cultures.

All organismsin atest must be from the same source.

Storage of sediments collected from the field should follow guidance outlined in ASTM (2000a)
and in USEPA (2000a).

All test chambers (and compartments) should be identical and should contain the same amount
of sediment and overlying water.

Negative-control sediment and appropriate solvent controls must be included in atest. The
concentration of solvent used must not adversely affect test organisms.

Test organisms must be cultured and tested at 23°C (x1 °C).

The mean of the daily test temperature must be within + 1°C of 23°C. The instantaneous
temperature must always be within +3°C of 23°C.

Natural physico-chemical characteristics of test sediment collected from the field should be
within the tolerance limits of the test organisms.
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Table 12. Uncertainty associated with sediment phases used in laboratory toxicity tests (Ingersoll et al. 1997).

Whole Sediment:  Whole Sed_iment: Organic Suspe_nded Elutriates PoreWater
Benthos Pelagic Extracts Solids
Precision 1 1 1 3 1 1
Ecological relevance 1 2 2 3 2
Causality: Link 3 3 3 3 3 3
Causality: Source 1 2 3 3 3 2
Sensitivity 1 2 3 3 2
Interference 2* 2 3 3 2*
Standardization 1 2 3 1 2
Discrimination 1* 1* 1* 1* 1* 1*
Bioavailability 1* 1* 1* 1*
Field validation 1* 2* 3 3* 3 3*

Ranking Code: 1 = low uncertainty (good); 3 = high (bad); * = lack of knowledge.
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Table 13. Uncertainty associated with endpoints measured in laboratory toxicity tests with sediment (Ingersoll et al. 1997).

Survival Growth Reproduction  Behavior LifeTables Development Biomarkers

Precision 1 1* 2* 1* 3* 1 3*
Ecological relevance 1 2* 1* 2* 1* 2* 3*
Causality: Link 3 3 3 3 3

Causdlity: Source 1 2* 2* 2* 3*

Sensitivity 1 2 1 2 2* 1*
Interference 1* 2* 3* 2* 3* 2* 3
Standardization 1 1 3 2*

Discrimination 2 2 2* 2*
Bioavailability 1 1 1

Field validation 1 2* 2* 1 3*

Ranking Code: 1 = low uncertainty (good); 3 = high (bad); * = lack of knowledge.
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Table 14. Uncertainty associated with benthic community assessments (Ingersoll et al. 1997).

Individual Population Structure Function
Precision 1 3*
Ecological relevance 3*
Causality: Contamination 2* 2* 2* 3*
Causality: Source 2* 3 3* 3*
Sensitivity 1* 1 2 3*
Interference 2* 3 3* 3
Standardization 3* 3*
Discrimination 2 3
Bioavailability 2* NA NA 3*
Field validation 3* 1 1 3*

Ranking Code: 1 = low uncertainty (good); 3 = high (bad); * = lack of knowledge.

NA = not applicable.
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Table 15. Advantages and disadvantages of benthic invertebrate community structur e data.

Advantages

Disadvantages

*

Provides information that is directly relevant for assessing the status of
the benthic community.

Procedures are available to facilitate defensible sampling program
design.

Resultant data are socially- and ecologically-relevant.

Limited specia equipment is required to support assessments.

*

The distribution and abundance of benthic invertebrates can be influenced
by non-contaminant related factors (e.g., TOC, grain size).

Large numbers of samples are needed to address the inherent variability of
benthic community metrics.

Standard methods for collecting and processing samples are not
available.

I dentification of organismsto species can be difficult.

Benthic community data can not be used alone to determine the cause of
any effects that are observed.

There is little agreement on which metrics are the most relevant for usein
benthic community assessments.
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Table 16. Selection criteriafor sediment bioaccumulation test organisms (ASTM 2001d; USEPA 2000a).

Lumbriculus

Criterion variegatus Molluscs Midges Mayflies Amphipods Cladocerans Fish
Laboratory culture + - + - + + +
Known chemical exposure + - + +/- + + +
Adequate tissue mass +/- + - + - - +
Low sensitivity to contaminants + + - - - - +/-
Feeding not required during testing + + - + - - +
Realistic exposure + +/- + + + - R
Sediment physico-chemical tolerance + ? +/- - + NA NA
Response confirmed with benthic populations + ? ? ? + ? -
Overall assessment 7+ 3+ 3+ 3+ 5+ 2+ 4+

"+" or "-" rating indicates a positive or negative attribute.
NA = not applicable; ? = unknown.
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Table 17. Advantages and disadvantages of tissue chemistry data.

Advantages Disadvantages

* Provides direct information for determining the presence/absence of * Can not be used to evaluate effects on ecological receptors directly.
COPCsin tissues.
* Generation of high quality data can require substantial sample volumes,
* Standard methods are available for most COPCs. which isdifficult to obtain for small organisms or for areas that have
depauperate benthic communities.
* Procedures are available for evaluating the reliability of the data (i.e.,
accuracy and precision). * Effective interpretation of the data is dependent on the availability of
appropriate benchmarks.
* Benchmarks (i.e., TRGs) are available for many COPCs for evaluating
the potential for biological effects. * The use of inappropriate methods (e.g., with high detection limits) can
[imit the utility of the resultant data.
* Can be used to identify the COPCs that are causing or substantially
contributing to adverse effects. * Interferences with the analysis of specific analytes can influence the utility
of the data (i.e., by resulting in high detection limits).
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Table 18. Recommended test conditionsfor conducting a 28-day sediment bioaccumulation test with Lumbriculus variegatus
(ASTM 2001d; USEPA 2000a).

Parameter Conditions

Test type Whole-sediment bioaccumulation test with renewal of overlying water.
Temperature 23°C.

Light quality Wide-spectrum fluorescent lights.

[lluminance About 100 to 1000 Ix.

Photoperiod 16L:8D.

Test chamber 4 to 6-L aguariawith stainless steel screens or glass standpipes.

Sediment volume

Overlying water volume

Renewal of overlying water

Age of test organisms

Loading of organisms in chamber

Number of replicate
chambers/treatment

1L or more depending on TOC.

1L or more depending on TOC.

2 volume additions/day; continuous or intermittent (for example, one volume addition every 12 h).
Adults.

Ratio of TOC in sediment to organism dry weight should be no less than about 50:1; minimum of 1
olreplicate; preferably 5 g/replicate.

Depends on the objective of the test. Five replicates are recommended for routine testing.
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Table 18. Recommended test conditionsfor conducting a 28-day sediment bioaccumulation test with Lumbriculus variegatus
(ASTM 2001d; USEPA 2000a).

Parameter Conditions
Feeding None.
Aeration None, unless dissolved oxygen in overlying water drops below 2.5 mg/L.

Overlying water
Test chamber cleaning

Overlying water quality

Test duration
Endpoint

Test acceptability

Culture water, well water, surface water, site water, or reconstituted water.
If screens become clogged during the test, gently brush the outside of the screen.

Hardness, alkalinity, conductivity, pH, and ammonia at the beginning and end of atest temperature and
dissolved oxygen daily.

28 days.
Bioaccumulation.

Performance-based criteria specifications outlined in Table 19.
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Table 19. Test acceptability requirementsfor a 28-day sediment bioaccumulation test with the oligochaete, Lumbriculus variegatus
(ASTM 2001d; USEPA 2000a).

It is recommended for conducting a28-day * Numbers of Lumbriculus variegatus in a4-day toxicity screening test should not be reduced
test with Lumbriculus variegatus that the significantly in the test sediment relative to the control sediment.

following performance criteria are met: ) . i . i i
* Test organisms should burrow into test sediment. Avoidance of the test sediment by Lumbriculus

variegatus may decrease bioaccumulation.

* The hardness, akalinity, pH, and anmonia of overlying water within atreatment typically should not
vary by more than 50 % during the test and dissolved oxygen should be maintained above 2.5 mg/L in
the overlying water.

Performance-based criteriafor culturing  * It may be desirable for laboratories to perform periodically 96-hour water-only reference toxicity tests
Lumbriculus variegatus include the to assess the sengitivity of culture organisms. Data from these reference toxicity tests could be used to
following: assess genetic strain or life-stage sensitivity of test organismsto select chemicals.

* | aboratories should monitor the frequency with which the population is doubling in the culture (the
number of organisms) and record this information using control charts (the doubling rate would need to
be estimated on a subset of animals from a mass culture). Records also should be kept on the frequency
of restarting cultures. If static cultures are used, it may be desirable to measure water quality more
frequently.

* Food used to culture organisms should be analyzed before the start of atest for compoundsto be
evaluated in the bioaccumulation test.

* L aboratories should record the following water quality characteristics of the cultures at least quarterly
and the day before the start of a sediment test: pH, hardness, alkalinity, and ammonia. Dissolved oxygen
in the cultures should be measured weekly. Temperatures of the cultures should be recorded daily.

* | aboratories should characterize and monitor the background contamination and nutrient quality of food
if problems are observed in culturing or testing organisms.
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Table 19. Test acceptability requirementsfor a 28-day sediment bioaccumulation test with the oligochaete, Lumbriculus variegatus
(ASTM 2001d; USEPA 2000a).

Performance-based criteria (cont.)

Additional requirements:

* Physiological measurements such as lipid content might provide useful information regarding the health
of the cultures.

* All organisms in atest must be from the same source.

* Storage of sediment collected from the field should follow guidance outlined in ASTM (2001).

* All test chambers (and compartments) should be identical and should contain the same amount of
sediment and overlying water.

* Negative-control sediment or appropriate solvent controls, must be included in atest. The concentration
of solvent used must not affect test organisms adversely.

* Culture and test temperatures must be the same. Acclimation of test organismsto the test water is not
required.

* The daily mean test temperature must be within £1°C of the desired temperature. The instantaneous
temperature must always be within +3°C of the desired temperature.

* Natural physicochemical characteristics of test sediment collected from the field should be within the
tolerance limits of the test organisms.
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Table 20. Uncertainty associated with bioaccumulation assessments (Ingersoll et al. 1997).

Laboratory Field Food Web Models

Precision 1 2 3 3
Ecological relevance: Protection of ecology 3 3 3 3
Ecological relevance: Protection of human health 1 1 1 1
Causality: Source identification 1 3 3 1
Causality: Senditivity (detection limit) 1 2 3* 3*
Interferences 2 2* NA NA
Standardization 1 1

Discrimination 1 1

Bioavailability 1 1

Field validation 2* 1 2* 2*

Ranking Code: 1 = low uncertainty (good); 3 = high (bad); * = lack of knowledge.
NA = not applicable.
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Table21. Methodsfor evaluating the effects of exposureto COPCsin fish (from Schmitt et al. 2000).

M ethod

Description

Tissue(s)
Examined

Sensitivity

Reference

Histopathology

Ethoxyresorufin-O -deethylase
(EROD) activity

Lysozyme activity

Macrophage aggregate analysis

HA4IIE bioassay

Vitellogenin

Sex Steroids (estradiol and
testosterone)

Microscopic examination for the
presence of lesions; can provide early

indication of chemical exposure

Enzyme induction by planar
hydrocarbons

A disease resistance factor that

can be suppressed in the presence

of contaminants

Macrophages are important in the
immune system, serving as afirst line

of defense for the organism
and as an antigen processing cell

A screening tool to determine the

presence of certain classes of
planar halogenated compounds

A precursor of egg yolk, normally
synthesized in the liver of femalefish

Determine reproductive health and

status

Liver, gill, gonads,
spleen, and kidney

Liver

Blood plasma

Spleen, hemopoetic
kidney, and liver

Wholefish
(composites)

Blood plasma

Blood plasma

Overall organism health

and contaminants

PCBs, PAHS, dioxins,

and furans

Overall organism health

Multiple contaminants

including PAHs and
metals

PCBs, dioxins, furans,

and PAHs

Endocrine modulating

compounds

Endocrine modulating

compounds

Hinton et al. 1992; Hinton
1993; Goodbred et al. 1997

Pohl and Fouts 1980;
Kennedy and Jones 1994

Blazer et al. 1994a

Blazer et al. 19943;
Blazer et al. 1997

Tillitt et al. 1991

Folmar et al. 1996

Guillete et al. 1994;
Goodbred et al. 1997
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Table21. Methodsfor evaluating the effects of exposureto COPCsin fish (from Schmitt et al. 2000).

_ Tissue(s) L
Method Description Examined Sensitivity Reference
Chemical analyses Organochlorine chemical residues Wholefish Specific analytes Schmitt et al. 1999
and elemental contaminants (composites)
Somatic indices The relative mass of some organs Gonads, spleen, Overal organism health Grady et al. 1992
is often indicative of chemical exposure liver
Stable N isotopes (**N and °N)  Theratio of (*°N to “N) (d"°N) Wholefish Trophic position, Grady et al. 1996
increases with trophic position and (composites) nitrogen sources
sewage pollution
Necropsy-based fish health Visual assessment of external/internal All Overall organism health Goede 1988; 1996; Adams

assessment

anomalies (e.g., lesions, parasites,
tumors), which may indicate
contaminant-rel ated stress

1990; Adams et al. 1993
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Table22. Methodological uncertainty associated with fish health and fish community assessments.

Fish Health Fish Community
Precision 1 2
Ecological relevance 2 1
Causality 1 3
Sengitivity 2 2
Interference 3 3
Standardization 2 2
Discrimination 1 3
Bioavailability 1 3
Field validation 2 2

Ranking Code: 1 = low uncertainty (good); 3 = high (bad).
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Table 23. Contingency table for assessing impacts of contaminated sediments on aquatic life based on three separate indicator s of
sediment quality (sediment quality triad adapted from Chapman 1992 and Canfield et al. 1996).

Possible Sediment Toxicity Benthic

Outcome Chemistry Test Community Possible Conclusions

1 + + + Impact highly likely: Contaminant-induced degradation of sediment-dwelling organisms evident.

2 - - - Impact highly unlikely: Contaminant-induced degradation of sediment dwelling organisms not evident.

3 + - - Impact unlikely: Contaminants unavailable to sediment-dwelling organisms.

4 - + - Impacts possible: Unmeasured contaminants or conditions exist that have the potential to cause degradation.
5 - - + Impacts unlikely: No degradation of sediment-dwelling organisms in the field apparent relative to sediment

contamination; physical factors may be influencing benthic community.

6 + + - Impact likely: Toxic chemicals probably stressing the system.
7 - + + Impact likely: Unmeasured toxic chemicals are probably contributing to the toxicity.
8 + - + Impact likely: Sediment-dwelling organisms degraded by toxic chemicals, but toxicity tests not sensitive to

chemicals present.

+ = Indicator classified as affected; as determined based on comparison to the established target.
- = Indicator not classified as affected; as determined based on comparison to the established target.

Page 153



Table 24. Contingency table for assessing impacts of contaminated sediments on aquatic life based on four separate indicator s of
sediment quality.

Possible Sediment Toxicity Benthic Tissue

Outcome Chemistry Test Community Chemistry Possible Conclusions

1 + + + + Contaminant-induced impacts on sediment-dwelling organisms and higher trophic levels are
likely to be observed; elevated levels of sediment-associated contaminants are likely
contributing to sediment toxicity and benthic community impairment; and, bioaccumulation of
sediment-associated contaminants has the potential to adversely affect aguatic-dependent
wildlife and/or human health.

2 - - - + Contaminant-induced impacts on higher trophic levels are likely to be observed; adverse effects
on sediment-dwelling organisms are unlikely to be observed; and, bioaccumulation of sediment-
associated contaminants has the potential to adversely affect aguatic-dependent wildlife and/or
human health.

3 + - - + Contaminant-induced impacts on higher trophic levels are likely to be observed; the
bioavailability of sediment-associated contaminantsis likely to be limited; and,
bioaccumulation of sediment-associated contaminants has the potential to adversely affect
aguatic-dependent wildlife and/or human health.

4 - + - + Contaminant-induced impacts on higher trophic levels are likely to be observed; unmeasured
factors (e.g., physical factors or contaminants) are likely to be contributing to sediment
toxicity; and, bioaccumulation of sediment-associated contaminants has the potential to
adversely affect aguatic-dependent wildlife and/or human health.

5 - - + + Contaminant-induced impacts on sediment-dwelling organisms and higher trophic levels are
likely to be observed; adverse effects on sediment-dwelling organisms are likely dueto
physical factors and/or unmeasured chemicals are stressing benthos and toxicity tests are not
sensitive enough to detect effects; and, bioaccumulation of sediment-associated contaminants
has the potential to adversely affect aquatic-dependent wildlife and/or human health.
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Table 24. Contingency table for assessing impacts of contaminated sediments on aquatic life based on four separate indicator s of

sediment quality.

Possible Sediment Toxicity Benthic
Outcome Chemistry Test Community Chemistry

Possible Conclusions

10

Contaminant-induced impacts on sediment-dwelling organisms and higher trophic levels are
likely to be observed; high variability in the benthic community metrics may be masking
contaminant-rel ated effects; and, bioaccumulation of sediment-associated contaminants has the
potential to adversely affect aquatic-dependent wildlife and/or human health.

Contaminant-induced impacts on sediment-dwelling organisms and higher trophic levels are
likely to be observed; unmeasured contaminants are likely contributing to sediment toxicity and
benthic impairment; and, bioaccumulation of sediment-associated contaminants has the
potential to adversely affect aquatic-dependent wildlife and/or human health.

Contaminant-induced impacts on sediment-dwelling organisms and higher trophic levels are
likely to be observed; toxicity tests are not sensitive enough to detect adverse effects; and,
bioaccumulation of sediment-associated contaminants has the potential to adversely affect
aguatic-dependent wildlife and/or human health.

Contaminant-induced impacts on sediment-dwelling organisms are likely to be observed;
elevated levels of sediment-associated contaminants are likely contributing to sediment toxicity
and benthic community impairment; and, bioaccumulation of sediment-associated contaminants
isunlikely to be adversely affect aguatic-dependent wildlife and/or human health.

Contaminant-induced impacts are unlikely to be observed; sediment-associated contaminants
are unlikely to adversely affect sediment-dwelling organisms; and, bioaccumulation of sediment-
associated contaminants is unlikely to adversely affect aquatic-dependent wildlife and/or human
health.
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Table 24. Contingency table for assessing impacts of contaminated sediments on aquatic life based on four separate indicator s of
sediment quality.

Possible Sediment Toxicity Benthic Tissue

Outcome Chemistry Test Community Chemistry Possible Conclusions

11 + - - - Contaminant-induced impacts are unlikely to be observed; the bioavailability of sediment-
associated contaminantsis likely to be limited; and, bioaccumulation of sediment-associated
contaminantsis unlikely to adversely affect aquatic-dependent wildlife and/or human health.

12 - + - - Contaminant-induced impacts are unlikely to be observed, based on the COPCs that were
evaluated; Unmeasured factors (e.g., physical factors or contaminants) are likely to be
contributing to sediment toxicity; and, bioaccumulation of sediment-associated contaminantsis
unlikely to adversely affect agquatic-dependent wildlife and/or human health.

13 - - + - Contaminant-induced impacts on sediment-dwelling organisms are unlikely to be observed,
based on the COPCs that were evaluated; adverse effects on sediment-dwelling organisms are
likely due to physical factors and/or unmeasured chemicals are stressing benthos and toxicity
tests are not sensitive enough to detect effects; and, bioaccumulation of sediment-associated
contaminantsis unlikely to adversely affect aquatic-dependent wildlife and/or human health.

14 + + - - Contaminant-induced impacts on sediment-dwelling organisms are likely to be observed; high
variability in the benthic community metrics may be masking contaminant-related effects; and,
bioaccumulation of sediment-associated contaminantsis unlikely to adversely affect aquatic-
dependent wildlife and/or human health.

15 - + + - Contaminant-induced impacts on sediment-dwelling organisms are likely to be observed, based
on the COPCs that were evaluated; unmeasured contaminants are likely contributing to
sediment toxicity and benthic impairment; and, bioaccumulation of sediment-associated
contaminantsis unlikely to adversely affect aquatic-dependent wildlife and/or human health.
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Table 24. Contingency table for assessing impacts of contaminated sediments on aquatic life based on four separate indicator s of
sediment quality.

Possible Sediment Toxicity Benthic Tissue

Outcome Chemistry Test Community Chemistry Possible Conclusions

16 + - + - Contaminant-induced impacts on sediment-dwelling organisms are likely to be observed;
toxicity tests are not sensitive enough to detect adverse effects; and, bioaccumulation of
sediment-associated contaminantsis unlikely to adversely affect aquatic-dependent wildlife
and/or human health.

+ = Indicator classified as affected; as determined based on comparison to the established target.
- = Indicator not classified as affected; as determined based on comparison to the established target.
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Table 25. Contingency table for assessing impacts of contaminated sediments on aquatic life based on two separate indicator s of
sediment quality.

Possible Sediment Sediment

Outcome  Chemistry Toxicity Possible Conclusions

1 + + Impact likely: Contaminant-induced degradation of sediment-dwelling organisms evident.
2 - - Impact unlikely: Contaminant-induced degradation of sediment-dwelling organisms not evident.
3 + - Impact unlikely: Chemicals not readily available to sediment-dwelling organisms, sediment quality

target set too low, or toxicity test not sensitive enough.

4 - + Impact likely: Observed effects likely due to unmeasured contaminants or physical factors.

+ = Indicator classified as affected; as determined based on comparison to the established target.
- = Indicator not classified as affected; as determined based on comparison to the established target.
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Table 26. Contingency table for assessing impacts of contaminated sediments on wildlife based on three separ ate indicator s of
sediment quality.

Possible Sediment Fish Tissue

Outcome Chemistry Community Chemistry Possible Conclusions

1 + + + Impact likely: Contaminant-induced effects on wildlife in the field and bioaccumulation
evident.
2 - - - Impact unlikely: Contaminant-induced effects on wildlife in the field not evident; limited

bioaccumulation.
3 + - - Impact unlikely: Contaminants unavailable to wildlife in the field.

4 - + - Impact unlikely: Effects on wildlifein the field probably not due to sediment contamination;
limited bioaccumul ation.

5 - - + Impact unlikely: No degradation of wildlife in the field apparent relative to sediment
contamination; tissue residues due to exposure from other media and/or sites.

Impact likely: Contaminant induced effects on wildlife in the field; bioaccumulative

+ + - . .
6 substances not contributing to effects.
7 - + + Impact unlikely: Effects on wildlifein the field probably not due to contaminated sediment;
bioaccumulation may be occurring due to exposure at other sites.
8 + - + Impact likely: Contaminants not toxic to wildlife, but bioaccumulation is occurring.

+ = Indicator classified as affected; as determined based on comparison to the established target.
- = Indicator not classified as affected; as determined based on comparison to the established target.
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Table 27. Contingency table for assessing impacts of contaminated sediments on human health based on two separ ate indicator s of
sediment quality.

Possible Sediment  Tissue

Outcome Chemistry Chemistry Possible Conclusions

1 + + Impact likely: Elevated sediment chemistry and tissue residues resulting in potential adverse dietary affects on human
health.

2 - - Impact unlikely: Sediment chemistry and tissue residues low, with limited potential of adverse dietary affects on human
health.

3 + - Impact possible: Sediment chemistry elevated to level that may result in potential adverse dietary affects on human
health, but organisms sampled for tissue chemistry may not be exposed to sediments at the site or contaminants are not
readily available.

4 - + Impact possible: Elevated tissue residues resulting in potential adverse dietary affects on human health, but organisms

are probably not exposed to sediments at the site.

+ = Indicator classified as affected; as determined based on comparison to the established target.
- = Indicator not classified as affected; as determined based on comparison to the established target.
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Figure 1. Recommended procedure for assessing sediment chemistry data.
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Figure 2. Relationship between mean PEC quotients and the incidence of toxicity in

freshwater toxicity tests (USEPA 2000b).
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Figure 3. Recommended procedure for assessing sediment toxicity data.
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4Comparison to reference sitesis only appropriate if reference sites have been well charactized and satisfy criteriafor
negative controls (i.e., responsein reference sediments should not be significantly different from that in negative
controls).
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Figure4. Recommended procedure for assessing benthic invertebrate or fish
community structure.
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%Comparison to reference sites is only appropriate if reference sites have been well charactized and satisfy
criteriafor negative controls (i.e., response in reference sediments should not be significantly different
from that in negative controls).
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Figure 5. Recommended procedure for assessing tissue chemistry data.
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Figure 6. Recommended procedurefor evaluating fish health data.
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Figure7. Therelationship between the mean PEC quotient and the response of Hyalella
azteca in the 10-day tests (as per cent survival) or theresponsein the Microtox®
solid-phase sediment toxicity test (asthe ECy, expressed as a toxicity reference
index). Sediment samples wer e collected from the Grand Calumet River and
Indiana Harbor Canal located in northwestern Indiana (Ingersoll et al. 2002).
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Figure 8. Therelationship between the molar concentration of simultaneously extracted metalsto acid volatile
sulfide (SEM-AVS) and toxic units of metalsin the sediment samples. Toxicity of sampleswas
deter mined using 10-day whole-sediment tests with Hyalella azteca (Ingersoll et al. 2002).
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Figure9. Tri-axial graphs of sediment quality triad data (Canfield et al. 1994; C = chemistry, T = toxicity,

and B = benthic community; see Section 7.1 of Volume | for description of metrics).
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Appendix 1. Recommended Uses of Sediment Quality
Guidelines

A1.0 Introduction

Selection of the most appropriate SQGs for specific applications can be a daunting task for
sediment assessors. This task is particularly challenging because limited guidance is
currently available on the recommended uses of the various SQGs (Wenning and Ingersol|
2002). The following sections provide information on the recommended uses of SQGsin
the assessment and management of contaminated sediments. Some of therecommended uses
of SQGs at contaminated sites include:

Designing monitoring programs,
* Interpreting sediment chemistry data;
» Support for analysis of dredged material disposal options;

» Assessing therisksto biotic receptors associated with contaminated sediments,
and,

» Developing site-specific sediment quality remediation objectives.

Each of these uses of SQGs are discussed in the following sections of this appendix.

Al.1 Monitoring Program Design

Monitoring is an integral component of environmental surveillance programs. While such
programs may be undertaken for a number of reasons (e.g., trend assessment, impact
assessment, compliance), limitations on available resources dictate that they should be
conducted in an effective and efficient manner. For thisreason, it isimportant that sediment
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quality monitoring programs be well focused and provide the type of information that is
necessary to manage contaminated sediments.

Sediment quality guidelines contribute to the design of environmental monitoring programs
in several ways. First, comparison of existing sediment chemistry data with the SQGs
provides a systematic basis for identifying high priority areas for implementing monitoring
activities. Second, when used in conjunction with existing sediment chemistry data, the
SQGs may be utilized to identify chemicals of potential concern (COPCs) within an area of
concern. By considering the potential sources of these COPCs, it may be possibleto further
identify priority sites for investigation. The SQGs can aso assist in monitoring program
design by establishing target detection limits for each substance [e.g., threshold effect
concentrations (TECs) in MacDonald et al. 2000b]. Determination of the detection limits
that need to be achieved by analytical |aboratories(i.e., tofacilitate subsequent interpretation
of resultant sediment chemistry data) should help to avoid thedifficultiesthat can result from
the use of standard, yet inappropriate, analytical methods (e.g., use of USEPA contract
laboratory procedures, CL P methods resulting potentially in high detection limits).

Al.2 Interpretation of Sediment Chemistry Data

Over the past decade, sediment chemistry data have been collected at a wide range of sites
for many purposes (Wenning and Ingersoll 2002). While these data can be used directly to
assessthe status and trendsin environmental quality conditions, they do not, by themselves,
provide a basis for determining if the measured concentrations of contaminants represent
significant hazards to aguatic organisms. Sediment quality guidelines provide practical
assessment toolsor “targets’ against which thebiol ogical significance of sediment chemistry
datacan be assessed. In thiscontext, SQGs may be used as screening toolsto identify areas
and contaminants of concern (COCs; i.e., the substances that are likely to cause or
subsequently contribute to adverse biological effects) on site-specific, regional, or national
bases.
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The numerical SQGs can be used to identify, rank, and prioritize COCs in freshwater,
estuarine, and marine sediments. In thisapplication, the concentration of each substancein
each sediment sampleis compared to the corresponding SQG. Those substances that occur
at concentrations below threshold effect-type SQGs (i.e., TECs - MacDonald et al. 2000b;
TELs- Smith et al. 1996; ERLs- USEPA 1996; LEL s- Persaud et al. 1993; ESBs- USEPA
1997; Appendix 3 of Volume IIl) should be considered to be of relatively low priority.
Those substances that occur at concentrations above the threshold effect-type SQGs but
below the probable effect-type SQGs (i.e., PECs - MacDonald et al. 2000b; PELs - Smith
et al. 1996; ERMs - USEPA 1996; SEL s - Persaud et al. 1993; Appendix 3 of Volumellll)
should be considered to be of moderate concern, while those that are present at
concentrations in excess of the probable effect-type SQGs should be considered to be of
relatively high concern. The relative priority that should be assigned to each chemical can
be determined by evaluating the magnitude and frequency of exceedance of the SQGs.
Chemicalsthat frequently exceed the probabl e effect-type SQGs and/or thosethat exceed the
probabl e effect-type SQGsby large margins shoul d be viewed asthe contaminants of greatest
concern (Long and MacDonad 1998; MacDonald et al. 2000a; 2000b; 2002a; 2002b; 2002c;
USEPA 2000b; Ingersoll et al. 2001; 2002).

In conducting such assessments, it isimportant to remember that certain chemicals can be
present inrelatively unavailableforms (such asslag, paint chips, tar). Therefore, thereisnot
a100% certainty that sampleswith chemical concentrationsin excess of the probable effect-
type concentrationswill actually betoxic to sediment-dwelling organisms. Therefore, SQGs
should be applied with caution in areaswith atypical sediment characteristics. Additionally,
the reliability of the SQGs should also be considered when identifying COCs, with the
greatest weight assigned to those SQGs which have been shown to be highly or moderately
reliable (USEPA 1996; 2000b; MacDonald et al. 2000a; 2000D).

The degree of confidence that can be placed in determinations of COCs can be increased by
collecting ancillary sediment quality information. Specifically, dataon regional background
concentrations of sediment-associated contaminants can be used to identify substances of
relatively low concern with respect to anthropogenic activities (i.e., those substances that
occur at or below background levels; Appendix 2 of Volumelll). Datafrom toxicity tests
can aso be used to support the identification of COCs. In particular, matching sediment
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chemistry and toxicity data provides a basis for evaluating the degree of concordance
between the concentrations of specific contaminants and measured adverse effects (USEPA
2000b; MacDonald et al. 2002c). The degree of concordance between chemical
concentrations and sediment toxicity can be evaluated using correlation analyses and
regression plots (Carr et al. 1996). Those substances that are present at elevated
concentrations (i.e., asindicated by exceedances of the probable effect-type SQGS) in toxic
samples should beidentified as the contaminants of highest concern (Long and MacDonald
1998; MacDonald et al. 2000b). Those chemicalsthat are not positively correlated with the
results of the toxicity tests should be viewed as relatively lower priority (MacDonald et al.
2002c).

The numerical SQGs can aso be used to identify sites of potential concern with respect to
the potential for observing adverse biological effects (Landrum 1995). In this application,
the concentrations of sediment-associated COPCs should be compared to the corresponding
SQGs. Sediments in which none of the measured chemical concentrations exceed the
threshold effect-type SQGs should be considered to have the lowest potential for adversely
affecting sediment-dwelling organismsand could be considered asreferenceareas (L ong and
Wilson 1997). However, the potential for unmeasured substances to be present at levels of
toxicological concern can not be dismissed without detailed information on land and water
uses within the water body and/or the results of toxicity tests. Those sediments which have
concentrations of one of more COPCs between the threshold effect-type SQGs and the
probabl e effect-type SQGs should be considered to be of moderate priority, whilethosewith
COPC concentrations in excess of one or more of the probabl e effect-type SQGs should be
considered to be of relatively high concern. Once again, the magnitude and frequency of
exceedances of the probable effect-type SQGs provide abasis for assigned relative priority
to areas of concern with respect to contaminated sediments.

While previous guidance has cautioned agai nst using the SQGs as stand al one decision tools,
theresultsof recent evaluations of reliability and predictive ability substantially increasethe
level of confidence that can be placed in the SQGs. For example, a large database of
matching sediment chemistry and toxicity data has been compiled to support an evaluation
of the predictive ability of the consensus-based SQGs (USEPA 2000b). Theresults of this
evaluation demonstrated that these consensus-based SQGs provide an accurate basis for
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classifying sediment samples as toxic or non-toxic, based on bulk sediment chemistry data
alone. Inthisevaluation, mean PEC quotients (PEC-Qs; which providesameasure of overall
sediment chemistry relative to the PECs; (USEPA 2000b; Ingersoll et al. 2001) were
calculated and used as the primary measure of sediment chemistry. The results of this
assessment demonstrated that the incidence of toxicity increased consistently and markedly
with increasing mean PEC-Qs (Table A1.1).

Importantly, analysis of the underlying data supported the determination of relationships
between mean PEC-Qs and the incidence of toxicity, such that the probability of observing
toxicity in any sediment sample can be predicted based on the measured concentrations of
trace metals, PAHs, and PCBs. Using these relationships, it was determined that a 50%
probability of observing acute and chronic toxicity to the amphipods, Hyalella azteca,
occurred at mean PEC-Qs of 3.4 and 0.63, respectively (Figure 2). Therefore, the probable
effect-type SQGs can also be used directly to support certain sediment management
decisions, at relatively small sites, where the costs of further investigations could approach
the costs of implementing the remedial measures. More costly decisions should be made
using multiple lines of evidence to assess sediment quality conditions, however (Wenning
and Ingersoll 2002).

Importantly, numerical SQGs provide consistent tools for evaluating spatial patterns in
chemical contamination. More specifically, the SQGs can be used to compare and rank
sediment quality conditions among basins, waterways, or regions (Long and MacDonald
1998). If adtratified random sampling design is used in the monitoring program, then the
SQGs provide abasisfor calculating the spatial extent of potentially toxic sediments. Inthe
areas of concern, further investigations would typicaly be implemented to identify
contaminant sources, assess the areal extent and severity of sediment toxicity, evaluate the
potential for bioaccumulation, and/or determinethe need for source control measuresor other
remedial measures. The SQGsin combination with sediment chemistry data (Chapter 2 of
Volumel 1), sediment toxicity tests (Chapter 3 of Volume I11), benthic invertebrate surveys
(Chapter 4 of Volumelll), bioaccumul ation assessments (Chapter 5 of Volumelll), and fish
health and fish community assessments (Chapter 6 of Volume I1l) can also be used to
evaluate the success of regulatory actions that are implemented at the site.
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Al.3 Support for Analysis of Dredged Material Disposal Options

In many waterways, navigational dredging is required to maintain and enhance deep-water
harbors and shipping channels. However, guestions about the most appropriate means of
disposing such dredged materials invariably arise during the planning and implementation
of such dredging programs. Inthe United States, decisionsregarding the disposal of dredged
materialsin freshwater ecosystems are guided by the tiered eval uation process described in
the Inland Testing Manual (USEPA and USACE 1998b). Similar guidance has been
developed in Canada to assist those involved in navigational dredging and other dredging
programs (Porebski 1999). As the Canadian system relies, to alarge extent, on SQGs, it
provides useful information on the potential applications of numerical SQGs in dredged
material assessments.

In Canada, atiered testing approach has been established to inform decisions regarding the
disposal of dredged materials. Using this approach, sediments are considered to be
acceptable for open water disposal (for suitable materials in compliance with permit
conditions) or beneficial use (e.g., fill, beach nourishment) if the concentrations of all
measured COPCs are below screening levels (i.e., threshold effect-type SQGs; TELS). In
contrast, sediments are considered to have a high potential for adverse biological effects
when the concentrations of one or more COPCsexceed regjectionlevels(i.e., probableeffect-
type SQGs; PELS). Such sediments are considered to be unsuitable for open water disposal
or for beneficial use (L. Porebski. Environment Canada. Ottawa, Ontario. Personal
communication).

Thistiered approach recognizesthat thereisahigher level of uncertainty when contaminant
COPCsfall between the two guideline levels (i.e., screening and rejection levels). For this
reason, sediments with intermediate concentrations of COPCs should undergo biological
testing to evaluate their suitability for open water disposal. The biological testing includes
asuite of toxicity tests. The applicability of thistype of tiered approach is supported by the
results of several studieswhich show that thereisahigh probability of correctly classifying
sediment samples as toxic and not toxic using the SQGs (MacDonald et al. 1996; Long et
al. 1998a; 1998b; MacDonald et al. 2000a; 2000b; USEPA 2000b; Ingersoll et al. 2001).
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Al.4 Ecological Risk Assessment

Risk assessment is the process of determining the likelihood that adverse effectswill occur
to ecological receptorsin association with exposureto environmental contamination or other
hazards. Ecological risk assessment is an evolving process that is designed to provide
science-based guidance for managing environmental quality, particularly at contaminated
sites. Until recently, appropriate scientific information was not available for assessing the
ecological risks that were associated with contaminated sediments. However, a panel of
environmental chemistsand toxicol ogistsrecently concluded that thereis sufficient certainty
associated with SQGsto recommend their usein ecological risk assessments (Ingersoll et al.
1997; Wenning and Ingersoll 2002).

The SQGs contribute directly to several stages of the ecological risk assessment process,
including problem formulation, effects assessment, and risk characterization (MacDonald
et al. 2002c). During problem formulation, background information and Phase | sampling
dataare used to identify the problem and define the issues that need to be addressed at sites
with contaminated sediments (Chapman et al. 1997). At the problem formulation stage,
SQGs can be used in conjunction with existing sediment chemistry data to identify the
chemicalsand areas of potential concern with respect to sediment contamination (Long and
MacDonad 1998). In turn, thisinformation can be used to scope out the nature and extent
of the problem and to identify probable sources of sediment contamination at the site. In
addition, the SQGsprovideaconsistent basisfor identifying appropriate reference areasthat
can be used in subsequent assessments of the site with contaminated sediments (Menzie
1997). Furthermore, the data underlying the SQGs provide ascientific basisfor identifying
appropriate assessment endpoints (i.e., receptors and function to be protected) and
measurement endpoints (i.e., metrics for the assessment endpoints) that can be used at
subsequent stages of the assessment (MacDonald et al. 2002c).

Numerical SQGs also represent effective tools that can be used to assess the effects of
sediment-associated COPCs (i.e., during the effects assessment of an ecological risk
assessment). The goal of the effects assessment isto provide information on the toxicity or
other effectsthat are likely to occur in response to exposure to contaminated sediments. In
thisapplication, the SQGs provide an effective basisfor classifying sedimentsastoxic or not

GUIDANCE MANUAL TO SUPPORT THE ASSESSMENT OF CONTAMINATED SEDIMENTSIN FRESHWATER ECOSYSTEMS - VOLUME |11



APPENDIX 1 - RECOMMENDED USESOF SQGS — PAGE 179

toxic when used in conjunction with sediment chemistry data (MacDonald et al. 1996;
USEPA 1996; MacDonald et al. 2000b; USEPA 2000b; Ingersoll et al. 2001; 2002). The
applicability of the SQGsin effects assessmentsisincreased when used in conjunction with
other tools that facilitate determinations of background concentrations of contaminants,
sediment toxicity, bioaccumulation, and effects on in situ benthic macroinvertebrates
(Chapman et al. 1997; Chapter 7 of Volumelll). Matching sediment chemistry and toxicity
from the site under investigation can be used to evaluate the predictive ability of the SQGs
(MacDonald et al. 2002c).

The primary purpose of the risk characterization stage of an ecological risk assessment isto
estimate the nature and extent of the ecological risks at a site with contaminated sediments
and to evaluate the level of uncertainty associated with that estimate (Chapman et al. 1997).
The SQGs are particularly useful at this stage of the process because they provide a
guantitative basisfor eval uating the potential for observing adverse effectsin contaminated
sediments, for determining the spatial extent of unacceptable levels of sediment
contamination (i.e., sediments that exceed prescribed limits of risk to sediment-dwelling
organisms), and for estimating the uncertainty in the risk determinations (i.e., the potential
for Typel and Type Il errors). Importantly, calculation of the frequency of exceedance of
the probable effect-type SQGs and mean SQG quotients for individual sediment samples
enables risk assessors to estimate the probability that contaminated sediments will be toxic
to sediment-dwelling organisms (Long et al. 1998a; 1998b; Field et al. 1999; 2002; USEPA
2000b; MacDonald et al. 2002a; 2002b; 2002c). These procedures facilitate determination
of the cumulative effects of COPCs arising from multiple sources (i.e., in addition to the
contaminated site) and evaluation of the potential for off-site impacts when appropriate
sediment chemistry dataareavailable. Theuncertainty associated with the application of the
guidelines at this stage of the ecological risk assessment can be effectively reduced by using
the sediment chemistry data and SQGs in conjunction with other measurement endpoints,
such asresultsof toxicity testsand benthicinvertebrate community assessments. Uncertainty
associated with establishing cause and effect relationships between SQGs and observed
toxicity can be reduced by conducting spiked-sediment exposures and TIE procedures on
sediment samples (Ingersoll et al. 1997).
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A1.5 Development of Sediment Quality Remediation Objectives

Sediment quality remediation objectives (SQROs) are an essential component of the
contaminated sediment remediation process because SQROs can help to establish target
clean-up levelsfor asite, asoutlinein Craneet al. (2002). Sediment quality issuesarerarely
entirely the responsibility of one agency or onelevel of government. For thisreason, it may
be necessary to establish agreements between various levels of government to define their
respective responsibilities with respect to the prevention, assessment, and remediation of
sediment contamination. Multi-jurisdictional agreements may include accords on anumber
of issues; however, establishment of site-specific SQROs s particularly important because
they provide a common yardstick against which the success of a range of sediment
management initiatives can be measured (MacDonald and Macfarlane 1999; Ingersoll and
MacDonad 1999; MacDonald and Ingersoll 2000).

Crane et al. (2002) suggests numerical SQGs could be used in several ways to support the
derivation of SQROs (i.e., clean-up targets). Specifically, SQGs are useful because they
provideameans of establishing SQROsthat fulfill the narrative use protection objectivesfor
the site (i.e., sediment management objectives). For example, SQROs could be set well
below chronic effects thresholds if the site management goal is to provide a high level of
protection for sediment-dwelling organisms(e.g., mean PEC-Q of 0.1; Ingersoll et al. 2001).
Alternatively, the SQROs could be set at chronic effects thresholdsif the goal isto provide
amoderatelevel of protection (e.g., mean PEC-Q of 0.63; Ingersoll et al. 2001). The SQROs
could be set at acute effects thresholds if the immediate goal for the site is to reduce the
potential for acute toxicity and permit natural recovery processes to further reduce risks to
sediment-dwelling organisms (i.e., mean PEC-Q of 3.4; Ingersoll et al. 2001). In addition,
the SQGs and associated evaluations of predictive ability provide information that may be
used to evaluate the costs and benefits associated with various remediation options. Costs-
benefit analyses can be further supported by the results of predictive ability analyses, which
provide a means of determining the probability of observing adverse effects at various
concentrations of sediment-associated contaminants (Field et al. 1999; MacDonald et al.
2000b; Ingersoll et al. 2001). Lake-wide management plans, TMDLSs, the potential for
bioaccumulation, the possibility of phototoxicity occurring, and other factors should also be
considered in the development of SQROs.
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It is important to note that numerical SQGs should not be regarded as blanket values for
regional sediment quality. Variationsin environmental conditions among sites could affect
sediment quality in different ways and, hence, necessitate the modification of the guidelines
to reflect local conditions (Wenning and Ingersoll 2002). MacDonald and Sobolewski
(1993) provided interim guidance on the development of site-specific SQROs. In addition,
theresults of sediment quality triad investigations at the site under investigation can be used
to evaluatethe applicability of numerical SQGsand to refine these SQGsto makethem more
directly applicabletothesite, if necessary. MacDonald and Ingersoll (2000) and MacDonald
et al. (2002a; 2002b) provided detailed information on the design and implementation of
triad investigations for assessing the predictive ability of SQGs (see also Chapter 7 of
Volumelll).

Importantly, the weight-of-evidence generated should be proportional to the weight of the
decision in the management of contaminated sediments. At small and uncomplicated sites,
the costs associated with detailed siteinvestigations are likely to exceed the costs associated
with the removal and disposal of contaminated sediments. In these cases, SQGs represent
cost-effective tools for establishing clean-up targets and devel oping remedial action plans
(Wenning and Ingersoll 2002). 1t should be noted that USEPA does not advocate the use of
SQGsto establish clean-up targetswithout first verifying their applicability to the site under
investigation. At larger, more complicated sites, it is prudent to conduct further
investigationswhen preliminary screening indicate that contaminated sedimentsare present.
In such cases, the application of toxicity testing, benthic macroinvertebrate community
assessments, and other tools provide a means of confirming the severity and extent of
degraded sediment quality conditions (Wenning and Ingersoll 2002). Application of TIE
procedures and/or sediment spiking studies providesabasis of confirming theidentity of the
substancesthat are causing or substantially-contributing to sediment toxicity (Ingersoll et al.
1997). Inthisway, it might be possible to design remediation action plans (RAPS) that are
most likely to achieve the desired outcomes at the site (i.e., restoration of beneficia uses).
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Appendix 2. Methods for Determining Background Levels
of Sediment-Associated Contaminants

A2.0 Introduction

Sediment chemistry datais essential for evaluating sediment quality conditions. However,
interpretation of environmental data is made difficult by the fact that the measured
concentrations of sediment-associated contaminants can be elevated, even in the absence of
point source contaminant releases. In some cases, for example, the combination of ambient
sediment mineralogy and grain size can result in elevated concentrations of certain metals
(Schropp et al. 1990; Loring 1991). In addition, the levels of PAHs and other petroleum
hydrocarbons can be elevated in the vicinity of naturally-occurring of oil seeps(MacDonald
1994c¢). Likewise, natural phenomenasuch asvolcanoesand forest fires can release PCDDs
and PCDFs into the atmosphere and, ultimately, result in the contamination of sediments
(MacDonald 1993). Finally, anthropogenic activities (such as pesticide application or
disposal of persistent organi c substances) conducted in areasfar-removed from thesiteunder
consideration can result in elevated levels of PCBs, organochlorine pesticides, and other
substances in sediments (i.e., through long-range atmospheric transport and subsequent
depositioninaguatic ecosystems(MacDonald 1995). Assuch, information oncontemporary
background levels of contaminants in an area is relevant for assessing sediment quality
conditions and ng and remedial options that may be proposed for a site.

The concentrations of trace metals in sediments are influenced by a variety of factors,
including sediment mineralogy, grain size, organic content, and anthropogenic enrichment
(Schropp and Windom 1988). This combination of factors resultsin metals levelsthat can
vary over several orders of magnitude at uncontaminated sites (Schropp et al. 1990).
Therefore, it isimportant to consider the natural background levels of sediment-associated
metal swhen conducting sediment quality assessments, particularly inregionsthat haverivers
draining metal-rich geologic formations.
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There are severa procedures available for determining contemporary background levels of
contaminants in sediments. In general, these procedures can be grouped into two main
categories, including:

* Reference sediment approach; and,

* Reference element approach.

Overviews of these methods for determining contemporary background levels of sediment-
associated contaminants are provided in the following sections of this appendix.

A2.1 Reference Sediment Approach

The reference sediment approach involves the determination of regional background levels
of metals and/or organic contaminants in the area or region under consideration. Data on
regional background levels is important because it provides the information needed to
establish contemporary level s of sediment-associated contaminants (i.e., which includesthe
contribution of chemicals that are associated with human activities, both regionally and at
larger geographic scales). One such procedure involves the collection and analysis of
surficial sedimentsfrom anumber of uncontaminated reference sites (i.e., locationsthat are
not affected by known localized contaminant sources) to establish contemporary background
concentrations of trace metals or other substances on aregional basis (Persaud et al. 1989).
In this case, the 95% confidence interval may be used to define the normal range of
contaminant concentrations for the region (Reynoldson et al. 1995). The upper limit of
normal levels can be determined directly from this distribution (i.e., the upper 95%
confidence limit; Dunn 1989). Alternatively, the mean plus four standard deviations (i.e.,
the upper 99% confidence limit) can be used to estimate the upper limit of contemporary
background concentrations for the region (IDEM 1992; Adams 1995).

Thereference sediment approach can al so be used to estimate histori c concentrationsof trace
metals or organic contaminants on a site-specific basis. In this case, sediment coring
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procedures are used to obtain samples of site sediment from various depths. It isimportant
to collect these cores from fine-grain sediments that have not been disturbed by physical
mixing or bioturbation. Chemical analysis of the sub-sections, in conjunction with
radiometric dating methods (i.e., **'Cs, %°Pb, or *®Th dating; Valette-Silver 1993; Mudroch
and Azcue 1995), provides information for determining how the concentrations of each
substance have varied over time. In thisway, it is possible to establish the levels of trace
metals that correspond to relevant dates in the development of the watershed (i.e., back to
the early 1800s). It may be difficult to determine pre-industrial levels of metals if
sedimentation rates are high, however (Alexander 1993). Therefore, use of alarge-scale
regional data base may help provide metal concentrations as a background reference.
Statistical methods can be applied to the data that are generated from multiple cores to
establish the normal range of background levelsfor the site under investigation (Reynoldson
et al. 1995). The upper limit of background can then be established directly from these
summary statistics.

A2.2 Reference Element Approach

The reference element approach was developed to provide a basis for assessing metal
contamination in sediments (Loring 1991; Schropp and Windom 1988; Schropp et al. 1990;
Schiff and Weisberg 1996). Thisprocedure relieson normalization of metal concentrations
to a reference element. Normalization of metal concentrations to concentrations of
aluminumin estuarine sedimentsprovided the most useful method of comparing metal levels
onaregional basisin Floridaestuaries. However, normalization using lithium, iron, or other
reference elements has been used in other estuarine regions (Loring 1991; Schiff and
Weisberg 1996). Recently, Carvalho and Schropp (2001) demonstrated that normalization
of metal concentrations to the concentrations of aluminum also provides an effective basis
for evaluating metal enrichment in freshwater sediments.

Development of the metalsinterpretivetool isarelatively straight forward process. Briefly,
dataon sediment metal concentrations are collected from roughly 100 sites chosen for being
remotefrom known or potential sourcesof metalscontamination. Total metal concentrations
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are determined in each of these samples. Simplelinear regressions of the concentrations of
each of seven metal sto aluminum concentrationsare performed on log-transformed dataand
95% prediction limits are calculated. The regression lines and prediction limits are then
plotted. Theseplotsthenform the basisfor interpreting data on the concentrations of metals
in sediments, such that anthropogeni c enrichment of metal level swould be suspected at sites
with metals concentrations exceeding the upper 95% prediction limit (for one or more
substances). The application of this procedure using datafrom various estuarine areas (e.g.,
Tampa Bay, Schropp et al. 1989; Louisiana, Pardue et al. 1992) has supported the
effectiveness and utility of this interpretive tool. A comparable tool for ng metal
enrichment infreshwater sediments hasbeen devel oped for the State of Florida(FigureA2-1;
Carvalho and Schropp 2001).
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Appendix 3. Approaches to the Development of
Numerical Sediment Quality Guidelines

A3.0 Introduction

Numerical SQGs (including ESBs, sediment quality objectives, and sediment quality
standards) have been developed by various jurisdictions in North America for both
freshwater and marine ecosystems. The SQGs that are currently being used in North
America have been devel oped using avariety of approaches, including both empirical and
theoretical approaches. Both empirical and theoretical approaches were considered to
support the derivation numerical SQGs for the protection of sediment-dwelling organisms,
including:

Screening Level Concentration Approach (SLCA);

» Effects Range Approach (ERA);

» EffectsLevel Approach (ELA);

* Apparent Effects Threshold Approach (AETA);

* Equilibrium Partitioning Approach (EqPA);

* Logistic Regression Modeling Approach (LRMA); and,

» Consensus Approach (CA).

Thetissue residue approach represents the primary method for deriving numerical SQGsfor
the protection of wildlife and human health (i.e., for substances that bioaccumulate in the
food web). Thefollowing sections of this report provide brief descriptions of each of these
approaches.
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A3.1 Screening Level Concentration Approach

The screening level concentration approach (SLCA) isabiological effects-based approach
that is applicableto the development of SQGsfor the protection of benthic organisms. This
approach utilizes matching biologica and chemistry data collected in field surveys to
calculate a screening level concentration (SLC; Neff et al. 1986). The SLC is an estimate
of the highest concentration of a contaminant that can be tolerated by a pre-defined
proportion of benthic infaunal species.

The SLC is determined through the use of a database that contains information on the
concentrations of specific contaminants in sediments and on the co-occurrence of benthic
organisms in the same sediments. For each benthic organism for which adequate data are
available, a species screening level concentration (SSLC) is calculated. The SSLC is
determined by plotting the frequency distribution of the contaminant concentrations over all
of the sites at which the species occurs (information from at least ten sites is required to
calculate a SSLC). The 90th percentile of this distribution is taken as the SSLC for the
species being investigated. The SSLCs for all of the species for which adequate data are
available are then compiled as a frequency distribution to determine the concentration that
can be tolerated by a specific proportion of the species (i.e., the 5th percentile of the
distribution would provide an SLC that should be tolerated by 95% of the species). This
concentration is termed the screening level concentration of the contaminant.

A number of jurisdictions have used the SLCA to derive numerical SQGs. In the St
Lawrence River, two SQGs were developed for five groups of PCBs using the SLCA,
including a minimal effect threshold (MET) and a toxic effect threshold (TET; EC and
MENVIQ 1992). The MET was calculated as the 15th percentile of the SSLCs, while the
TET was calculated as the 90th percentile of the SSLC distribution for each substance.
Therefore, the MET and TET are considered to provide protection for 85% and 10% of the
speciesrepresented inthedatabase, respectively. Similarly, Environment Ontario devel oped
alowest effect level (LEL) and severe effect level (SEL) using this approach (Persaud et al.
1993). Neff et al. (1986) also developed a screening level concentration (SLC) for tPCBs
primarily using data from the Great L akes.
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A3.2 Effects Range Approach

The effects range approach (ERA) to the derivation of SQGs was developed to provide
informal tools for assessing the potential for various contaminants tested in the National
Status and Trends Program (NSTP) to be associated with adverse effects on sediment-
dwelling organisms (Long and Morgan 1991). As a first step, a database was compiled
which contained information on the effects of sediment-associated contaminants, including
datafrom spiked-sediment toxicity tests, matching sediment chemistry and biological effects
data from field studies in the United States, and SQGs that were derived using various
approaches. All of the information in the database was weighted equally, regardless of the
method that was used to develop it. The objective of thisinitiative wasto identify informal
guidelines which could be used to evaluate sediment chemistry data collected nationwide
under the NSTP.

Candidate data sets from field studies were evaluated to determine their applicability for
incorporation into the database. This evaluation was designed to determine the overall
applicability of the data set, the methods that were used, the end-points that were measured,
and the degree of concordance between the chemical and biological data. The data which
met the evaluation criteria were incorporated into the database (Long and Morgan 1991;
Long et al. 1995).

The database that was compiled included severa types of information from each study.
Individual entriesconsisted of the concentration of the contaminant, thelocation of thestudy,
the species tested and endpoint measured, and an indication of whether or not there was
concordance between the observed effect and the concentrations of aspecific chemical (i.e.,
no effect, no or small gradient, no concordance, or a"hit", whichindicated that an effect was
measured in association with elevated sediment chemistry). Data from non-toxic or
unaffected samples were assumed to represent background conditions. Datawhich showed
no concordance between chemical and biological variables were included in the database,
but were not used to cal culatethe SQGs. Thedatafor which abiological effect wasobserved
in association with elevated chemica concentrations (i.e., hits) were sorted in ascending
order of concentration and the 10™ and 50" percentile concentrations for each compound
were determined. The effects range-low (ERL; 10" percentile value) was considered to
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represent alower threshold val ue, bel ow which adverse effectson sensitivelife stagesand/or
species occurred infrequently. The effects range-median (ERM; 50™ percentile value) was
considered to represent a second threshold value, above which adverse effects were
frequently observed. These two parameters, ERL and ERM, were then used as informal
SQGs (Long and Morgan 1991; Long et al. 1995). USEPA (1996) used asimilar approach
to derive ERLs (15" percentile of the effects data set) and ERMs (50" percentile of the
effects data set) for assessing sediments from various freshwater locations. Similarly,
MacDonald (1997) applied the effects range approach to regionally-collected field data to
derive site-specific sediment effect concentrations for PCBs and DDTSs in the Southern
California Bight.

A3.3 Effects Level Approach

The effects level approach (ELA) is closely related to the effects range approach described
above. However, the EL A issupported by an expanded version of the database that was used
to derive the effects levels (Long and Morgan 1991). The expanded database contains
matching sediment chemistry and biological effectsdatafrom spiked-sediment toxicity tests
and from field studies conducted throughout North America (including both effects and no
effectsdata). The expanded database al so contains SQGs derived using various approaches.
Theinformation contained in the expanded databasewas eval uated and classified inthe same
manner that was used to compile the original NSTP database.

In the ELA, the underlying information in the database was used to derive two types of
SQGs, including threshold effect levels(TELs) and probable effect levels(PELS). TheTEL,
whichiscal cul ated asthe geometric mean of the 15" percentile of the effects data set and the
50" percentile of the no effects data set, represents the chemical concentration below which
adverse effects occurred only infrequently. The PEL represents a second threshold value,
above which adverse effects were frequently observed. The PEL is calculated as the
geometric mean of the 50™ percentile of the effects data set and the 85™ percentile of the no
effectsdataset. These arithmetic procedures have been applied to the expanded database to
derive numerical SQGs (i.e., TELs and PELSs) for Florida coastal waters (MacDonald et al.
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1996), United States freshwater systems (USEPA 1996), and Canadian freshwater and
marine systems (Smith et al. 1996; CCME 1999).

A3.4 Apparent Effects Threshold Approach

Theapparent effectsthreshold approach (AETA) to the devel opment of SQGswasdevel oped
for usein the Puget Sound area of Washington State (TetraTech Inc. 1986). The AETA is
based on empirically-defined relationships between measured concentrations of a
contaminant in sediments and observed biological effects. This approach is intended to
define the concentration of a contaminant in sediment above which significant (p < 0.05)
biological effects are observed. These biological effects include, but are not limited to,
toxicity to benthic and/or water column species (as measured using sediment toxicity tests),
changes in the abundance of various benthic species, and changes in benthic community
structure. In Puget Sound, for example, four AET values have been generated, including
AETsfor Microtox, oyster larvae, benthic community, and amphipods. The AET valuesare
based on dry weight-normalized contaminant concentrations for metals and either dry
weight- or TOC-normalized concentrations for organic substances (Barrick et al. 1988;
Washington Department of Ecology 1990). The state of Washington has used the various
AET valuesto establish sediment quality standards and minimum clean-up levelsfor COCs
in the state.

Cubbage et al. (1997) refined this approach to support the development of probable AETs
(PAETS) using matching sediment chemistry and toxicity datafor freshwater sedimentsfrom
the state of Washington. USEPA (1996) utilized asimilar approach to develop freshwater
AETs (termed no effect concentrations or NECs in that study) using data from various
freshwater locations.
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A3.5 Equilibrium Partitioning Approach

The water-sediment equilibrium partitioning approach (EqPA) has been one of the most
studied and evaluated approaches for devel oping SQGs (sometimes termed ESBS) for non-
ionic organic chemicals and metals (Pavlou and Weston 1983; Bolton et al. 1985; Kadeg
et al. 1986; Paviou 1987; Di Toro et al. 1991; Ankley et al. 1996; Hansen et al. 1996). This
approach is based on the premise that the distribution of contaminants among different
compartments in the sediment matrix (i.e., sediment solids and pore water) is predictable
based on their physical and chemical properties, assuming that continuous equilibrium
exchange between sediment and pore water occurs. This approach has been supported by
the results of spiked-sediment toxicity tests, which indicate that positive correlations exist
between the biological effectsobserved and the concentrations of contaminants measuredin
the pore water (Di Toro et al. 1991; Ankley et al. 1996; Berry et al. 1996; Hansen et al.
1996). A primary strength of the EQPA approach is that the bioavailability of individual
classes of compounds (i.e., metals or non-ionic organic compounds) can be addressed.

In the EqQPA, water quality criteria developed for the protection of freshwater or marine
organisms are used to support the SQGs derivation process. As such, the water quality
criteriaformulated for the protection of water column species are assumed to be applicable
to benthic organisms (Di Toro et al. 1991). The ESBs are calculated using the appropriate
water quality criteria(usually thefinal chronic values, FCV's, or equivaent values, USEPA
1997) in conjunction with the sediment/water partition coefficients (Kp) for the specific
contaminants [note that other effect concentrations (e.g., an LC,, for a particular species of
concern) can also be used in the calculation of ESBs]. The final chronic value is derived
from the species mean chronic valuesthat have been cal culated from published toxicity data
and isintended to protect 95% of aquatic species. The calculation procedure for non-ionic
organic contaminants is as follows:

SQG =Kp e+ FCV
where:
SQG = Sediment quality guideline [in pug/kg of organic carbon (OC)];
Kp = Partition coefficient for the chemical (in L/kg); and,
FCV = Fina Chronic Value (in ug/L).
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The Kp is afunction of the partition coefficient for sediment organic carbon (K,.) of the
substance under consideration and the amount of organic carbon in the sediment under
investigation (f,; where Kp = K., * f; Di Toro et al. 1991). The K, for non-ionic
substances can be calculated from its K, (Di Toro et al. 1991). Procedures for evaluating
the potential for sediment toxicity due to the presence of metals have aso been developed
(Ankley et al. 1996). These procedures rely on the determination of AVS and SEM
concentrations. Samples in which the molar concentrations of AVS equal or exceed the
molar concentrations of five divalent metals (Cd, Cu, Pb, Ni, Zn) areunlikely to betoxic due
to metals. In contrast, sampleswith SEM-AV S >1 could be toxic due to metals (Ankley et
al. 1996). Based on the results of more recent analyses, SEM-AVS >5 may be a better
predictor of toxicity due to the presence of divalent cationic metals.

A3.6 Logistic Regression Modeling Approach

Inthelogisticregression modeling approach (LRMA), numerical SQGsarederived fromthe
results of field studies of sediment quality conditionsin marine and estuarine habitats. The
first step in this process involves the collection, evaluation, and compilations of matching
sediment chemistry and toxicity datafrom awide variety of sitesin North America(Field et
al. 1999; 2001). Next, theinformation that were compiled in the database wereretrieved on
a substance-by-substance basis, with the data from individual sediment samples sorted in
order of ascending concentration. For each sediment sample, the ascending data table was
used to provide information on the concentration of contaminant under consideration (on
either a dry weight- or organic carbon-normalized basis) and the toxicity test results (i.e.,
toxic or not toxic) for each toxicity test endpoint (e.g., 10-day survival of marine
amphipods).

In the next step of the process, the data contained in the ascending data tables were screened
to minimize the potential for including samples in which the selected contaminant did not
contribute substantially to the observed toxicity. Inthisanalysis, the chemical concentration
in each toxic samplewas compared to the mean concentration in the non-toxic samplesfrom
the same study and geographic area. The toxic samples with concentrations of the selected
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contaminant that were lessthan or equal to the average concentration of that chemical inthe
non-toxic samples were not used to develop the models for each COPC (i.e., it was highly
unlikely that the contaminant substantially contributed to sediment toxicity in such samples).

In the final step of the analysis, the screened data were used to develop logistic regression
models, which express the relationship between the concentration of the selected
contaminant and the probability of observing toxicity. In its simplest form, the logistic
model can be described using the following equation:

p - eBO +B1(x) - (l + eBO +B1(x))

where:
p = probability of observing atoxic effect;
BO = intercept parameter;
B1 = dopeparameter; and,
X = concentration or log concentration of the chemical.

Using databases consisting of the results of 10-day amphipod toxicity tests, Field et al.
(1999; 2002) derived logistic regression modelsfor several chemical substancestoillustrate
the methodology. More specifically, these studies calculated T10, T20, T50, T80, or T90
values for several metals, PAHs, and total PCBs. These values represent the chemical
concentrations that correspond to a 10%, 20%, 50%, 80%, or 90% probability of observing
sediment toxicity. Inaddition to supporting the derivation of specific T-values, thismethod
can be used to determine the concentration of a contaminant that corresponds to any
probability of observing toxicity. Therefore, asediment manager canidentify an acceptable
probability of observing sediment toxicity at a site (e.g., 25%) and determine the
corresponding chemical concentrations (e.g., T25 value). The calculated value can then be
used asthe SQG for the site. This procedureis currently being used to evaluate data as part
of a second report to Congress on sediment quality (an update to USEPA 1997).
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A3.7 Consensus Approach

In the consensus approach (CA), consensus-based SQGs were derived from the existing
SQGs that have been published for the protection of sediment-dwelling organisms
(MacDonald et al. 2000a; 2000b). Derivation of numerical SQGsusing the CA involved as
four stepped process. In a first step, the SQGs that have been derived by various
investigators for assessing the quality of freshwater sediments were collected and collated.
Next, the SQGs obtained from all sources were evaluated to determine their applicability to
the derivation of consensus-based SQGs. The selection criteria that were applied are
intended to evaluate the transparency of the derivation methods, the degree to which the
SQGs are effects-based, and the uniqueness of the SQGs.

The effects-based SQGsthat meet these selection criteriawere then grouped in MacDonald
et al. (2000a; 2000b) to facilitate the derivation of consensus-based SQGs (Swartz 1999).
Specifically, the SQGsfor the protection of sediment-dwelling organismswere grouped into
two categories according to their original narrative intent, including TECs and probable
effect concentrations (PECs). The TECs were intended to identify contaminant
concentrations below which harmful effects on sediment-dwelling organismswere unlikely
to be observed. Examples of TEC-type SQGs include threshold effect levels (TELs; Smith
et al. 1996; USEPA 1996), effect range low values (ERLs; Long and Morgan 1991; USEPA
1996), lowest effect levels (LELS; Persaud et al. 1993), and chronic equilibrium partitioning
thresholds (USEPA 1997). The PECswereintended to identify contaminant concentrations
above which harmful effects on sediment-dwelling organisms were likely to be frequently
or aways observed (MacDonald et al. 1996; Swartz 1999). Examples of PEC-type SQGs
include probable effect levels (PEL s, Smith et al. 1996; USEPA 1996), effect range median
values (ERMs; Long and Morgan 1991; USEPA 1996); and severe effect levels (Persaud et
al. 1993).

Following classification of the published SQGs, consensus-based TECs were calculated by
determining the geometric mean of the SQGsthat wereincluded inthiscategory. Likewise,
consensus-based PECswere cal cul ated by determining the geometric mean of the PEC-type
values. The geometric mean, rather than the arithmetic mean, was calculated because it
provided an estimate of central tendency that was not unduly affected by outliersand because
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the distributions of the SQGs were not known. Consensus-based TECs or PECs were
calculated only if three of more published SQGs are available for a chemical substance or
group of substances (MacDonald et al. 2000a; 2000b).

The CA has been used to derive numerical SQGs for avariety of chemical substances and
media types. For example, Swartz (1999) derived consensus-based SQGs for PAHs in
marine ecosystems. More recently, MacDonald et al. (2000a) derived SQGsfor total PCBs
infreshwater and marine sediments. Ingersoll and MacDonald (1999) and MacDonald et al.
(2000a; 2000b) have also developed consensus-based SQGs for metals, PAHs, PCBs, and
several pesticidesin freshwater sediments. USEPA (2000b) and Ingersoll et al. (2001) used
consensus-based SQGsto eval uatetheincidence of toxicity inanational freshwater database.
Asthetermimplies, consensus-based SQGs areintended to reflect the agreement among the
various SQGs by providing an estimate of their central tendency. Consensus-based SQGs
are, therefore, considered to provided a unifying synthesis of the existing SQGs, reflect
causal rather than correl ative effects, and account for the effects of contaminant mixturesin
sediment (Swartz 1999; Di Toro and McGrath 2000; MacDonald et al. 2000a; 2000b).

A3.8 Tissue Residue Approach

Thetissueresidue approach (TRA; whichisalso known asthe biota-water-sediment EQPA)
is based on the fact that sediments represent important sources of contaminants that
bioaccumulatein thetissues of aquatic organismsand aretransferred into aguatic food webs.
For this reason, it is necessary to assure that the concentrations of sediment-associated
contaminants remain below the levels that are associated with the accumulation of such
contaminants to harmful levels in sediment-dwelling organisms and other elements of the
food web. Therefore, application of the TRA involves the establishment of safe sediment
concentrationsfor individual chemicalsor classes of chemicalsby determining the chemical
concentrations in sediments that are predicted to result in acceptabletissue residues (i.e., in
fish and shellfish tissues that are consumed by piscivorus wildlife).
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Derivation of numerical SQGs using the TRA involves several steps. As afirst step, the
contaminants for which SQGs are to be derived are selected based on their potentia to
accumulate in aquatic food webs. Next, numerical TRGs are identified for these
contaminants. Three types of TRGs may be used to derive the SQGs, including:

o Critical body burdens in sediment-dwelling organisms, which define the
threshold levels of tissue-associated contaminants rel ative to adverse effects on
benthic species (e.g., Jarvinen and Ankley 1999);

» Tissueresidueguidelinesfor the protection of aguatic-dependent wildlife, which
define tolerable levels of contaminantsin fish and aguatic invertebrates that are
consumed by avian and mammalian receptors (e.g., Newell et al. 1987); and,

» Tissue residue guidelines for the protection of human health, which define
tolerable levels of contaminants in fish and shellfish that are consumed by
humans (e.g., Federal Drug Administration Action Levels).

Following the selection of TRGs, BSAFs are determined each of the substances of concern.
Such BSAFs can be determined from the results of bioaccumulation assessments, from
matching sediment chemistry and tissue residue data collected in the field, and/or from the
results of bioaccumulation models. Such BSAFs must be relevant to the species under
consideration (i.e., laboratory-derived BSAFsfor polychaetes should not be used directly to
estimate BSAFsin fish). Numerical SQGs are subsequently derived using the equation:

SQG = TRG + BSAF

This approach has been used on several occasions to develop SQGs for the protection of
human health, most frequently for DDTs, mercury, and PCBs. Inaddition, SQGsfor 2,3,7,8
tetrachlorodibenzo-p-dioxin (T,CDD) have been established for Lake Ontario on the basis
of fish tissue residues (Endicott et al. 1989; Cook et al. 1989). The applicability of this
approach to the derivation of SQGsis supported by data which demonstrate that declinesin
DDT residues in fish and birds (since its use was banned) are strongly correlated with
declining concentrations of this substance in surficial sediments in the Great Lakes and
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Southern CaliforniaBight. Assuch, thisapproachisalogical companion for the EQPA and
the other approaches that were described previously. However, uncertainty in the selection
of critical body burdens in sediment-dwelling organisms limits the applicability of this
approach for deriving SQGs for the protection of benthic invertebrate species.
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Appendix 4. Criteria for Evaluating Candidate Data Sets

A4.0 Introduction

Inrecent years, the Great L akesNational Program Office (USEPA), United States Geol ogical
Survey, National Oceanicand Administration, MinnesotaPollution Control Agency, Florida
Department of Environmental Protection, British ColumbiaMinistry of Water, Air and Land
Protection, MacDonald Environmental Sciences Ltd., and EVS Consultants have been
devel oping adatabase of matching sediment chemistry and sediment toxicity datato support
evaluations of the predictive ability of numerical SQGs in the Great Lakes Basin and
elsewhere in North America (Field et al. 1999; USEPA 2000b; Crane et al. 2000). In
addition, various project-specific databases have been developed to facilitate access to and
analysis of data sets to support natural resource damage assessment and restoration and
ecological risk assessments at siteswith contaminated sediments (MacDonald and Ingersol |
2000; Crane et al. 2000; MacDonald et al. 2001a; 2001b; Ingersoll et al. 2001). The goal
of these initiatives was to collect and collate the highest quality data sets for assessing
sediment quality conditionsat contaminated sitesand eval uating numerical SQGs. Toassure
that the data used in these assessments met the associated DQOs, all of the candidate data
sets were critically evaluated before inclusion in the database. However, the screening
process was al so designed to be flexible to assure that professional judgement could also be
used when necessary in the evaluation process. In thisway, it was possible to include as
many data sets as possible and, subsequently, usethem to the extent that the dataquality and
guantity dictate.

Thefollowing criteriafor eval uating candidate data setswere established in consultation with
an ad hoc Science Advisory Group on Sediment Quality Assessment (which is comprised
of representativesof federal, provincial, and state government agencies, consulting firms, and
non-governmental organizations located throughout North America and elsewhere
worldwide). Thesecriteriaarereproduced here becausethey provide useful guidance onthe
evaluation of data that have been generated to support sediment quality assessments. In
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addition, these criteria can be used to support the design of sediment sampling and analysis
plans, and associated quality assurance project plans (see Volume ).

A4.1 Criteria for Evaluating Whole Sediment, Pore Water, and
Tissue Chemistry

Dataon the chemical composition of whole sediments, porewater, and biological tissuesare
of fundamental importance in assessments of sediment quality conditions. For thisreason,
itisessential to ensurethat high quality dataare generated and used to support such sediment
quality assessments. In this respect, data from individua studies are considered to be
acceptableif:

Samples were collected from any sediment horizon (samples representing
surficial sediments are most appropriate for assessing effects on sediment-
dwelling organismsand other receptors, while samples of sub-surface sediments
are appropriate for assessing potential effects on sediment-dwelling organisms
and other receptors, should these sediments become exposed; ASTM 2001g;
ASTM 2001e; USEPA 20008a);

» Appropriateprocedureswereusedfor collecting, handling, and storing sediments
(e.g., ASTM 2001c; 2001d; USEPA 2001) and samples of other mediatypes,

» The concentrations of a variety of COPCs were measured in samples,

» Appropriate anaytica methods were used to generate chemistry data. The
methods that are considered to be appropriate included USEPA approved
methods, other standardized methods (e.g., ASTM methods, SW-846 methods),
or methods that have been demonstrated to be equivalent or superior to standard
methods; and,

» Data quality objectives were met. The criteria that are used to evaluate data
quality included:
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(i) the investigator indicated that DQOs had been met;

(i) analytical detection limits were reported and lower than the PECs
(however, detection limits < TEC are preferred);

(iti)  accuracy and precision of the chemistry data were reported and within
acceptable ranges for the method;

(iv)  sample contamination was not noted (i.e., analyteswere not detected
at unacceptable concentrations in method blanks); and,

(v) the results of a detailed independent review indicated that the data
wereacceptableand/or professional judgement indicated that thedata
set was likely to be of sufficient quality to be used in the assessment
(i.e, in conjunction with author communications and/or other
investigations).

A4.2 Criteria for Evaluating Biological Effects Data

Data on the effects of contaminated sediments on sediment-dwelling organisms and other
aquatic species provide important information for evaluating the severity and extent of
sediment contamination. Data from individual studies are considered to be acceptable for
this purpose if:

» Appropriateprocedureswereused for collecting, handling, and storing sediments
(e.g., ASTM 2001c; USEPA 2000a; 2001); Sediments were not frozen before
toxicity testswere initiated (ASTM 2001a; 2001e);

* The responses in the negative control and/or reference groups were within
acceptedlimits(i.e., ASTM 2001a; 2001d; 2001e; 2001f; 2001g; 2001h; USEPA
2000by);

» Adequateenvironmental conditionswere maintained in thetest chambersduring
toxicity testing (i.e., ASTM 2001a; 2001e; USEPA 2000b);
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» Theendpoint(s) measured wereecologically-relevant (i.e., likely toinfluencethe
organism'sviability inthefield) or indicative of ecologically-relevant endpoints;
and,

» Appropriate procedures were used to conduct bioaccumulation tests (ASTM
2001d).

Additional guidance is presented in USEPA (1994) and in Chapter 4 of Volume Il for
evaluating the quality of benthic community data generated as part of a sediment quality
assessment. These criteriainclude collection of replicate samples, resorting at least 10% of
the samples, and independent checks of taxonomic identification of specimens. Guidance
ispresented in USEPA (2000c) and in Schmitt et al. (2000) for evaluating the quality of fish
health and fish community data.
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Table Al.1l. Incidence of toxicity predicted in laboratory toxicity tests using mean probable effect concentration-quotients

(PEC-Qs, USEPA 2000Db).

Incidence of Toxicity (%) by Mean PEC-Q

Test Species/Duration <0.1 0.1-<0.5 0.5-<1.0 >1.0
Hyalella azteca, 10 to 14-day 18% 16% 37% 54%
Hyalella azteca, 28 to 42-day 10% 13% 56% 97%
Chironomus spp ., 10 to 14-day 20% 17% 43% 52%
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Figure A2.1. Metal/aluminum regression lineswith the 95% prediction limits (from Carvalho and Schropp 2001).
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Figure A2.1. Metal/aluminum regression lineswith the 95% prediction limits (from Carvalho and Schropp 2001).
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Figure A2.1. Metal/aluminum regression lineswith the 95% prediction limits (from Carvalho and Schropp 2001).
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