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Executive Summary

The goal of this project is to develop a methodology for derivation of pesticide sediment
quality criteria for the protection of aquatic life in the Sacramento and San Joaquin River basins.
There are three phases to this project. This is a report of the results of Phase I, which is a
comparison and evaluation of existing criteria derivation methodologies from around the world.
Phase Il will be development of the sediment criteria derivation methodology. The new
methodology may simply be one of the existing methodologies, a combination of features from
existing methodologies, or an entirely new methodology based on the latest available research in
aquatic ecotoxicology and environmental risk assessment. Phase Il will be to apply the new
methodology to derive sediment quality criteria for at least one pyrethroid pesticide of particular
concern in the Sacramento and San Joaquin River basins due to listings under 303(d) of the
federal Clean Water Act (CRWQCB-CVR 2006).

The approach for Phase | was to conduct an extensive literature search to find 1) criteria
derivation methodologies currently in use, or proposed for use, throughout the world; 2) original
studies supporting the methodologies; 3) proposed modifications of existing methodologies; and
4) relevant and recent research in ecotoxicology and risk assessment. In this report, important
elements of sediment quality criteria derivation methodologies are discussed with respect to how
they are, or are not, addressed by existing methodologies. Included in the discussion are
methodologies from: Australia/New Zealand, Canada, the European Union/European
Commission (EU/EC), France, The Netherlands, the Organisation for Economic Co-operation
and Development (OECD), the United Kingdom (UK), and the United States (US), including the
United States Environmental Protection Agency (USEPA) and the National Oceanic and
Atmospheric Administration (NOAA), and a few individual states whose methodologies diverge
somewhat from guidance from the federal agencies.

The goal of this review is to determine if there is an appropriate existing methodology
that can be used to calculate sediment quality criteria for pesticides, particularly for a group of or
individual pyrethroids. There are three main approaches that are currently used for development
of sediment quality guidelines: empirical, mechanistic and spiked-sediment toxicity testing. In
general, the empirical approaches generate concentration ranges that are very likely, likely, or
not likely to cause adverse effects, while the mechanistic approaches generate single
concentrations not to be exceeded that are based on the existence of a water quality criterion for
the compound of interest. The third approach uses spiked-sediment toxicity data to derive criteria
with statistical distributions or by applying an assessment factor (sometimes called safety
factors). Several of the methodologies incorporate multiple approaches and recommend deriving
criteria from spiked-sediment toxicity test data if it is available, or comparing the derived criteria
to this data if it is limited.



There are two possible outcomes of this project: 1) recommend an existing methodology
for adoption, or 2) develop an entirely new methodology. If a new methodology is developed, it
will likely use elements from the existing methodologies, and hopefully add new techniques for
more refined risk assessment than is currently available in any of the existing methodologies.
The next phase of this project will be to test out and further explore the various approaches to
determine which will result in the most reliable and robust methodology for developing sediment
quality criteria for pesticides. The methodologies of The Netherlands (RIVM 2001) and the EU
(ECB 2003) appear to be the most developed methodologies and they include both mechanistic
and spiked-sediment toxicity test approaches. The methodology developed in Phase 1l will likely
draw on these two methodologies, and will be compared to these existing methodologies.
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1 Introduction

The goal of this project is to develop a methodology for derivation of pesticide sediment
quality criteria (SQC) for the protection of aquatic life in the Sacramento and San Joaquin River
basins. The surface waters of these basins receive pesticide inputs in runoff and drainage from
agriculture, silviculture, and residential and industrial storm water (CRWQCB-CVR 2009). The
term pesticide is defined by the Central Valley Regional Water Quality Control Board
(CRWQCB-CVR 2009) as (1) any substance, or mixture of substances which is intended to be
used for defoliating plants, regulating plant growth, or for preventing, destroying, repelling, or
mitigating any pest, which may infest or be detrimental to vegetation, man, animals, or
households, or be present in any agricultural or nonagricultural environment whatsoever, or (2)
any spray adjuvant, or (3) any breakdown products of these materials that threaten beneficial
uSes.

The project will be accomplished in three phases. This is a report of the results of Phase |,
which is a comparison and evaluation of existing criteria derivation methodologies from around
the world. Phase 11 will be development of the criteria derivation methodology. The new
methodology may simply be one of the existing methodologies, a combination of features from
existing methodologies, or an entirely new methodology based on the latest available research in
aquatic ecotoxicology and environmental risk assessment. Phase I11 will be to apply the new
methodology to derive criteria for at least one pyrethroid pesticide of particular concern in the
Sacramento and San Joaquin River basins due to listings under 303(d) of the federal Clean Water
Act (CRWQCB-CVR 2006).

The mission of California’s nine Regional Water Quality Control Boards (RWQCBS) is
“to develop and enforce water quality objectives and implementation plans which will best
protect the beneficial uses of the State's waters, recognizing local differences in climate,
topography, geology and hydrology” (California SWRCB 2011). Toward that mission, each
RWQCB is responsible for development of a “basin plan” for its hydrologic area. The “Water
Quality Control Plan (Basin Plan) for the Sacramento River and San Joaquin River Basins,”
(CRWQCB-CVR 2009) contains the following language regarding toxic substances in general,
and pesticides in particular:

"...waters shall be maintained free of toxic substances in concentrations that produce detrimental
physiological responses in human, plant, animal, or aquatic life."

"No individual pesticide or combinations of pesticides shall be present in concentrations that
adversely affect beneficial uses.”

“Discharges shall not result in pesticide concentrations in bottom sediments or aquatic life that
adversely affect beneficial uses.”

"Pesticide concentrations shall not exceed the lowest levels technically and economically
achievable."



The sediment layer of aquatic ecosystems provides habitat and food sources for aquatic
life. Many organic chemicals tend to accumulate in the sediment once released into the
environment and these contaminants may cause toxicity even when water quality criteria are
being met. The chemical and physical properties of a compound, as well as environmental
factors, contribute to its tendency to accumulate in sediments and/or possibly bioaccumulate in
tissues or magnify up the food chain. A measure of chemical partitioning between a solid and
water is defined as the solid-water partition coefficient (Ky), which can be normalized to organic
carbon (Koc) to compare across different types of solids (e.g., sediment or soil). Ky is the
chemical concentration in water divided by the chemical concentration in solid at equilibrium
and K, is defined as Kq divided by the fraction of organic carbon (OC) in the solid. Partitioning
between sediments and water is usually driven by a chemical’s insolubility in water, yet the
mechanism by which chemicals sorb can be influenced by environmental pH, temperature, and
sorbate properties (grain size, OC quantity and makeup (e.g. black carbon), clay and mineral
content, redox potential, moisture content) (Schwarzenbach et al. 2003). Bioavailability and the
related toxic effects of sediment-bound chemicals are limited by the particular sorbent properties,
chemical properties and organism behavior (Day et al. 1995). Many studies have demonstrated
that total measured contaminant concentrations in sediments are poorly correlated to observed
effects, which is most likely due to limited bioavailability of the contaminants (Conrad et al.
1999, Di Toro et al. 2002, Xu et al. 2007).

The pesticides that are most likely to cause sediment toxicity are those that are nonpolar
nonionic organic compounds because they tend to sorb to solids and colloids in agueous
environments. Nonpolar pesticides have been detected in California freshwater bedded and/or
suspended sediments in recent years, including herbicides (DCPA, ethalfluralin, metolachlor,
oxyfluorfen, pendimethalin, prometryn, simazine, trifluralin), organochlorines (DDTs, dieldrin,
endosulfan, endrin, lindane, methoxychlor), organophosphates (chlorpyrifos, diazinon,
methylparathion), and pyrethroids (bifenthrin, cyfluthrin, cypermethrin, deltamethrin,
esfenvalerate, fenpropathrin, lambda-cyhalothrin, permethrin) (Domalgalski et al. 2010, Hladik
and Kuivila 2009, Holmes 2004, Weston et al. 2004, 2005). Most of the organochlorines that
have been recently detected are no longer used; in contrast, use of pyrethroid insecticides has
increased over the last decade, as they are seen as replacements for organophosphate
insecticides. Pyrethroids are used in both agricultural and urban/residential settings and are
characterized by extreme insolubility in water with high degrees of sorption to solids, including
soils, sediment, and dissolved organic matter (Laskowski 2002). Although pyrethroids have low
mammalian toxicity, they are highly toxic to aquatic invertebrates and fish, and their use has not
been without adverse effects. Pyrethroids have been found at concentrations in sediments of both
urban and agricultural waterways that are toxic to the freshwater invertebrate Hyalella azteca in
the laboratory (Amweg et al. 2006, Weston et al. 2004).

There are currently no official US Environmental Protection Agency (USEPA) methods
or other agreed upon approaches in the United States for generating SQC. Although water
quality criteria derivation methodologies have been in place for many years, sediment proposes
some unique challenges for development of single numeric concentrations below which aquatic
life is protected. Sediment is a complex medium with inherent variability both spatially and
temporally; to reduce this variability, concentrations of contaminants can be normalized to
different sediment properties. Organic compounds are primarily thought to sorb to the OC in



sediments, and normalizing to OC content provides a way to reduce variability in sorption and
toxicity measures, but it rarely reduces variation completely (Amweg et al. 2005, Xu et al. 2007).
Normalization to dry weight has also been used with similar or better success compared to
normalization to OC content for hydrophobic organic compounds, such as PCBs and PAHs
(Ingersoll et al. 2000). Because fine particles have relatively high surface areas, they tend to be
enriched in organic contaminants compared to coarser sediments, thus normalization to % fines
has also been proposed (Mudroch and Azcue 1995). Bioavailability of contaminants also
confounds the sediment toxicity and is an important factor to be considered when establishing
any type of numerical sediment quality guidelines, and will be particularly relevant for highly
hydrophobic pesticides, such as pyrethroids. Chemicals can exist in both free and bound states
within sediments and many studies have suggested that the bioavailable fraction of a chemical is
best predicted by the fraction freely dissolved in porewater (Bondarenko et al. 2007, Bondarenko
and Gan 2009, Hunter et al. 2008, Sormunen et al. 2010, Xu et al. 2007, Yang et al. 2006a,
2006b, 2007). These predictions do not take other routes of exposure into account, such as
ingestion of particulate bound chemicals by sediment dwelling organisms, which has also been
suggested as an exposure route of concern (Mehler et al. 2010). These recent studies on
bioavailability indicate that direct measurement of the freely dissolved concentration via passive
sampling devices results in better correlations with uptake and toxicity than applying sediment-
water partition coefficients to whole sediment concentrations.

The approach for Phase | was to conduct an extensive literature search to find 1) criteria
derivation methodologies currently in use, or proposed for use, throughout the world; 2) original
studies supporting the methodologies; 3) proposed modifications of existing methodologies; and
4) relevant and recent research in ecotoxicology and risk assessment. Several documents were
found that provide a good overview of the latest scientific thinking in the field of SQC
derivation. These documents include: two publications relating to a Society of Environmental
Toxicology and Chemistry (SETAC) Pellston workshop entitled “Use of Sediment Quality
Guidelines and Related Tools for the Assessment of Contaminated Sediments” (Wenning and
Ingersoll 2002, Wenning et al. 2005), a report entitled “Review and recommendations of
methodologies for the derivation of sediment quality guidelines” (Rowlatt et al. 2002), a review
paper by Chapman (1989) titled “Current approaches to developing sediment quality criteria,”
and a report prepared on behalf of the European Commission (EC) called “Towards the
Derivation of Quality Standards for Priority Substances in the Context of the Water Framework
Directive” (Lepper 2002). Information in these reports was used to construct Table 1, which is a
list of components to consider in evaluation and development of a SQC derivation methodology.

In this report, the components listed in Table 1 are discussed with respect to how they
are, or are not, addressed by existing criteria derivation methodologies. Included in the
discussion are methodologies from: Australia/New Zealand, Canada, the European
Union/European Commission (EU/EC), France, The Netherlands, the Organisation for Economic
Co-operation and Development (OECD), the United Kingdom (UK), and the United States (US),
including the USEPA and the National Oceanic and Atmospheric Administration (NOAA), and a
few individual states whose methodologies diverge somewhat from guidance from the federal
agencies. In some cases original documents were not available in English, but other resources
containing summaries of those documents were available and were used for this report. Existing
pesticides, most of the methodologies address toxicity due to metals and other inorganic



Table 1 Components to be addressed by sediment quality criteria derivation methodology.

Category Component Reference

Criteria types (Section 3) Numeric criteria vs. advisory concentrations 1,2
Multiple levels of criteria 3,4

Protection Level (Section 4) Protect all species to protect ecosystem 2,35
Protect aquatic environment 4,6,7,8,9,10,11
Benthic communities 12
Probability of over or under protection 3

Physical-chemical and

ecotoxicity data (Section 5) Data sources 3,13,14
Literature search protocol 2,3,6,11
Physical-chemical data requirements and quality 3,5,6,8,10
Acute vs. Chronic sediment toxicity testing 2,3,15
Laboratory vs. field data 3,11
Traditional vs. non-traditional endpoints 2,3,11
Ecotoxicity data quality 2,3,15
Ecotoxicity data quantity 2,16
Quantitative Structure Activity Relationships (QSARS) 3

Criteria calculation (Section 6) Magnitude, duration and frequency of exposure 2,5
Multiple exposure routes 11
Bioavailability 3,5,6,10,11
Equilibrium partitioning 3,4,5,6,8,10,11
Suspended Sediments vs. bedded sediments 4,11
Spiked-sediment toxicity testing approach 2,311
Standardized sediment 3,6
Assessment factors 2,34,11
Species sensitivity distribution 3,11
Mixtures 11
Bioaccumulation and secondary poisoning 3,16
Encouragement of data generation 2,3,4,11
Utilization of available data 3,11
Harmonization (EqP) 3,4,5,6,8,10,11
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. RIVM 2001

. Lepper 2002

. Di Toro et al. 2002

. Persaud et al. 1993

. MacDonald 1994
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ANZECC and ARMCANZ 2000
. OECD 1995
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. Diaz and Rosenburg 1996
. TenBrook et al. 2009

. USEPA 1985
. Cubbage et al. 1997
. SWRCB 2011



chemicals (e.g. ammonia), and non-pesticide organic chemicals. This project is focused on
development of pesticide criteria and so the review of methodologies is likewise focused on
pesticides. Some of the latest recommendations for SQC derivation methodologies are simply
not technically feasible at this time due to lack of data or lack of agreement among experts on
techniques. However, thorough discussions of feasibility of approaches are beyond the scope of
Phase | of this project and will be reserved for Phase Il (development of a methodology).

Large amounts of literature are available on contaminated sediment risk assessment, but
the objective of this review is to only focus on one aspect of risk assessment, which is
developing numeric SQC for which compliance can be based solely on chemistry measurements.
The Central Valley Regional Water Quality Control Board will decide how to use these criteria,
and they may be used as part of a risk assessment framework that includes other lines of
evidence, such as sediment bioassays. Most of the methodologies refer to the values they derive
as sediment quality guidelines (SQGs) instead of sediment quality criteria because they
recommend using the values as part of a risk assessment framework or as triggers for further
research, and not as enforceable criteria. Throughout the text we use the term SQG when
referring to values derived by methodologies that do not recommend that the values be used as
enforceable criteria. Much of the risk assessment literature focuses on metals and industrial and
legacy chemicals, while our specific objective is to focus on pesticides. Methodologies that
primarily focus on metals, dredged materials, and marine environments were excluded or not
focused on in this review because freshwater environments with pesticide contamination pose
significantly different issues than metal-contaminated harbors. Some of the industrial chemicals
and legacy pesticides (i.e., PCBs, PAHs, DDTs, and organochlorines) have similar physical-
chemical properties as hydrophobic pesticides (e.g. pyrethroids), which are the pesticides of
concern for this project, so information relating to these types of compounds were included, even
though these chemicals are not currently used pesticides.

2 Summary of major approaches

According to current methodologies, there are many different types of numeric criteria
that may be derived, depending on how the values are to be used and how much and what types
of data are available. Table 2 lists the major methodologies, the types of criteria that are derived
from them, and how the criteria are used. The goal of this review is to determine if there is an
appropriate existing methodology that can be used to calculate sediment quality criteria for
pesticides. There are three main approaches that are currently used for development of sediment
quality guidelines: empirical, mechanistic and spiked-sediment toxicity testing. In general, the
empirical approaches generate concentration ranges that are very likely, likely, or not likely to
cause adverse effects, while the mechanistic approaches generate single concentrations not to be
exceeded that are based on the existence of water quality criteria for the compound of interest.
The third approach uses spiked-sediment toxicity data to derive criteria with statistical
distributions or applying an assessment factor (sometimes called safety factors). Several of the
methodologies incorporate multiple approaches and recommend deriving criteria from spiked-
sediment toxicity data if it is available, or comparing the derived criteria to this data if it is
limited. A brief introduction to the three major approaches for SQG derivation are provided in
the following subsections 2.1 through 2.3.



Table 2 Summary of major methodologies. EQP: equilibrium partitioning model, SSTT: spiked-sediment toxicity test, AF: assessment
factor, SSD: species sensitivity distribution, WQC: water quality criteria.

Original

Method Title Source Year Jurisdiction Criterion Criterion derivation
Reference
Mechanistic methodologies
Technical basis for the derivation USEPA Di Toro et 2002 United Tier 1 ESGs: EqP uses final chronic value from USEPA
of equilibrium partitioning al. States equilibrium sediment ~ WQC derivation and K, to determine
sediment quality guidelines for guidelines ESG. Compare with SSTT data; tiered
the protection of benthic approach depends on toxicity data
organisms: nonionic organics availability
Tier 2 ESG Use if SSTT data are limited or
unavailable to confirm the EqP prediction.
Guidance document on deriving RIVM RIVM 2001 The MPC: maximum Use EqP to find MPC for sediment and
environmental risk limits Netherlands  permissible then compare with SSTT data
concentration
Guidance document for aquatic OECD OECD 1995 OECD MTCgeq: maximum Use EqP to calculate MTCgeq
effects assessment tolerable
concentration
Recommendations on the UK Rowlatt et 2002 UK SAL: sediment action  Use EqP to calculate SAL.
development of sediment quality al. level
guidelines.
Guidelines for the protection and OMEE Persaud et 1993 Ontario NEL: no effect level ~ Use EqP to calculate NEL
management of aquatic sediment al.
quality in Ontario
Spiked sediment toxicity testing methodologies
Technical guidance document on EU ECB 2003 European PNEC: predicted no If SSTT data available, apply an AF
risk assessment Union effect concentration depending on if data are acute or chronic.
SSD approach possible if adequate SSTT
data. If no data, use EqP.
Towards the derivation of quality EU Lepper 2002 France Threshold level 1 AF approach: Lowest NOEC/10 or

standards for priority substances
in the context of the water
framework directive

Threshold level 2

L(E)Cs0/1000

AF approach: Lowest NOEC or
L(E)Cs,/100




Original

Method Title Source Year Jurisdiction Criterion Criterion derivation
Reference
Empirical methodologies
Sediment quality guidelines NOAA Long and 1990 United ERL/ERM: effects Utilizes large matching sediment
developed for the National Status NSTP Morgan States range low and chemistry and biological effects database;
and Trends Program (NSTP) median ERL & ERM defined as concentration at
10™ and 50" percentile of NSTP database,
respectively
Australian and New Zealand ANZECC & ANZECC & 2000 Australia/ ERL/ERM Uses North American data and then refine
guidelines for fresh and marine ARMCANZ ARMCANZ New database using local sediment data once
water quality Zealand available

Combination of methodologies (Empirical and SSTT)

Protocol for the derivation of CCME CCME 1999 Canada TEL/PEL.: threshold

Canadian sediment quality and probable effects

guidelines for the protection of level

aquatic life SSTT: spiked-
sediment toxicity
testing

Empirical approach based on NSTP
database for derivation of interim sediment
quality guidelines

Use SSTT approach to establish definitive
cause and effect relationships between
chemical and response; similar to WQC
but use sediment toxicity data




2.1 Mechanistic approach (equilibrium partitioning)

In the 1990s, the USEPA generated sediment quality guidelines based on total chemical
concentrations using a mechanistic approach based on the equilibrium partitioning (EqP) model
(Di Toro et al. 2002, USEPA 1993). In this approach, it is assumed that toxicity is only caused
by the freely dissolved fraction of a contaminant. The EqP approach assumes that the freely
dissolved fraction of a chemical is in equilibrium between the sediment and porewater
(interstitial water between sediment particles), and that the chemical exposure is equivalent in
each of these environmental compartments. In this approach, the final chronic value (FCV) from
a chemical’s water quality criterion (WQC) and a partition coefficient (Kq or Kqc) are used to
derive a SQG (Di Toro et al. 2002, USEPA 1993) as follows:

SQG = FCV * Kg (0r Koo) (1)

where the Ky is the solid-water partition coefficient and K. is the organic carbon-normalized
partition coefficient. The EqQP method assumes epibenthic and benthic organisms have the same
species sensitivity distribution as water column organisms; thus, it is justified to use the FCV to
derive the SQG (Wenning et al. 2005).

Organic carbon is assumed to be the primary factor governing the partitioning of
nonionic organic chemicals between sediment and porewater and using the K as the partition
coefficient can normalize for differences in partitioning across sediments. This approach has
been used for nonionic organic compounds, such as PAHSs, including mixtures of PAHSs, and
several organochlorine pesticides. Many of the methodologies reviewed include the EqP
approach, such as The Netherlands (Kalf et al. 1999, RIVM 2001), the EU (ECB 2003), Ontario
(Persaud et al. 1993), France (Lepper 2002), and the OECD (1995). This mechanistic approach
can also be used with other lines of evidence, such as comparison to field concentrations or
spiked-sediment toxicity data, to establish SQGs.

2.2 Empirical approaches

NOAA first developed its empirical approach to deriving SQGs to interpret chemical data
from their large monitoring program called the National Status and Trends Program (NSTP), and
the SQGs were only intended for informal use, such as ranking areas for further study, not for
regulatory purposes. Long and Morgan (1990) developed this co-occurrence approach, which is
based on comparing biological effects to total chemical sediment concentrations from the NSTP
database. In general, empirical approaches utilize databases containing both sediment chemistry
and observed biological effects data from field collected sediments to determine numerical
chemical ranges for various effects levels. This approach does not elucidate what is causing the
toxicity; toxicity could be caused by the chemicals measured, other chemicals that were not
measured, or by some other environmental condition. Sediment toxicity can often be a result of
mixture effects and chemical and toxicity testing of field sediments does not provide the
information necessary to attribute toxicity to an individual chemical. Empirical approaches only
demonstrate correlations between effects and chemical concentrations, and do not demonstrate
causation of toxicity by the measured contaminants, and thus are not appropriate for deriving
criteria for individual chemicals. The limitations of empirical approaches are well known, and as



such, recent recommendations have stated that they must be considered with other biological
effects information in a multiple lines of evidence approach (Wenning et al. 2005). The NOAA
NSTP (Long and Morgan 1990) empirical methodology is widely accepted, and empirical
approaches used by other jurisdictions are generally variations of this method, such as
Australia/New Zealand (ANZECC and ARMCANZ 2000) Canada (CCME 1999), Ontario
(Persaud et al. 1993), UK (Rowlatt et al. 2002), Washington State (Cubbage et al. 1997),
California (SWRCB 2011), and Florida (MacDonald 1994).

2.3 Spiked-sediment toxicity test approach

The spiked-sediment toxicity test (SSTT) approach is similar to methods used for WQC
derivation. Acute and chronic toxicity data from controlled, spiked-sediment laboratory
experiments are used to set SQGs. If data are abundant, a species sensitivity distribution (SSD)
can be used to derive an appropriate effect level. If data are sparse, assessment (or safety) factors
may be applied to the lowest concentration lethal to 50% of exposed organisms (LCs) or the
lowest no observed effect concentration (NOEC); these factors can also be applied to account for
uncertainty from various factors. Methodologies that include a SSTT approach are those from
Canada (CCME 1999), The Netherlands (RIVM 2001), the EU (ECB 2003), and France (Lepper
2002).

3 Criteria types and uses

The USEPA is authorized to develop and implement sediment quality criteria under
Section 304(a) of the Clean Water Act. The USEPA has recommended that States use numeric
criteria with sediment bioassays to interpret the narrative criteria, which is typically stated as “no
toxics in toxic amounts,” (USEPA 1998). The Central Valley Regional Water Quality Control
Board can use numeric SQC to set sediment quality objectives or total maximum daily loads.
Numeric criteria are defined as scientifically based numbers which are intended to protect
aquatic life from adverse effects of pesticides, without consideration of defined water body uses,
societal values, economics, or other non-scientific considerations. Each method refers to numeric
criteria or guidelines by different terms, but they all fit under the definition of numeric criteria
given here. For example, there are equilibrium partitioning sediment guidelines (ESGs; Di Toro
et al. 2002), effects range-low or effects range-medium (ERLs or ERMs; Long and Morgan
1990), threshold effects concentrations and probable effects concentrations (TECs and PECs;
MacDonald et al. 2000), no effects level, lowest effects level or severe effects level (NEL, LEL,
or SEL; Persaud et al. 1993), maximum permissible concentrations (MPC; Kalf et al. 1999),and a
predicted no effect concentration (PNEC; ECB 2003).

Chapman (1989) gives a detailed description of how and why SQC are developed. He
lists five reasons that in addition to WQC, sediment quality criteria are also needed:

1) various toxic contaminants found in only trace amounts in the water column
accumulate in sediments to elevated levels,

2) sediments serve as both a reservoir and a source of contaminants to the water column,
3) sediments integrate contaminant concentrations over time, whereas water column
contaminant concentrations are much more variable,



4) both sediment contaminants and water column contaminants affect benthic and other
sediment-associated organisms, and

5) sediments are an integral part of the aquatic environment, providing habitat, feeding
and rearing areas for many aquatic biota.

While SQC can refer to chemical-specific concentrations in sediment expected to cause adverse
biological effects, or levels of biological effects that are considered unacceptable, we will focus
on SQC methods that yield chemical-specific numerical concentrations. According to Chapman
(1989), the advantages to these types of criteria are that they are widely applicable and their
application is straightforward, requiring no specialized biological, chemical, or other expertise.
The disadvantages of individual numerical criteria are that they may overlook toxicity due to
other chemicals and the values are not flexible to account for site-specific variations, particularly
the bioavailability and subsequent toxicity of sediment-bound chemicals.

The USEPA (1993) states that numerical SQC can be used in a similar manner as
numerical WQC, may be causing toxicity. One difference between WQC and SQC is that the
regulatory basis and implementation of SQC has not been established, whereas WQC have been
implemented for regulation of water contaminants since they were first published by the USEPA
in 1980. The USEPA (1993) also states that the application of SQC may differ from WQC in that
water column contaminants can typically be controlled by limiting the sources, whereas sediment
contaminants may have been accumulating for some time, so source limitation would not
necessarily eliminate toxicity. Although, it appears that source control could be effective for
pyrethroids, because they typically enter water bodies via particles and have only moderately
long half-lives (Gan et al. 2008, Laskowski 2002).

Many researchers have questioned the use of numeric SQC altogether, and have
cautioned against their use for regulatory purposes or as pass/fail criteria. For this reason, many
of the methodologies refer to the values they derive as sediment quality guidelines instead of
SQC, and they recommend using the values as part of a risk assessment framework or as triggers
for further research, and not as enforceable criteria. Burton (2002) stated that SQGs will
probably always be used as screening tools, not enforceable regulatory values, because of the
complexity of sediments and mixture interactions. Burton states that SQGs do not describe: 1)
microscale variation, 2) inorganic speciation differences, 3) stressor interactions, 4) dynamics of
biota, and 5) critical physicochemical parameters. Chapman (2000, 2007) is also wary of the
emphasis placed on numeric chemical values, and points out that generic chemical values can
help identify areas, sources and contaminants of concern, but sediment chemistry does not
actually provide information on bioavailability or toxicity. Chapman and Mann (1999) identified
the key limitations of numeric SQGs:

1) degree of conservatism — inaccurate and uncertain numeric results tend toward under-
or overprotection,

2) bioaccumulation/biomagnification — SQGs are usually based on direct toxicity to
organisms and do not address effects of long-term bioaccumulation and
biomagnification,
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3) bioavailability — SQGs cannot be applied to all sediment conditions because
bioavailability varies greatly depending on conditions (although a mechanistic
approach attempts to normalize for this variation),

4) contaminant mixtures — SQGs are often based on data from field samples that likely
contain more than one chemical, which can confound SQG databases,

5) predictability — it’s not clear how good SQGs are at predicting adverse ecological
effects (can be a high % of false-positives or false-negatives).

3.1 Numeric criteria vs. advisory concentrations

Numeric SQC have been derived for a few compounds by the USEPA (dieldrin, endrin,
PAHSs), but none of these numeric criteria have been adopted as sediment quality standards.
Instead, they may be used to interpret site-specific sediment chemistry data as part of an
environmental risk assessment framework to predict or identify the degree and extent of
contamination, or possibly to implement narrative criteria, but are not used as a pass/fail
enforceable standard. Because of the way these numeric values are used, they are typically not
referred to as criteria, but instead are called guidelines. These guidelines are considered advisory
concentrations because the evidence thus far does not indicate that numeric SQGs are always
predictive of effects. The USEPA further divides their guidelines into Tier 1 and Tier 2
categories; Tier 1 guidelines are calculated with more data and are associated with higher
certainty than Tier 2 guidelines — although both tiers are still considered advisory concentrations.
The Canadian method sets interim sediment quality guidelines when data are limited, yet both
interim and full guidelines may be used as a basis to set enforceable, site-specific sediment
quality objectives (CCME 1999).

Numeric SQGs are used in many risk assessment frameworks in the early assessment
tiers to identify potentially toxic contaminant levels (NOAA, Washington State, Great Lakes;
USEPA 1994a). When a contaminant exceeds a SQG in risk assessment, it is typically a trigger
for further investigation, not a basis for regulatory action. Further investigation in the higher tiers
of risk assessment usually include field sediment bioassays to determine if adverse effects are
caused by the sediment, the results of which can lead to various management decisions (Apitz
and Power 2002).

3.2 Numeric criteria of different types and levels

Many water quality criteria derivation methodologies include procedures for derivation of
more than one level or type of criterion for each toxicant (ANZECC and ARMCANZ 2000, La
Point et al. 2003, Lepper 2002, OECD 1995, RIVM 2001, USEPA 2003d), but this is generally
not the case for sediment quality criteria derivation methodologies. Typically, there is not
enough data or knowledge about sediment toxicity to enable derivation of different levels of
criteria to meet different regulatory goals, such as for use in enforcement versus use in risk
assessment. There are two methods that do offer more than one type of sediment criteria, those of
The Netherlands and France.

Compartment-specific environmental risk limits (RLs) are derived in The Netherlands
(RIVM 2001), and the same general protocols are followed, whether deriving environmental RLs
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for the water or sediment compartment. The three levels of environmental RLs are the ecosystem
serious risk concentration (SRCgco), the MPC and the negligible concentration (NC). The NC
(concentration causing negligible effects to ecosystems) is calculated as the MPC divided by a
safety factor of 100 and represents a regulatory target value. The MPC is a concentration that
should protect all species in ecosystems from adverse effects. If concentrations in sediments are
above the MPC, discharges can be further regulated. The SRCgco is a concentration at which
ecosystem functions will be seriously affected or are threatened to be negatively affected
(assumed to be when 50% of species and/or 50% of microbial and enzymatic processes are
possibly affected; RIVM 2001). Sediments that exceed the SRCgco require clean-up intervention
efforts.

In the French methodology (Lepper 2002), four threshold levels can be calculated for
sediment and suspended matter for substances with log-normalized octanol-water partition
coefficients (log Kow) > 3. Each threshold level corresponds to a different biological quality
suitability class for water bodies. Threshold level 1, indicating negligible risk for all species, is
derived from either chronic or acute toxicity data, with assessment (or safety) factors applied.
The level 2 threshold indicates possible risk of adverse effects for the most sensitive species, and
is derived from the same data as level 1, but with smaller assessment factors applied. Levels 3
and 4 indicate probable or significant risk of adverse ecosystem effects, respectively, and are
derived solely from acute data, but Levels 3 and 4 have never been calculated for sediment
because of a lack of required data. Threshold levels for sediment and suspended particles are all
considered provisional because of the inherent uncertainties in the two methods used to calculate
these values — equilibrium partitioning and weight-of-evidence. None of the threshold values
derived by the French methodology is enforceable; values serve as references for risk assessment
and actions.

By whatever name, all of the numbers discussed (including those not currently used in
setting sediment quality standards or objectives) represent efforts to estimate concentrations of
chemicals that, if exceeded, might lead to loss of designated uses of water bodies. When data are
limited, numeric criteria of low site-specificity and high uncertainty can be derived, then as more
data become available, criteria can be refined for better site-specificity and greater certainty.

4 Protection and confidence

Agquatic life sediment quality criteria are intended to protect aquatic life from exposure to
toxic substances. The protection of aquatic life can be defined in various ways, from overall
ecosystem protection to protection of each individual in the ecosystem. The existing
methodologies specify different protection goals in terms of the level of ecosystem organization,
and how to approximate the protection level by extrapolating ecosystem effects from existing
data. There is also a discussion of the importance of being able to state, with a quantified level of
certainty that criteria are achieving the intended level of protection.

4.1 Level of organization to protect

A full discussion defining the levels of ecosystem organization in general can be found in
TenBrook and Tjeerdema (2006). Most of the methodologies reviewed designate what level of
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organization is to be protected by SQC. Several SQC derivation methodologies seek to protect
each species, expecting that by doing so, they will protect ecosystems. Canada’s guiding
principles for the development of numerical SQGs states that guidelines are “set with the
intention to protect all forms of aquatic life and all aspects of the aquatic life cycle” (CCME
1999). The USEPA'’s goal is to be protective of benthic aquatic species, as stated in their EqQP
methodology (Di Toro et al. 2002). The Netherlands also has the goal of protecting all species in
ecosystems from adverse effects (RIVM 2001).

Most of the reviewed methodologies specifically seek to protect aquatic ecosystems.
France derives threshold levels that will maintain an ecosystem’s suitability to support its
biological function and other uses (Lepper 2002). The province of Ontario, Canada, states the
purpose of SQGs is to protect the aquatic environment (Persaud et al. 1993). The state of Florida
has the goal of protecting living resources and their habitats (MacDonald 1994). The objective
for setting sediment action levels in the UK is the “maintenance of environmental quality so as to
protect aquatic life and dependent non-aquatic organisms,” (Rowlatt et al. 2002). In
Australia/New Zealand the goal is “to maintain and enhance the ‘ecological integrity’ of
freshwater and marine ecosystems, including biological diversity, relative abundance and
ecological processes” (ANZECC and ARMCANZ 2000). The OECD guidelines provide
methods for derivation of criteria “where no adverse effects on the aquatic ecosystem are
expected” (OECD 1995). The predicted no-effect concentrations derived by the EU risk
assessment methodology (ECB 2003) are intended to ensure “overall environmental protection.”
Finally, as discussed previously, the Basin Plan of the Central Valley Regional Water Quality
Control Board states that “discharges shall not result in pesticide concentrations in bottom
sediments or aquatic life that adversely affect beneficial uses,” (CRWQCB-CVR 2009), which
include preservation of wildlife and their habitats.

Diaz and Rosenberg (1996) point out that thus far, the functional component of benthic
communities has been overlooked, and the concern for alteration or loss of function is greatest at
the ecosystem level. Benthic organisms mediate the cycling of materials between sediments and
the overlying water column via burrowing, irrigation, and other behaviors. The main effect of
toxicants in sediment is to lessen the importance of key community elements associated with
sediment mixing and energy flow. This happens because larger, long-lived species are eliminated
and these species process large amounts of sediment and tend to stabilize annual productivity.
Once community functions are stressed they tend toward 1) accumulation and storage of
contaminants in sediments, which are enhanced through reduced or eliminated bioturbation and
2) shortened food chains, where energy is passed through smaller, faster, growing species. These
authors posit that functional changes are more indicative of ecosystem impacts than community
structure changes (Diaz and Rosenberg 1996).

4.2 Portion of species to protect

In contrast to water quality criteria derivation methodologies, most SQC derivation
methodologies do not primarily rely on single-species sediment toxicity data to calculate criteria
or guidelines. Not only is there a dearth of spiked-sediment toxicity data, but also a lack of
consistency in the data due to variable bioavailability across different sediments. Multispecies or
ecosystem data are alternative options for use in criteria derivation, but these types of data are
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also relatively few and difficult to interpret. As summarized by TenBrook and Tjeerdema (2006),
protection of less than 100% of species may cause unpredicted harm to an ecosystem because
each species both performs a function, and takes part in complex trophic interactions in the
ecosystem structure. To ensure protection of entire ecosystems, both the functions and structure
must be maintained. This document presents and evaluates alternative methods for estimating
ecosystem no-effect concentrations by extrapolating from available toxicity data, either from
aqueous toxicity data in the equilibrium partitioning methods, from spiked-sediment toxicity
data, or from co-occurrence field data. Yet, the only way to confirm that SQC are actually
protective of ecosystems is to perform field or semi-field studies.

4.3 Probability of over- or underprotection

To give environmental managers some knowledge of how likely it is that a criterion will
provide the intended level of protection, criteria are best expressed with associated confidence
limits. Criteria that overprotect lead to unnecessary expenditures, while criteria that underprotect
may lead to ecosystem damage. The effect levels derived by the French method do not have
confidence limits associated with them because they are calculated by applying an assessment
(or safety) factor to the single most sensitive datum (Lepper 2002). The EU also recommends
applying an assessment factor to spiked-sediment toxicity test data if it is available (ECB 2003).
These criteria may be protective, but there is no way to know to what degree they are likely to
over- or underprotect. Uncertainty analyses can be done with the EqP approach if there are
sediment toxicity data for the compound of interest. Confidence limits can be estimated as the
degree to which the sediment toxicity data are predicted by the EQP model (USEPA 2003b). The
EU mentions that SSDs could be used if there was data available, but since sediment data are
generally lacking, they do not provide full guidance on the use of SSDs with sediment data and
how confidence limits could be calculated. The Netherlands (RIVM 2001) uses a SSD technique
that derives criteria at specified confidence levels, but if ample data are not available, then an
assessment factor is applied to selected data, and this approach would not provide confidence
limits. If a SSD were used, confidence limits provide useful information. For example, for a
criterion derived at a 50% confidence level the true no-effect level may be either above or below
the derived criterion with equal probability. If derived at a 95% confidence level, there is only a
5% chance that the true no-effect level lays below the derived criterion. This kind of information
can provide environmental managers with some sense of the reliability of criteria.

5 Data

Quiality data must be used in order to derive scientifically sound SQC, and all of the
methodologies covered in this review require both physical-chemical and ecotoxicity data. The
quantity of data required to derive the criteria must also be adequate to minimize uncertainty.
Ideally long-term (chronic) spiked-sediment toxicity test data for benthic organisms (considering
various routes of exposure) would be available for contaminants across a wide range of sediment
types. This would allow criteria to be based on a known cause and effect relationship. Although
these data are limited, the goal of the following section is to identify how much and what kinds
of data are required to generate numerical sediment criteria using various approaches worldwide.

5.1 Data sources and literature searches
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It is important to identify the data sources employed by various agencies worldwide to
derive SQGs. Whether an empirical, mechanistic or spiked-sediment toxicity test approach is
taken dictates the source data necessary to derive SQGs. Despite the underlying basis of the
approach, all data should be evaluated for relevance and reliability for deriving a SQG. It is
important for all methods to incorporate guidance on where and how to find data to ensure the
most up-to-date dataset is used to calculate SQGs. The data sources and literature review
protocols of agencies using the mechanistic EQP approach and SSTT approaches will be the
focus of this review.

An extensive review of data sources and literature search protocols for the derivation of
water quality criteria was conducted by TenBrook and Tjeerdema (2006). Since the EqP
approaches for deriving SQGs use WQC, the data sources used for generating WQC are used in
this approach. In the United States, pesticide registrants must submit aquatic toxicity data to the
USEPA, and also to the California Department of Pesticide Regulation (CDPR) if they register
for use in California. Both of these agencies maintain databases of available toxicity data for
pesticides (OPP Pesticide Ecotoxicity Database and CDPR Pesticide Data Index) that may be
requested from the respective agency. These databases contain both aqueous and sediment
toxicity test data. In addition, the USEPA maintains the ECOTOX database that contains
information about single-chemical toxicity studies for aquatic and terrestrial life published in
peer-reviewed literature. The Danish WQC methodology recommends the LOGKOW (2000)
database for a source of evaluated octanol-water partition coefficients, maintained by Sangster
Research Laboratories. A literature search using the BIOSIS database is also recommended. In
the Australia/New Zealand derivation methodology for WQC, they suggest collecting data from
international criteria documents, the ECOTOX database, open literature and review papers. The
online hazardous substance data bank (HSDB), as well as Verscheuren (1983; most recent
version 2001 CD-ROM) and Hansch et al. (1995), are sources for physical-chemical property
data, which are also needed for the derivation of SQGs. According to TenBrook et al. (2009), the
WQC methodologies from France, the EU and the USEPA do not offer specific guidance about
where to find data or how to complete an adequate literature search.

The Dutch protocol (RIVM 2001) for deriving SQGs gives detailed information about the
different data sources that should be used to find relevant ecotoxicity data and physical and
chemical property data. Data to search for include: ecotoxicity data for all aquatic species
(freshwater and saltwater), soil organisms, enzymatic activities, microbial processes, sediment
dwelling organisms (and birds and mammals if secondary poisoning is a concern) and
partitioning coefficients. Biocide and plant protection products require environmental fate and
toxicity data to be submitted to the Dutch Board for the Authorization of Pesticides (CTB) and
this information can be requested for review and guidance. The Dutch method states that only
primary literature is to be used for SQG derivation. It was proposed by Kalf et al. (1999) that
ecotoxicity endpoints from the registration dossier and the scientific literature should be used as
well as environmental fate endpoints from the registration materials. Online searches of
bibliographic databases are useful sources of information: BIOSIS for ecotoxicity data and
physical/chemical data, Chemical Abstracts for partitioning coefficient data, and TOXLINE for
mammalian ecotoxicity data. Reliable sources for estimated or empirical physical-chemical
properties can be found in the handbooks of MacKay et al. (1999) and Boethling and MacKay
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(2000). Libraries recommended by the Dutch method include the Centre for Substance and Risk
Assessment, the National Institute of Public Health and the Environment (RIVM) and the CTB
library. The grey literature is to be searched only if there is time and a budget to do so and the
secondary literature should only be used to identify primary sources (Kalf et al. 1999). The
Dutch method requires the literature review to go back to at least 1970 or to the beginning of a
database in order to identify all available literature, especially if there has not been an extensive
review article published that identifies all primary sources of relevant data (RI\VM 2001).

To derive WQC, the USEPA utilizes an aquatic acute and chronic toxicity database (OPP
Pesticide Ecotoxicity Database), including both benthic and water column dwelling species of
varying sensitivities. The procedure for deriving the FCV and the minimum data requirements to
do so are described by USEPA (1985). The USEPA methodology states that a “complete search,
retrieval and review for any applicable data must be conducted, to locate all preexisting toxicity
data.” It is important to re-examine the FCV of a compound to ensure that the most up-to-date
toxicity data are included, or it is suggested that the FCV can be calculated if one does not exist
for the chemical of concern, if the minimum data provisions set forth by USEPA (1985) are met.
Literature searches are also recommended as sources of toxicity data but the USEPA
methodology does not specify a procedure to evaluate the quality of a literature study.

The EU protocol is part of an overall risk assessment framework which calls for “the
collection of all available information by manufacturers, importers and rapporteur” (ECB 2003).
Little information is given as to where or how to find ecotoxicity data that is “complete and
adequate” for use in the derivation of predicted no effect concentrations for individual chemicals.
The EU protocol states that test results from peer reviewed journals are preferred, but quality
review articles, summaries and abstracts may be used as supporting materials (ECB 2003). There
is no mention of specific sources of data.

Ontario’s EqP method does not include recommended data sources. The EqP method of
the UK also lacks guidance on specific sources of data (Rowlatt et al. 2002), but published
literature, commercial databases and unpublished data (e.g. manufacturer’s data) must be
gathered when deriving environmental quality standards in the UK (Zabel and Cole 1999). The
data gathered is to be summarized and assessed for physical-chemical properties, adequacy of
methodologies used, environmental fate and behavior, environmental concentrations, toxicology
and bioaccumulation (Zabel and Cole 1999). The OECD (1995) does not describe where to
locate data or provide a protocol for conducting an adequate literature search.

NOAA operates the National Status and Trends Program, which collects large amounts of
sediment quality data. The NSTP program has operated the national mussel watch program and
the bioeffects assessment program since 1986 for US coastal waters. Sediment and bivalve tissue
chemistry has been collected for a suite of organics and trace metals. The bioeffects assessment
program uses the sediment quality triad (sediment chemistry, sediment toxicity testing and
species diversity assessment) to identify and assess contaminant exposure effects using over 40
regional studies since 1986. These monitoring efforts have yielded a large database of matching
sediment chemistry and biological effects data (Long and Morgan 1990). This dataset is referred
to as a biological effects database for sediments (BEDS). Because of the ongoing nature of the
program, sample collection and analysis methods are standardized and well documented. Data
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quality control before entry into the database is outlined in standard protocols (Long and Morgan
1990). Agencies using empirical approaches to derive SQGs require matching sediment
chemistry and biological effects data for input into a BEDS. Agencies or jurisdictions without
adequate local data often use the NOAA NSTP database for sediment assessments and BEDS
development, and update the database as new information becomes available. Australia and New
Zealand (ANZECC and ARMCANZ 2000), Florida (MacDonald 1994) and Canada (CCME
1999) all take this approach. Washington has utilized a local freshwater sediment quality
database (FEDSQUAL) of matching sediment chemistry and biological effects data from both
Oregon and Washington State (Cubbage et al. 1997) to derive SQGs. The California empirical
method (SWRCB 2011) does not describe where to locate data or provide a protocol for
conducting an adequate literature search to identify physical-chemical or ecotoxicity data.

According to the Canadian method (CCME 1999), a comprehensive review and search of
the literature is required for the compound of interest. The physical-chemical properties of the
chemical are to be summarized, but there is no mention of the source of these data or guidance
on how to judge data acceptable. Toxicological studies are to be found in the scientific literature
and should be reviewed for quality according to the procedure outlined in the NSTP
methodology. The literature review is to be used to summarize the production and uses, known
environmental fate data, sources of the chemical into the aquatic environment, and to help
evaluate and establish background concentrations. The Canadian method (CCME 1999)
recognizes the need to find toxicological data from sediment exposures since the NOAA NSTP
empirical approach does not incorporate bioavailability.

The approach taken will dictate the data required to derive SQGs. No matter the
approach, guidance on where and how to find quality sources of data are integral parts of a
quality methodology to set environmental limits, whether in sediment or water. The most
complete and high quality dataset is desired, thus guidance for gathering relevant data should be
a part of any methodology.

5.2 Physical-chemical data

Data on the physical-chemical properties of a compound can be used as a starting point
for understanding how a chemical will move and persist in the environment and provide a basis
for understanding which environmental compartments (air, water, soil, sediment, biota) are at
risk for chemical exposure. Each SQG derivation methodology describes the kinds of physical-
chemical data to be gathered in different levels of detail.

In The Netherlands, the physical-chemical data required include: the International Union
of Pure and Applied Chemistry (IUPAC) name, Chemical Abstracts Service (CAS) number,
EINECS number (European Inventory of Existing Commercial Substances), diagram of
structural formula, empirical formula, molar mass, Koy, water solubility, melting point, vapor
pressure, Henry’s law constant, and the acid dissociation constant (pK,). In addition to the
aforementioned parameters, Kq (referred to as K, in RIVM 2001 or as Ky in Kalf et al. 1999) and
degradation rates (biotic and abiotic processes) should also be gathered.
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The OECD (1995) calls for the collection of the following data: chemical structure,
molecular weight, melting point, water solubility, Koy, Kg, and pKa. The bioconcentration factor
(BCF) may also be required if secondary poisoning is an issue. Experimentally determined BCFs
are preferred instead of those estimated from the K,,, because other factors, such as metabolism
of the chemical within the organism, can affect the values.

The minimum physical-chemical data requirement of the USEPA methodology (Di Toro
et al. 2002) is the Ko, of the compound, although an experimentally determined Ko is preferred.
There is a similar requirement in the UK (Rowlatt et al. 2002) and Ontario (Persaud et al. 1993)
methodologies. The EqP criterion calculation uses a compound’s Ko, which can be estimated
using the Ko of a compound. The Ontario method requires at least three estimates of the Kq to
set a SQG using the EqP approach (Persaud et al. 1993).

Since empirical approaches use mainly matching sediment chemistry and biological
effects data from field collected sediments, a compound’s physical-chemical properties are not a
requirement for calculations of effects range concentrations. This does not minimize the
importance of this data in understanding how a chemical will move and transform in the
sediment environment, although little guidance for the collection of physical-chemical property
data is found in the empirical methods (NOAA NSTP, Canada, Ontario and California).

5.2.1 Physical-chemical data quality

It is extremely important to have accurate physical-chemical data, especially Koy or Ko
values, since these are directly used in derivation of sediment quality guidelines in the EqP
approach. Partition coefficients of highly insoluble chemicals, such as pyrethroids, are difficult
to determine experimentally, thus, values in the literature can vary by orders of magnitudes for
such compounds. As a result, specific guidance is provided by the USEPA (Di Toro et al. 2002)
and Dutch (RIVM 2001) EqP methods to address data quality issues associated with partition
coefficients required to calculate the SQG for an individual chemical. It is recommended in the
USEPA EgP method to use Kqys from Karickhoff and Long (1995, Long and Karickhoff 1996)
to calculate the K¢, when available. Newer experimental methodologies to determine the Koy,
such as the slow stir method (de Bruijn et al. 1989) and the generator column method (Woodburn
et al. 1984), should be used when finding literature-based K,,s. There is no mention of site-
specific Kqcs, but discussion about the ability to calculate the Ko after routine toxicity testing
(generation of a sediment-water isotherm that can be normalized for organic content and allow
calculation of the Ko) is discussed as a possible route for data collection without additional
testing (Di Toro et al. 2002). Because the EqP approach relies on WQC to calculate the SQG,
other physical-chemical data quality issues would be identical to those used in WQC derivation,
which have been summarized by TenBrook and Tjeerdema (2006).

The Dutch method specifies that the chemical’s water solubility, Henry’s law constant,
log Kow, and Kq should be gathered as background information for SQG derivation. The method
requires that the Kyg must be experimentally determined following the protocol for batch isotherm
experiments for organics described by Bockting et al. (1993). All information related to the Kq is
considered useful, especially the Freundlich exponent (1/n). Only Kgs with a Freundlich
exponent between 0.7 and 1.1 should be used in the SQG calculation (Kalf et al. 1999). The
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humus, organic matter or organic carbon content must be reported along with the Kg.
Temperature is an important variable to be considered when measuring equilibrium based values,
such as the Kg, water solubility, vapor pressure, and Henry’s constant. It is suggested in the
Dutch method that 25°C is appropriate since this is the standard temperature for laboratory
toxicity tests. Additional information gathered from partition coefficient studies should include
pH, cation exchange capacity and mass balance calculation ability from data (preferably both
water and sediment concentrations are measured). If experimental K, data are lacking, the
values are collected from the SRC database or handbooks (e.g., MacKay et al. 1999). If still not
available, Ko can be estimated from K,y. To derive log Ko from log K,y using a quantitative
structure activity relationship (QSAR), the QSAR regression equations of Gerstl (1990) should
be used:

log Koc =alog Kow + b 2

where a and b are constants for specific groups of chemicals, presented in the Dutch method
(RIVM 2001).

In the Dutch method, chemical degradation information is used to decide whether the
parent or degradation product should be tested for toxicity. If hydrolysis is a main dissipation
route and the time for 50% of the chemical to degrade (DTsp) is less than 4 hr, the tests are to be
started with the metabolites. If the DTsg is 24 hr or more, the aquatic toxicity test is started with
the parent compound. If the DT is between 4 and 24 hr, expert judgment is used or both parent
and metabolites could be tested (Kalf et al. 1999). These dissipation criteria were proposed by
Mensink et al. (1995) and used in the derivation of harmonized maximum permissible
concentrations in The Netherlands.

The EU method states that measured Kgs are preferred, but they may be estimated using a
Koc Or Kow. Solid-water partition coefficients may be obtained from direct measurement,
simulation testing, measured by adsorption studies or the high pressure liquid chromatography
(HPLC)-method, or estimated from the Ko, using QSARs (ECB 2003). The OECD (1995)
requires the Ko, of a compound to be determined using the slow stir method or generator column
method for compounds with a log Koy > 5. Expert evaluation of the values is also recommended
by the OECD (1995) to ensure data quality. Ontario’s EQP method states both measured and
calculated Ko,s may be used to determine the K, of a compound, but experimentally derived K,
data should be used for the EqP SQG calculation whenever possible. At least three estimates of
partition coefficients are required to set a SQG using the EqP approach. If less than three values
are available, the SQG is considered tentative (Persaud et al. 1993).

If bioconcentration or bioaccumulation is a concern, the BCF and/or the sediment (or
soil) accumulation factors can be calculated or taken from several studies. Information gathered
should include: species, species properties (e.g., age, size, weight, lifestage, sex, if known), test
type (semi-static, static, continuous flow, intermittent flow), water properties (hardness or
salinity), exposure time and concentration, time to equilibrium and dry to wet weight ratio
(RIVM 2001). The USEPA (1985) provides criteria to which studies must adhere for BCFs to be
used in the derivation of final tissue residue values, as described by TenBrook et al. (2009).
Briefly, BCFs must be based on measured concentrations in tissue and test solution in a flow-
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through experiment conducted at steady-state conditions. The percent lipid in tissue must be
reported for lipophilic compounds and chemical concentrations reported on a wet weight basis.
The geometric mean of all BCFs across species is calculated for those measured under similar
conditions.

5.3 Ecotoxicity data

There are many types of ecotoxicity data available in the literature, from short-term to
long-term chemical exposure studies, using a variety of endpoints (lethal, sublethal,
biochemical). Ecotoxicity data are generated using both single- and multiple-species testing, as
well as through laboratory and field studies. A detailed discussion of the different types of
ecotoxicity data found in the literature can be found in TenBrook et al. (2009). Various toxicity
values, such as a lethal or effects concentration (LC./EC), are generated in different ecotoxicity
tests, whether they are aqueous or sediment exposures. Internationally accepted protocols for
aquatic toxicity testing have been in place for over a decade, whereas many standard methods for
sediment toxicity tests are still in the process of being developed or finalized, with new research
on appropriate test organisms and endpoints, and variation across sediments. While sediment
toxicity test methods have been developed by the USEPA, OECD and ASTM, many of these
methods are considered guidelines and are not yet fully validated and accepted. Jurisdictions
using the EqP approach often cite lack of sediment toxicity data and lack of sediment toxicity
testing standard protocols as reasons that an indirect approach must be used.

5.3.1 Acute vs. chronic

Sediment quality criteria aim to be protective of aquatic life during both short-term
transient exposures and long-term continuous exposures. In order to assess both the long-term
and short-term effects of sediment contaminants on benthic organisms, different types of toxicity
tests have been developed. Acute tests are short-term and measure mortality or immobility, while
chronic tests are long-term and the endpoints can include survival, growth, emergence,
reproduction, and others. The USEPA Office of Research and Development (USEPA 2000a),
USEPA Office of Prevention, Pesticides, and Toxic Substances (OPPTS 1996a-j), OECD (1992,
2004a-c, 2007, 2008), Environment Canada (19974, b), and ASTM (2004, 20064, b, 20074, b,
2008a-d, 2010) have all developed standardized methods for sediment toxicity testing. It is
important to have clear guidance in a methodology on what types of data shall be used to derive
criteria, and what the resulting criteria aim to protect.

The current ASTM (2008a) method for testing toxicity of sediment-associated
contaminants with freshwater invertebrates (ASTM E 1706-05) specifies that short-term (acute)
tests are 10-d and include both survival and growth endpoints. Long-term (chronic) tests for
Hyalella azteca are conducted for 42-d with endpoints at 28, 35 and 42 d, measuring survival,
growth and reproduction, while a long-term test for Chironomus dilutus entails a 20-d life-cycle
test with endpoints of growth, survival, reproduction, and emergence. Acute and chronic
sediment toxicity testing protocols are also described by OPPTS 850.1735 and OPPTS
850.1735S, respectively, for the freshwater organisms, H. azteca and Chironomus tentans.
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Definitions of acute and chronic test durations are not necessarily consistent across SQG
methodologies. Laboratory sediment toxicity tests lasting 10-14 d were defined as acute and tests
lasting 21-60 d as chronic in a USEPA report (Ingersoll and MacDonald 2002), although test
durations should vary with species since life-cycle durations can vary substantially between taxa.
These definitions are consistent with the ASTM sediment toxicity test guidelines for
invertebrates, as described above. The definitions of acute and chronic test durations given in the
Dutch method (RIVM 2001) differ somewhat from those stated by the USEPA. The Dutch
guidelines give the following taxa-specific definitions for test durations: tests up to 4-d for algae
and protozoa are chronic (longer if still in exponential growth phase); tests of 48- or 96-hr are
acute for Crustacea and Insecta; 96-hr tests are acute for Pisces, Mollusca, and Amphibia, while
28-d early lifestage tests are considered chronic for these taxa.

The Canadian methodology does not specifically define acute and chronic toxicity, but it
does state that “ideally, SQGs should be developed from detailed dose-response data that
describe the acute and chronic toxicity of individual chemicals in sediment to sensitive lifestages
of sensitive species of aquatic organisms” (CCME 1999). In the Canadian method, at least two of
the four minimum data requirements must be chronic tests, covering partial or full life-cycles.

Washington State defines an acute test as a measurement of biological effects using
surface sediment bioassays that are short in duration compared to the life-cycle of the test
organism. Acute effects include mortality, larval abnormalities or other endpoints deemed
appropriate. Chronic tests are defined as measurements of biological effects using surface
sediment bioassays over a period not less than one complete life-cycle of the test organism. The
term chronic also includes evaluations of indigenous field organisms for long-term effects as
well as the effects of biomagnification and bioaccumulation. Chronic effects may include
mortality, reduced growth, impaired reproduction, histopathological abnormalities, adverse
effects to birds and mammals or other endpoints deemed appropriate (Cubbage et al. 1997).

Unlike exposures in the water column, benthic invertebrates are typically exposed to
sediment contaminants for extended periods of time because of the accumulative nature of
bedded sediments (Ingersoll and MacDonald 2002). In a study by the USEPA (2000b), longer-
term (chronic) sediment toxicity tests with growth and survival endpoints tended to be more
sensitive than shorter-term (acute) tests. Based on these findings, Ingersoll and MacDonald
(2002) recommended that chronic toxicity tests should be used to assess effects of contaminated
sediment on aquatic organisms because they are more relevant for predicting effects in aquatic
ecosystems.

5.3.2 Hypothesis tests vs. regression analysis

There are two main ways to analyze ecotoxicity data, regression analysis and hypothesis
testing. In regression analysis, a regression equation is calculated that relates concentration to
effects (Stephan and Rogers 1985), and a concentration causing a specific effect level (LC/ECy)
can be calculated for any chosen effect level. In hypothesis testing, the effects on treatment
groups are compared to a control group to determine which treatment is significantly different
from the control (Stephan and Rogers 1985). The highest concentration that is not significantly
different from the control is called the no observed effect concentration or level (NOEC or
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NOEL), and the lowest concentration that is significantly different from the control is call the
lowest observed effect concentration or level (LOEC or LOEL). It is also possible to calculate
the maximum acceptable toxicant concentration (MATC) as the geometric mean of the NOEC
and LOEC. Hypothesis testing is typically used for chronic tests covering full, partial, or early
lifestages.

The advantages and disadvantages of these two approaches are discussed in detail by
TenBrook and Tjeerdema (2006), and they will not be repeated here since these issues are
identical for sediment and aqueous exposure data. These authors noted that, in general,
regression methods are preferred, but they are not commonly used in chronic tests. In order to
use the little chronic data available, hypothesis test values are acceptable.

In Dutch methodology, there is guidance to convert all available chronic data into
NOECs, including if ECys are given. In this case the NOEC is defined as the ECy (RIVM 2001).
For sediment data, the EU method (ECB 2003) recommends that a NOEC is used to calculate the
predicted no-effect concentration in sediment, but an ECy, can alternately be used. Similarly, in
the French method, threshold levels are calculated by dividing either NOEC or LC/ECs by a
defined assessment factor to estimate a no-effect concentration (Lepper 2002). In the SSTT
method of Canada, it is recommended that SQGs be calculated from chronic LOEC data (CCME
1999). In general, the methods that provide guidance on using SSTT data to derive criteria
recommend the use of chronic data, which are typically reported as hypothesis test results.

5.3.3 Single-species (laboratory) vs. multispecies (field/semi-field) data

Single-species laboratory tests are used in criteria derivation by the SSTT approach, for
verification in the EQP approach, and are added to co-occurrence datasets because the tests are
standardized and relatively easy to interpret. While field studies, mesocosm/microcosm tests, and
multispecies laboratory tests better approximate natural ecosystems, these types of tests are
criticized for lack of standardization, lack of replication, and difficulty of interpretation, as noted
by TenBrook and Tjeerdema (2006). These authors give a thorough discussion of the advantages
and disadvantages of these types of studies for aqueous exposures that also apply to sediment
exposures, and conclude that examining these types of studies can be useful, but that it is not
likely that criteria will be derived solely based on multi-species studies because of issues relating
to cost-effectiveness, reproducibility, and reliability.

Several methodologies mention the use of multispecies field studies in the final stages of
criteria derivation. Both The Netherlands (RIVM 2001) and the EU (ECB 2003) methods
recommend comparing the results of multispecies field studies to the criteria derived from
single-species laboratory toxicity tests. They note that field studies are difficult to interpret
because they are so varied in their test parameters and exposures, unlike laboratory tests, and the
Dutch method offers a set of criteria by which to evaluate field studies. The Dutch method states
that NOECs from multispecies tests should be compared to the derived criteria to establish if the
derived criteria could be underprotective of ecosystems (RIVM 2001).

5.3.4 Traditional vs. non-traditional endpoints
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Traditional endpoints are those effects assessed in standard test methods that are clearly
linked to population-level effects, and include survival, growth and reproduction. Traditional
endpoints are recommended for use in all of the methodologies that were reviewed, but some
methods utilize non-traditional endpoints on a case-by-case basis. Non-traditional endpoints can
include endocrine disruption, enzyme induction or inhibition, behavioral effects, histological
effects, stress protein induction, changes in RNA or DNA levels, mutagenicity, and
carcinogenicity (TenBrook and Tjeerdema 2006).

The Canadian guidelines indicate that toxicity tests should follow standard methods that
assess ecologically relevant endpoints, which include survival, growth, reproduction, and
developmental effects (CCME 1999). Similarly, The Netherlands methodology states that only
endpoints that affect the species at the population level are included (RIVM 2001), which are
those related to survival, growth, and reproduction. The reproductive effects can include
histopathological effects on reproductive organs, spermatogenesis, fertility, pregnancy rate,
number of eggs produced, egg fertility, and hatchability. The Dutch method also states that data
on other effects should be collected for comparison to the derived criteria to ensure the criteria
are protective, especially for chemicals with specific modes of action (e.g., phthalates are
suspected to be endocrine disruptors).

The EU method (ECB 2003) states studies that do not test endpoints used in standard
methods (related to survival, growth, or reproduction) may possibly be used in effects
assessment, but only if an expert judges such data can be included with other standard endpoints.
Emergence, sediment avoidance, and burrowing activity are also considered as relevant
endpoints, in addition to survival, growth, and reproduction. Non-traditional endpoints might
include other behavior effects, photosynthesis, or cellular or subcellular effects.

5.3.5 Data estimated from interspecies relationships

Toxicity data are not available for many species that are likely to be present in
ecosystems, and one proposed way to increase the number of species represented without
performing toxicity tests is to estimate toxicity values using interspecies relationships. For
aquatic toxicity data, the USEPA has developed a program to estimate acute toxicity based on
data for more common test species that have larger datasets (Raimondo et al. 2010).
Unfortunately, this program does not include data for sediment exposures and thus, cannot be
used in sediment quality criteria derivation, and no other interspecies correlation approaches
were identified that included sediment exposures.

5.3.6 Ecotoxicity data quality

Data quality is usually assured by using standardized methods of toxicity testing. In the
development of SQGs, different types of sediment toxicity testing have been used, depending on
the experimental question being addressed. In this section, sediment toxicity tests are reviewed,
including those used for empirical approaches, as well as spiked-sediment toxicity tests
applicable to derivation of SQC using a species sensitivity distribution or assessment factor
approach. Ways to evaluate whether individual studies have properly followed a standard
method are also reviewed.
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5.3.6.1 Standard methods

A selected list of current standard sediment toxicity testing methods and related protocols
is provided in Table 3. The Dutch method suggested that there was a lack of internationally
accepted protocol for toxicity studies in sediment-water systems (RIVM 2001), but this appears
to be outdated. There are now standard methods available from several jurisdictions that were
developed since 2000, which are further described in this section. The ASTM E 1706-05 (2008a)
method, entitled “Standard test methods for measuring the toxicity of sediment-associated
contaminants with freshwater invertebrates,” describes short-term 10-d testing protocols for
Hyalella azteca and Chironomus dilutus (formerly C. tentans) using whole sediments from field-
collected or laboratory-spiked sediments. This method also provides guidance on conducting
short-term sediment toxicity tests using Chironomus riparius, Daphnia magna, Ceriodaphnia
dubia, Hexagenia spp., Tubifex tubifex and Diporeia spp. Long-term sediment toxicity testing
guidance is also provided in ASTM 1706-05(2008a) for H. azteca and C. dilutus, and can be
applied to the other organisms for which there is short-term testing guidance. Bioaccumulation of
sediment-associated contaminants is addressed in a separate method (ASTM 1688), which details
a 28-d study with the oligochaete Lumbriculus variegatus. According to ASTM 1706-05
(2008a), future method updates will include results of research into the use of formulated
sediment, refinement of sediment spiking procedures and evaluation of endpoint sensitivities.

Species included in the ASTM 1706-05 (2008a) method, representing freshwater
organisms with different feeding and habitat requirements, are presented in Table 4. The datasets
for Hexagenia spp., T. tubifex, and Diporeia spp. are not as robust as the data available using H.
azteca and C. dilutus, and thus their sediment toxicity tests are currently considered guidelines
and not standard methods (ASTM 1706-05 (2008a)). In addition to the invertebrate method,
there is also ASTM guidance on conducting sediment toxicity tests with amphibians (ASTM E
2591-07), but this protocol is also considered a guideline, and not an official test method. The
lack of standard protocols for testing sediment toxicity toward a wider range of benthic
community members has been a critique of SSTT derivation methodologies, but it should be
noted that some guidance is currently available, and it appears that more standard methods will
be available in the near future.

Acute and chronic sediment toxicity testing protocols are also described by OPPTS
850.1735 and OPPTS 850.1735S, respectively, for the freshwater organisms, H. azteca and C.
tentans. The OPPTS 850.1735 method is based on the USEPA (1994b) protocol entitled
“Methods for measuring the toxicity and bioaccumulation of sediment-associated contaminants
with freshwater invertebrates” (EPA 600-R24-024), and represents the harmonized version of the
USEPA’s ecological effects test methods. The USEPA’s Office of Prevention, Pesticides, and
Toxic Substances, newly named the Office of Chemical Safety and Pollution Prevention
(OCSPP) has developed harmonized test guidelines for pesticide and toxic substances
registration. Not all of the guidelines are considered final, including the ecological effects test
guidelines (OPPTS series 850), but can still be used for study protocol development. The goal of
the harmonized guidelines is to minimize the variation among the testing procedures used to
fulfill data requirements for the Toxic Substance Control Act and the Federal Insecticide,
Fungicide, and Rodenticide Act. This includes guidance documents prepared by the OECD
Office of Pollution Prevention and Toxics (OPPT) and the USEPA Office of Pesticides Programs
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Table 3 Selected list of sediment toxicity testing methods and related protocols.

Method Source

Method Number

Title

OPPTS (1996a)
OPPTS (1996b)
OPPTS (1996c)
OPPTS (1996d)
OPPTS (1996€)
OPPTS (1996f)
OPPTS (1996g)
OPPTS (1996h)
OPPTS (1996i)
OPPTS (1996j)
ASTM (2008a)
ASTM (2008b)
ASTM (2008c)
ASTM (2008d)
ASTM (2010)

ASTM (2006a)
ASTM (2007b)
ASTM (2006b)
ASTM (2004)

USEPA (1994b)

USEPA (1994a)
OECD (2004a)
OECD (2004b)
OECD (2007)
OECD (1992)

OECD (2004c)
OECD (2008)

850. 1735 (S)
850. 1740

850. 1790

850. 1800

850. 1850

850. 1900

850. 1925

850. 1950

850. 1010

850. 1075

E 1706-05 (2008)
E 1367-03 (2008)
E 1391-03 (2008)
E 1525-02 (2008)
E 1688-10

E 2455-06

E 2591-07

E 1295-01 (2006)
E 1193-97 (2004)

EPA 600-R24-024

EPA 905-R94-002
218
219
225
210

202
211

Whole sediment acute (or chronic) toxicity: Invertebrates,
freshwater.

Whole sediment acute toxicity: Invertebrates, marine.
Chironomid sediment toxicity test.

Tadpole/sediment subchronic toxicity test.

Agquatic food chain transfer.

Generic freshwater microcosm test, laboratory.

Site-specific aquatic microcosm test, laboratory.

Field testing for aquatic organisms.

Agquatic invertebrate acute toxicity test, freshwater, daphnids.
Fish acute toxicity test, freshwater and marine.

Standard tests method for measuring the toxicity of sediment-
associated contaminants with freshwater invertebrates.

Standard test method for measuring the toxicity of sediment-
associated contaminants with estuarine and marine invertebrates.
Standard guide for collection, storage, characterization, and
manipulation of sediments for toxicological testing and for selection
of samplers used to collect benthic invertebrates.

Standard guide for designing biological tests with sediments.
Standard guide for determination of the bioaccumulation of
sediment-associated contaminants by benthic invertebrates.
Standard guide for conducting laboratory toxicity tests with
freshwater mussels.

Standard guide for conducting whole sediment toxicity tests with
amphibians.

Standard guide for conducting three-brood, renewal toxicity tests
with Ceriodaphnia dubia.

Standard guide for conducting Daphnia magna life-cycle toxicity
tests.

Methods for measuring the toxicity and bioaccumulation of
sediment-associated contaminants with freshwater invertebrates
(1994).

Assessment guidance document, Great Lakes Program (EPA 600-
R94-025; EPA 600-R99-064).

OECD No. 218: Sediment-water chironomid toxicity using spiked
sediment.

OECD No. 219: Sediment-water chironomid toxicity using spiked
water.

OECD No. 225: Sediment-water Lumbriculus toxicity test using
spiked sediment.

OECD No. 210: Fish, early-life stage toxicity test.

OECD No. 202: Daphnia sp. acute immobilization test.

OECD No. 211: Daphnia magna reproduction test.
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Table 4 Species included in the ASTM 1706-05 (2008a) method, representing freshwater organisms with different feeding and habitat

requirements.

Species Phylum (Sub-Phylum or Class)/Family Habitat Eating Characteristics Other important characteristics
Hyalella azteca Avrthropoda(Crustacea)/ Hyalellidae (amphipod) E Some subsurface Wide tolerance of sediment grain size
deposit feeding
Daphnia magna Avrthropoda(Crustacea)/ Daphniidae (water flea) wcC Filter feeder
Chironomus riparius  Arthropoda(Insecta)/ Chironomidae (midge) E Filter feeder/surface Larvae burrow into sediment (direct
deposit feeder contact); wide tolerance of sediment grain
size
Chironomus dilutus Arthropoda(Insecta)/ Chironomidae (midge) E Filter feeder/surface Same as Chironomus riparius
(formerly C. tentans) deposit feeder
Ceriodaphnia dubia  Arthropoda(Crustacea)/ Daphniidae (water flea) wC Filter feeder
Tubifex tubifex Annelida/Tubificidae (oligochaete) E, I Subsurface deposit Tolerant of variation in sediment particle
feeder size and proportion OM; important
ecological link in aquatic food chain and
active in bioturbation
Hexagenia spp. Arthropoda(Insecta)/ Ephemeridae (mayfly) E, | Surface particle Nymphs burrow into sediment (direct
collector contact); prefers fine/organically enriched
sediments
Diporeia spp. Arthropoda(Crustacea)/ Pontoporeiidae E, I Deposit feeder Relatively insensitive to grain size
(amphipod)
Lumbriculus Annelida/Lumbriculidae (oligochaete) E, | Subsurface deposit Inhabits a wide variety of sediment types
variegatus feeder

Habitats: | — Infaunal, E — Epibenthic, WC — Water Column
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(OPP). OPPT methods were published in the Federal Register and OPP methods were published
by the National Technical Information Service (NTIS). The test guidelines in the OPPTS
850series for aquatic fauna ecological assessment are listed in Table 3.

Fleming et al. (1996) performed intra- and inter-laboratory comparisons of sediment
toxicity tests and they found that most of the variability between test results could be attributed
to sediment spiking procedures. They determined that standardized spiking methods would need
to address sediment heterogeneity, appropriate characterization of the variables controlling
sorption and bioavailability, equilibration and aging times. Fuschman and Barber (2000) offer a
simpler solution to address sediment spiking issues — measurement of sediment concentrations
pre- and post-test to confirm the actual test exposures and check for chemical losses. Sediment
spiking guidance provided by the ASTM (E 1367-03 (2008b)) includes confirmation of sediment
concentrations before toxicity test initiation.

5.3.6.2 Relevance and reliability of studies

A detailed description of the processes by which aquatic ecotoxicity data are judged for
quality in The Netherlands, UK, Canada, and Australia/New Zealand is presented by TenBrook
et al. (2009). EU protocols specify adequate and complete ecotoxicity data generated using
standardized, internationally accepted protocols (Table 3) should be used in criteria derivation.
Test procedures and designs which deviate from the standard are usually reviewed using best
professional judgment (ECB 2003). The adequacy of a study applies to the reliability of the
study: the quality of test method used (ASTM, OECD, USEPA test methods with good
laboratory practice) and the description of the methods and protocols in the study. The relevance
of the study includes the use of appropriate endpoints under relevant conditions and that the
substance tested is representative of the substance being assessed.

In The Netherlands, a reliability index is used as a ranking system for ecotoxicity data
quality (RIVM 2001). A score of 1 indicates the methodology used in the study is in accordance
with accepted international test guidelines and/or Mensink et al. (1995); a score of 2 indicates
less accordance with accepted test methods and a score of 3 does not fit the quality of data to be
used to calculate the maximum permissible concentration. The Dutch method also states that the
purity of the test substance has to be at least 80%. Data generated from a less pure substance
cannot be included in the dataset used for calculation but can be used as supporting information.
An exception is made for granulates and wettable powders where purity is between 20% and
80% if absences of carrier toxicity has been established. Studies using polluted animals are
rejected, and aquatic studies must have at least an 80% recovery of the substance and may not
test concentrations that exceed 10 times the aqueous solubility of the substance (with a maximum
solvent concentration of 1 mL/L). Sediment toxicity test requirements are not as detailed as they
are for aquatic studies in the Dutch methodology, but they suggest the consideration of the
following test parameters: sediment characteristics (% organic carbon, particle size distribution,
field or standard sediment), amounts of sediment and water, test method (static or flow-through),
spiking method, measured concentrations in sediment and/or water and if the concentrations are
at equilibrium, description of system including if sediment is suspended or bedded, and exposure
route of organisms.
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In Canada, “accurate and precise” data generated using standard sampling techniques and
appropriate test methods are important to maintain data integrity. Sediment characteristics also
need to be determined (e.g., grain size, total organic carbon) for interpretation of biological
effects. The CCME (1999) specifically states test methods should include light and dark cycles
and verification of the condition of test organisms throughout the duration of exposure. Chemical
concentrations in the water should be measured at the beginning and end of the test in both the
overlying water and sediment compartments. Data on the health and survival of the test organism
before exposure should be documented for at least one week prior to start of test. Test organisms
should not be used if significant mortality has occurred during this time frame.

The NSTP empirical approach used in Canada also requires quality ecotoxicity data for
incorporation into a BEDS. A detailed description of the evaluation of ecotoxicity data is
provided by CCME (1999). To ensure sediment ecotoxicity data quality, sampling, storage and
handling of sediments should be consistent with standard protocols (e.g., ASTM 2008a-d,
Environment Canada 1994a, Loring and Rantala 1992). In terms of holding time and storage,
sediments should tested within 2 wk of collection and not be frozen. Toxicity tests following
standard protocols are considered acceptable (e.g., ASTM 1990a, b, Environment Canada 1992a-
¢, 1995). Non-standard toxicity testing methods should be evaluated on a case by case basis.
Sediment chemical concentrations must be measured (nominal not acceptable) with the number
of measurements dependent on the chemical and test duration, using appropriate analytical
techniques (CCME 1999). The sediment should be characterized for total organic carbon,
particle size distribution, acid volatile sulfides, pH, redox conditions and sediment type. The
overlying water should be characterized for pH, dissolved oxygen, total suspended solids,
suspended and dissolved organic carbon and water hardness (and/or alkalinity) or salinity.
Embryonic development, early lifestage survival, growth, reproduction and adult survival are
preferred endpoints, although other endpoints related to organism pathology or behavior
(avoidance, burrowing) may be considered. Control survival and response must be measured and
within acceptable limits and should be appropriate for the lifestage of the organism tested.
Aguatic ecotoxicity tests may be included in the dataset for sediment assessment using the
Canadian NSTP methodology. These aquatic tests can be static, static renewal or flow-through.
Maintenance of adequate environmental conditions must be demonstrated for the test duration.
Unacceptable data are those lacking sufficient information to assess the adequacy of the test
design, procedures and/or results, and are not included in the dataset for the SQG derivation.

The California State Water Resources Control Board requires that all test methods must
adhere to USEPA or ASTM methodologies or otherwise must be approved by the State and
Regional Water Boards (SWRCB 2011). In Washington, a quality assurance grade has been
applied to each entered piece of data into the database and made available for reference. The
grade (A-F) is assigned to each investigation based on protocols conducted and presented in the
final report. The grade does not necessarily reflect data quality, but the quality of the amount and
types of quality assurance procedures completed in the investigation (Cubbage et al. 1997).

5.3.7 Ecotoxicity data quantity

A full review of the data quantity required for calculation of WQC for use in EqP
derivation methodologies is presented by TenBrook et al. (2009). The focus of this section is to
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present direct methods of SQG derivation that use sediment toxicity tests as input data for
criteria calculation, although there is very little guidance on this matter in any of the
methodologies. The Canadian SSTT approach outlines the minimum dataset for deriving
freshwater SQGs: at least four studies are required on at least two or more sediment-resident
invertebrate species found in North American waters (CCME 1999). One benthic arthropod and
benthic crustacean species must be included. At least two of these studies must be partial or full
life-cycle tests that consider ecologically relevant endpoints (e.g., growth, reproduction,
developmental effects). They also state that “ecologically relevant species” should be the focus
of the data review. Alternatively, in the Canadian NSTP based approach, the minimum
toxicological dataset required for interim sediment quality guideline derivation is at least 20
entries into the effects and no effects dataset. The Dutch method states that when sediment
toxicity data are lacking, aquatic toxicity data can be used to indirectly calculate the sediment
maximum permissible concentration via the EqP approach (RIVM 2001). Ontario’s use of the
screening level concentration (SLC) empirical approach provides guidance on effects and no
effects database construction, similar to the Canadian NSTP approach. The range of
concentrations entered into the database should span 2 orders of magnitude and include both
heavily contaminated and relatively clean sites. At least 75% of the database entries must be
benthic infaunal species, with proper taxonomic identification to at least the genus level. A
minimum of 10 observations are required to calculate a species SLC (SSLC), and a minimum of
20 different SSLCs are required to calculate the SLC (Persaud et al. 1993).

For California, the SWRCB (2011) method states that a minimum of one short-term
survival test and one sublethal test are required for each sediment sample collected from a
particular station. Acceptable test methods for the short-term tests include whole sediment
exposures for a 10-d duration, with survival as the endpoint using acceptable test organisms
(Eohaustorius estuarius, Hyalella azteca, Leptocheirus plumulosus, Rhepoxynius abronius)
tolerant of the sample salinity and grain size characteristics. Acceptable sublethal testing
methods are whole sediment exposures for 28-d, using growth as an endpoint using Neanthes
arenaceodentata as the test organism. The other acceptable test is a 48-hr sediment-water
interface exposure using embryo development as an endpoint with Mytilus galloprovincialis as
test organism. Sediment toxicity results are compared and categorized as nontoxic, low toxicity,
moderate toxicity and high toxicity relative to control survival, as described by the SWRCB
(2011). The average of all test responses determines the final line of evidence category and if the
average falls in between, the average is rounded up to the next response category.

Burton et al. (1996) suggested that for field bioassays to adequately detect sediment
toxicity, test design should consist of 2-3 assays of various grouping of the following species:
Hyalella azteca, Chironomus tentans, Chironomus riparius, Ceriodaphnia dubia, Daphnia
magna, Pimephales promelas, Hexagenia bilineata, Diporeia sp, Hydrilla verticillata, and
Lemna minor.

5.4 Quantitative structure activity relationships (QSARS)
A review of the role of QSARs in filling data gaps for WQC derivation is presented in

TenBrook et al. (2009). QSARs are a mathematical relationship between a compound’s structure
and its toxicity. In terms of sediment quality, QSARs could be used to predict Ko from Koy, as
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discussed in the Dutch method. QSAR toxicity predictions for pesticides with specific modes of
action, such as pyrethroids and organophosphates, are still in the early stages of development,
but may be of use in the future (Zvinavashe et al. 2009).

5.5 Data combination and exclusion

Once all relevant data are collected and evaluated for reliability, it is possible that there
could be multiple data for a single species, and guidance is needed on how to combine data or
exclude some data. While many methods give guidance on how to deal with this for aquatic data,
only the Dutch method specifically includes sediment data in their data reduction guidelines.
Most other methods assume that there will be so few data that multiple data for a species will not
be an issue, or if EQP is used for sediment quality criteria calculation then aquatic data are used
instead of sediment data. TenBrook and Tjeerdema (2006) describe how most WQC guidelines
recommend calculating the geometric mean of multiple data, and conclude that the geometric
mean is preferable to the arithmetic mean for toxicity data.

The Dutch guidelines (RIVM 2001) select toxicity data to obtain one single reliable value
for each species, for a given type of toxicity value (LCso vs. NOEC). To exclude or combine
data, the following guidance is given: 1) the geometric mean of multiple data based on the same
endpoint should be calculated for each species, 2) if there are multiple endpoints for a given
species, the most sensitive one is selected, 3) if there are tests with different lifestages for a given
species, the most sensitive one is selected. The Dutch also provide guidance on how to convert
all acceptable chronic data into NOECs, which is detailed in TenBrook and Tjeerdema (2006).

The EU method (ECB 2003) does not give specific guidance on data reduction for the
sediment compartment, as it does for the aquatic compartment, mainly because it is expected that
multiple data for one species will not be available. If the EqP approach is used to calculate a
criterion for the sediment, then aqueous data are used so the data reduction procedures for
aquatic data would be utilized. If there were multiple data for one species for the sediment
compartment it would seem reasonable to follow the data reduction procedures outlined for the
aquatic compartment, which are described by TenBrook and Tjeerdema (2006). Similarly, the
OECD (1995) method does not offer guidance for reducing sediment data as it does for aquatic
toxicity data because the EgP approach is used, which uses aquatic toxicity data.

Although SSTT data are likely to be few, there may be multiple data for the most
common test species (i.e., Hyalella azteca, Chironomus dilutus), so guidance should be given on
how to select which endpoint or duration is most appropriate for use in criteria derivation.
Similar guidance as seen in WQC methods can be used to combine multiple data for a given
endpoint/species combination.

6 Criteria calculation
The goal of this section is to present the various approaches and their procedures for the
derivation of sediment quality criteria. The EqP and SSTT approaches are described, including

the assessment factor (AF) and species sensitivity distribution approaches. Empirical approaches
are also presented, although their limitations for deriving single numeric criteria have been
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discussed previously. Other factors to consider in criteria derivation are discussed, including
mixtures, bioaccumulation, secondary poisoning, threatened and endangered species,
harmonization of criteria across environmental compartments, and data utilization.

6.1 Exposure considerations

It is important to consider the exposure factors that affect sediment toxicity, such as
magnitude, duration and frequency of the exposure as well as exposure routes and sediment or
particulate characteristics which contribute to bioavailability. This section provides a summary
of how the different methodologies consider an organism’s exposure to a sediment contaminant,
as well as the most recent research on these topics.

6.1.1 Magnitude, duration, and frequency

Exposures to sediment contaminants will vary in magnitude, duration and frequency
depending on the particular environmental conditions. It was suggested by TenBrook et al.
(2009) that water quality criteria be defined in terms of magnitude, duration, and frequency in
order to determine exceedances; this review will also discuss these aspects with regard to
sediment quality criteria. TenBrook and Tjeerdema (2006) give the example that a criterion
designed to protect against ongoing, chronic toxicant exposures that is stated only in terms of
magnitude will be overprotective in a case of a brief, mild excursion above the criterion, but will
be underprotective in the case of a brief, large excursion. In order to provide appropriate criteria,
there are two approaches that derivation methodologies can take with regards to magnitude,
duration and frequency: 1) incorporate some combination of magnitude, duration and frequency
in each criterion statement, or 2) derive the magnitude only and leave duration and frequency
determinations to site-specific management decisions (TenBrook and Tjeerdema 2006). Among
the methodologies reviewed, derivation of the numeric magnitude of a SQG is addressed by all
of them, while the duration and frequency components are only considered indirectly through
guidance on monitoring for compliance.

As discussed by TenBrook et al. (2009), exposure duration is an important consideration
in the Sacramento-San Joaquin River basins where short-term toxic pulses occur regularly as a
result of runoff from rain events or agricultural discharges. While brief pulses of sediment-bound
pesticides may cause short-term adverse effects (Balthis et al. 2010, Hose et al. 2002), the
resulting deposited sediment contaminants may not cause long-term adverse effects (Forbes and
Cold 2005), although repeated 