BIOACCUMULATION OF SEDIMENT-ASSOCIATED CONTAMINANTS IN
FRESHWATER ORGANISMS: DEVELOPMENT AND STANDARDIZATION OF A
LABORATORY METHOD

A Thesis
Presented to
The Faculty of Graduate Studies
of
The University of Guelph

by
JORDANA LYNNE VAN GEEST

In partial fulfillment of requirements
for the degree of
Doctor of Philosophy
September, 2010

© Jordana L. Van Geest, 2010

ABSTRACT
BIOACCUMULATION OF SEDIMENT-ASSOCIATED CONTAMINANTS IN
FRESHWATER ORGANISMS: DEVELOPMENT AND STANDARDIZATION
OF A LABORATORY METHOD

Jordana Lynne Van Geest
University of Guelph, 2010

Co-advisors:
Dr. Keith R. Solomon
Dr. Paul K. Sibley
David G. Poirier

This thesis describes studies and research conducted as part of the development,
standardization, and validation of a new laboratory protocol for measuring the
bioaccumulation of sediment-associated contaminants in freshwater organisms. The test
species used in this method are the oligochaete Lumbriculus variegatus, the mayfly
nymph Hexagenia spp., and the juvenile fathead minnow Pimephales promelas.
Bioaccumulation methods in the literature were critically reviewed to properly guide the
development and standardization of methods. This enabled data gaps to be addressed and
the conditions and exposure techniques of the new method to be standardized, properly
justified, and based on experimental evidence. Method development included the
investigation of the effect of the density of organisms on bioaccumulation in the three test
species. The importance of standardizing loading density to total organic carbon (TOC)
in sediment was demonstrated, as was the appropriateness of using a ratio of TOC to
organism dry weight of 27:1 as a standard loading density for the different test species.
To validate the new method and assess the relative effectiveness of the three test species
for accumulating different contaminants, a variety of field-contaminated sediments were

tested, representing a range of contaminants, levels of contamination, and physical
properties of sediment. It was observed that differences in bioaccumulation between the
three species may, but do not always, exist, and can vary with contaminant and sediment
type. It was also demonstrated that estimates of bioaccumulation, such as biota-sediment
accumulation factors (BSAFs), can be species- and site-specific, supporting the need and
use of standardized bioaccumulation methods and test species to facilitate comparisons
across sites or over time. Comparisons of laboratory- and field-based estimates of
bioaccumulation further validated the new laboratory method. Good agreement was
observed between laboratory and field estimates for fish, while bioaccumulation was
higher in laboratory-exposed invertebrates compared to mussels caged in situ. The
laboratory method generally overestimated the relative bioavailability of contaminants
compared to the field, but provides a conservative estimate of bioaccumulation. A
kinetic study investigated the uptake and elimination of PCBs in the three test species and
demonstrated that a 28-d test duration was a sufficient standard for both invertebrate
species to reach steady-state concentrations. There was conflicting evidence of whether
steady-state concentrations were truly reached in the fish and uncertainty remains as to
the appropriateness of a 28-d test for these organisms, for which additional testing is
necessary.
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1.

INTRODUCTION AND LAYOUT OF THESIS

1.1.

Contaminated sediments and risk assessment in Canada
Throughout the Great Lakes and many parts of Ontario, contaminated sediment

has been identified as a major environmental concern (International Joint Commission
1985). Despite the reduced input of contaminants into aquatic ecosystems through the
regulation of discharges, historical contamination continues to impact the quality of water
and sediment. Persistent and toxic substances, which have accumulated in the sediment,
may adversely affect the survival of benthic organisms and may bioaccumulate in their
tissue. These compounds may then be transferred to fish that feed on benthic organisms
and further transferred to fish-eating wildlife, birds, and humans, through the process of
trophic transfer (i.e., transfer of chemical from food to consumer). Exposure to
environmentally relevant concentrations of these contaminants may not be acutely lethal;
however, they still pose a risk as they may induce sublethal effects such as reproductive
and developmental impairment, endocrine disruption, tumor formation, and cancer (Lee
1992; Canadian Council for Ministers of the Environment 1999a; Senthilkumar 2005;
Talsness 2008).
Sediment quality guidelines (SQGs) have been established at both the federal
(e.g., Canadian Council for Ministers of the Environment – CCME 2001a) and provincial
(Ontario, Quebec, British Columbia) levels of government within Canada. These
guidelines exist to evaluate the potential for adverse biological effects and are meant to
be protective of aquatic life. The CCME guidelines are applied across the country and,
while provincial guidelines cannot be less stringent, they may be stricter since the
Province has a better understanding of its own environment, industries, and regulations.
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At the federal level (and provincially in Ontario), SQGs currently exist for metals, most
polycyclic aromatic hydrocarbons (PAHs), total polychlorinated biphenyls (PCBs),
organochlorine pesticides and, as toxic equivalents, for polychlorinated dibenzo-pdioxins and dibenzofurans (PCDD/Fs). However, there are no congener-specific
guidelines for PCBs and PCDD/Fs, and no guidelines for more recently identified
contaminants of concern, such as brominated flame retardants (e.g., polybrominated
diphenyl ethers) and perfluorinated compounds.
The SQGs are derived from the toxicological information that is available for
benthic species and do not account for bioaccumulation and biomagnification processes
that may lead to greater exposure of organisms at higher trophic levels, which may have
minimal contact with sediment. To address this concern, the CCME (1999a) has
developed guidelines for residues in tissue for the protection of wildlife consumers of
aquatic biota. From a standpoint of human health, both the Ontario Ministry of the
Environment (OMOE) and Quebec MOE routinely publish an extensive list of fish
consumption guidelines for specific bodies of water (e.g. OMOE 2007d), while other
provinces and territories publish more general advisories. In addition to developing their
own SQGs, the OMOE has a detailed approach for evaluating and managing
contaminated sediments (OMOE 2008j). The OMOE uses SQGs to identify zones of
potential impact within contaminated sites. As remediation is the major focus, quality of
sediment is then assessed in these areas to set priorities for clean-up (ranking sites
relative to others). Monitoring programs within Ontario are faced with the challenge of a
province that has a diverse geology and hydrology, a broad range of industries, and
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therefore a broad range of contaminants, which may be toxic and may bioaccumulate and
biomagnify.

1.2.

Factors influencing bioavailability and bioaccumulation
The bioavailability of a contaminant is defined as the fraction of the total

contaminant in water or in sediment (i.e., both in pore water and on sediment particles),
that is potentially available for biological uptake through the processes of
bioconcentration or bioaccumulation. Bioconcentration is defined as the net
accumulation of a contaminant directly from water in an aquatic organism, while
bioaccumulation represents accumulation from all routes of exposure (i.e., sediment,
water, and food). A contaminant will only accumulate in an organism if it is not readily
broken down in the environment, and not metabolized or rapidly excreted by the
organism. The efficient transfer of contaminant from prey to predator can result in an
increase in concentration between multiple trophic levels, which is termed
biomagnification or trophic magnification. The factors affecting accumulation of a
contaminant include the characteristics of the contaminant, the composition and
characteristics of the environmental medium (water or sediment), and the behavioural and
physiological characteristics of the organisms.
For many nonpolar organic contaminants, the hydrophobicity of the compound, as
represented by the octanol-water partition coefficient (log KOW), is the major chemical
characteristic influencing accumulation. Bioconcentration from water increases with
KOW due to the tendency of these compounds to partition out of the aqueous phase. In
contrast, bioaccumulation of contaminants from sediment tends to decrease with
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increasing KOW due to increased partitioning to sediment particles and organic matter.
Compounds with a low KOW are more bioavailable because they are not sorbed to
sediment as strongly and are rapidly desorbed to pore water and also have increased
assimilation efficiency. However, they are also more rapidly eliminated due to their
increased solubility in water. Compounds with a very high KOW are less bioavailable due
to slower desorption and lower assimilation efficiency from ingested sediment (Landrum
and Robbins 1990). As a result, the relative accumulation of compounds with low or
very high values of KOW is often lower than for compounds with a mid-range KOW.
There are a number of physicochemical properties of environmental media that
enhance sorption thereby decreasing the bioavailability of contaminants. In water (or
pore water), these include the concentration of dissolved and particulate organic matter,
as well as pH; and in sediment, the content of organic carbon, distribution of particle size,
clay type and content, and cation exchange capacity. When assessing the
bioaccumulation of organic contaminants in an organism relative to the concentration in
sediment, the sediment concentration is typically normalized to organic carbon to account
for its influence on bioavailability. Additionally, different fractions of the total organic
carbon, such as black carbon, have been shown to enhance sorption and decrease
bioavailability of contaminants, particularly with planar compounds such as PAHs or
PCDD/Fs (Cornelissen and Gustafsson 2005; Kukkonen et al. 2005; Cornelissen et al.
2008). Partitioning of contaminants between environmental phases and hence
bioaccumulation are also influenced by the rate of sorption onto and desorption from
sediment particles and organic matter, which can vary with sediment type and
contaminant.
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Bioaccumulation of a contaminant is influenced by the chemical and
environmental bioavailability, but also by biological processes and characteristics of the
exposed organism. In particular, this includes organism behaviour and habitat type,
feeding type, respiration of overlying water versus pore water, and physiological and
metabolic processes (Landrum and Robbins 1990). As these factors vary between
different species, there is also the potential for the extent of bioaccumulation of sedimentassociated contaminants to vary between species. Exposure to contaminants from
sediment can vary between organisms that burrow into the sediment, those that live at the
sediment/water interface, and those dwelling in the water-column. In addition, the ability
of an organism to avoid contaminated sediments may lead to decreased exposure and
bioaccumulation. Organisms may integrate contaminants from multiple routes of
exposure such as overlying water and//or pore water, contact with sediment, and
ingestion of contaminated food and sediment, of which the relative contributions can vary
considerably for a particular contaminant or species. Feeding type of benthic organisms
will influence exposure depending on whether organisms are filter-feeders, depositfeeders, consume bulk sediment, or selectively-ingest fine particles and organic matter.
While organic matter in sediment can sorb contaminants decreasing bioavailability, it is
considered an important food source for many benthic invertebrates and represents a
potential route of exposure. Physiological differences in the amount, composition, and
distribution of lipid within an organism can affect bioaccumulation of hydrophobic
contaminants, as well as metabolic processes such as active uptake, biotransformation,
and elimination of contaminants and lipid metabolism. The rate of growth of an
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organism compared to the rate of uptake of a contaminant will also influence the extent
of bioaccumulation.

1.3.

Contaminants of concern in sediments
The contaminants of concern in sediment are persistent organic pollutants and

metals that can bioaccumulate and potentially be biomagnified through the food chain.
Some of these compounds (e.g., metals, PCDD/Fs, PAHs) may occur naturally in the
environment, but are all typically found in high concentrations as the result of human
activity. Although many compounds have the potential to bioaccumulate in the tissue of
organisms at different trophic levels and be transferred to higher trophic levels, relatively
few have the potential to be biomagnified (Suedel et al. 1994). In their review of the
trophic transfer and biomagnification potential of contaminants in the aquatic
environment, Suedel et al. (1994) concluded that those compounds with the greatest
biomagnification potential were PCBs, DDT (and its metabolite DDE), total- and methylmercury, and arsenic. Most other organic compounds, including PCDD/Fs and PAHs,
are not biomagnified within aquatic food webs (i.e., concentrations do not increase across
trophic levels, Suedel et al. 1994); however, this does not diminish the risk associated
with bioaccumulation since organisms may still be exposed to these contaminants via
trophic transfer. In spite of efforts at regulation and remediation, PCBs and mercury still
remain the largest issue regarding fish consumption guidelines for humans (OMOE
2007d).
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans
(PCDFs) are by-products of human activities such as incineration of waste, chemical
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manufacturing, petroleum refining, and combustion of fuel; and have historically been
released in pulp and paper mill effluents. PCDD/Fs are associated with the organic
fraction of sediment and accumulation in the lipid of aquatic organisms is highly
influenced by the degree of chlorination. The most bioavailable and toxic congener is
2,3,7,8-tetrachloro-p-dioxin (2,3,7,8-TCDD) which has been shown to cause liver
toxicity, fetotoxicity, and teratogenicity in studies with mammals and birds (CCME
2001b). The toxicity of other 2,3,7,8-substituted PCDD/F congeners and „dioxin-like‟
PCBs are expressed relative to 2,3,7,8-TCDD as toxic equivalency factors (TEFs). These
TEFs are used with the concentrations of individual congeners to estimate the toxicity (or
toxic equivalence –TEQ) of environmental samples that are mixtures of different
congeners (Birnbaum 1999).
The production of PCBs in North America and Western Europe was banned in the
late 1970s after they were shown to be persistent, bioaccumulative, and potentially toxic
(United Nations Environmental Programme 2001). These industrial compounds were
primarily used as dielectric fluids in closed electrical systems but were also components
in plasticizers, heat transfer fluids, and hydraulic fluids. Their thermal and chemical
stability has resulted in the cycling of PCBs among different compartments in the
environment (i.e., air, water, sediment, and biota). However, they have partitioned into
sediment and sediment is now a major source of these contaminants. PCBs are a group
of 209 structurally similar congeners, which vary in size and shape, chemical properties,
as well as toxicity. A number of congeners exhibit „dioxin-like‟ behaviour and toxicity
and are typically of greater environmental concern. Exposure to PCBs has been shown to
cause adverse effects to the immune system, liver, skin, reproductive system,
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gastrointestinal tract, and thyroid gland (United Nations Environmental Programme
2001).
The insecticide DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane) has been
used worldwide since the 1940s to control insects that carry diseases and attack
agricultural crops. However, in Canada, its use was restricted in 1970 and banned in
1985 due to evidence of biomagnification in the food chain (CCME 1999b). In the
environment, DDT is chemically or biologically broken down into a number of
structurally similar products, including DDD (1,1-dichloro-2,2-bis(pchlorophenyl)ethane) and DDE (1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene). DDE
tends to be the most persistent metabolite and biologically is not further broken down.
DDT and its metabolites DDD and DDE have been shown to adversely affect
reproduction in birds, most commonly through the thinning of egg shells. Long-term
exposure of mammals to sublethal levels of these compounds has also been shown to
result in the formation of tumors and carcinomas (CCME 1999b).
PAHs are considered carcinogenic and toxic to many organisms, but are not
typically biomagnified due to the ability of higher organisms to metabolize these
compounds. Compared to other persistent organic pollutants, the bioaccumulation of
PAHs often is not representative of the exposure to these contaminants due to reductions
in bioavailability through increased sorption to black carbon and differences in the
capacity for biotransformation in various species. The relative bioaccumulation of PAHs
is often observed to be lower than for contaminants such as PCBs (e.g., Gewurtz et al.
2000). Varanasi et al. (1989) demonstrated the ability of fish to biotransform PAHs into
more active or less toxic forms. Some PAHs are also phototoxic, being stimulated to
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greater toxicity by ultraviolet light (Monson et al. 1995; Pelletier et al. 1997). PAHs,
which are found in oils and formed through the incomplete combustion of fossil fuels,
remain a health concern due to their wide distribution and presence at high concentrations
in the environment.
The heavy metal, mercury, has long been known as a strong neurotoxicant which
damages and destroys nerve tissue in vertebrates, and specifically affects the central
nervous system. Methyl-mercury (MeHg) is considered the most toxic and most
bioavailable form of mercury. It is produced through the methylation of inorganic
mercury, which is influenced by factors such as microbial activity, pH, redox potential,
and temperature. Although MeHg is not as hydrophobic as many organic contaminants,
it does readily bioaccumulate and biomagnify through the food web. Top predators (i.e.,
piscivorous wildlife) are predominantly exposed through their diet, with reproductive and
behavioural effects typically observed in birds, and ataxia, anorexia, and paralysis of the
hind limbs observed in mammals (Wren 1986; Domingo 1994; CCME 2000). Apart
from some evidence concerning arsenic and cadmium, most other metals are not
biomagnified, but may still bioaccumulate and cause adverse effects due to chronic
exposure.
Sediment is now the source of many historical contaminants as well as newly
identified contaminants of concern. Despite their ban and replacement with new
products, history has shown (e.g., with PCBs and DDT) that these compounds are still
present in the environment and that some of their breakdown products, such as DDE, can
be more bioavailable. A ban on the production or use of particular compounds and
formulations in certain countries does not negate their use elsewhere in the world (e.g.,
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continued use of DDT in Africa and Mexico) or their presence in disposal sites. Due to
their persistence and ability to move between environmental compartments, many of
these contaminants have reached a ubiquitous distribution even in remote regions such as
the Arctic. Therefore, it is of great importance to continually monitor and include these
contaminants in risk assessment and programs for monitoring the environment.

1.4.

Decision-making framework for contaminated sediment
A sediment quality triad (Chapman 1986), consisting of physicochemical

characterization of sediment, toxicity testing, and benthic surveys, has until recently been
the basis for ecological risk assessment of contaminated sites in Ontario and elsewhere.
Characterization of the chemistry of the sediment is used to identify contaminants of
potential concern by comparing these measurements to SQGs (e.g., CCME 2001a;
OMOE 2008j). Sediment toxicity tests are conducted in the laboratory under controlled
conditions using organisms with known sensitivities. These tests are used to determine
the effect of sediment on endpoints such as survival, growth, and reproduction. Structure
of the benthic community can be assessed in the field to determine whether and how it is
impacted. This triad provides a means to identify environmentally relevant effects, but it
can be difficult and time-consuming to obtain samples, and organisms may not be present
due to the toxicity of the contaminant or due to physical processes such as wave-action,
scouring, or sediment texture. A fourth monitoring tool, an assessment of the potential
for the bioaccumulation and/or biomagnification of contaminants, has been identified as
crucial to the risk assessment process (Franke et al. 1994; Feijtel et al. 1997) and has now
been incorporated into the decision-making framework for contaminated sediment
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(Grapentine et al. 2002; Chapman and Anderson 2005). As an initial screening tool,
bioaccumulation can be modeled to determine whether this may occur, but measured
concentrations in the tissue of organisms from field or laboratory studies is necessary to
confirm levels of exposure.

1.5.

Methods for assessing bioaccumulation
There are a variety of approaches to determine the bioaccumulation of

contaminants in biota, which includes field monitoring, laboratory tests, and the use of
models. Each of these approaches has specific applications and limitations based on the
questions being addressed as well as the certainty required. These have been summarized
and reviewed by a number of authors when discussing the approach to bioaccumulation
assessment (Landrum et al. 1992; Lee 1992; Pauwel and Sibley 2002) and will be
discussed in turn below.

1.5.1. Field monitoring
The most direct approach to assessing bioaccumulation is to measure
concentrations of contaminant in the tissue of organisms collected or exposed in the field
(Lee 1992). These measurements are considered ecologically relevant as they are
representative of all environmental factors (abiotic and biotic) influencing
bioaccumulation. Collection of young-of-the-year and sport fish has become an integral
part of environmental monitoring programs, particularly within Ontario. Fish are mobile
and can represent several years of exposure, thereby providing a measure of contaminants
that have been biomagnified, which is of direct concern to the health of humans and
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wildlife. However, because fish integrate exposure to contaminants over space and time
it is difficult to delineate zones of contamination or determine the effectiveness of
cleanup procedures. Sampling of less mobile benthic invertebrates, with direct exposure
to sediment and faster kinetics with respect to accumulation, can provide a much clearer
understanding of the bioavailability of contaminants and extent of contamination. The
greatest limitation of this, however, is the difficulty in obtaining sufficient biomass of
invertebrate species for analysis, particularly, those belonging to the same family or
feeding regime (Lee 1992; United States Environmental Protection Agency – U.S. EPA
2002b). In addition, organisms may be absent in the field, depending on the degree of
contamination or environmental factors. The timing of collections may also be an issue
and the lack of similar species between sampling locations can limit between-site
comparisons.
Transplant and in-situ studies address these issues regarding absence, variation,
and insufficient number of species. Organisms collected from clean field sites or cultured
in the laboratory are transferred to contaminated sites and held in cages for a period of
time. Frequently used organisms include mussels, minnows, and leeches, due to their
sufficient biomass. There is greater difficulty in using organisms that actively ingest
sediment, as they typically have a smaller biomass, but techniques have been developed
to allow their use (Sibley et al. 1999; Burton et al. 2005). Regardless of the species used,
the background levels of contaminants in tissue must be determined. Transplant studies
provide a balance between experimental control and ecological relevance not offered
with field collections or laboratory studies. However, these in-situ exposures are still
time consuming and labour-intensive and occasionally prone to vandalism, predation, or
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destruction (U.S. EPA 2000a; American Society for Testing and Materials – ASTM
2002).

1.5.2. Laboratory tests
In laboratory bioaccumulation tests, organisms are placed in vessels containing
sediment and overlying water and allowed to accumulate contaminants from the sediment
for a specific period of time. These methods allow for control of environmental
conditions and standardization of exposure techniques and test species used. This, in
turn, leads to the ability to make comparisons among sites and over time. Field-collected
organisms from reference locations may be used, but issues may arise with the collection,
transfer, maintenance in the laboratory, background levels of contaminants, and life stage
of these organisms. The use of laboratory-reared organisms ensures the availability of a
particular species, of a specific age or size, with a known exposure history. Organisms
which ingest sediment are most appropriate since this is the major route of exposure;
however filter-feeders and fish may also be of use. Compared to field studies, laboratory
methods offer more flexibility with timing and typically reduce workload and cost, as
well as seasonal and spatial variability (U.S. EPA 2000a). They also allow research
questions, such as differences between species, kinetics of uptake and elimination, and
fate of emerging contaminants of concern, to be addressed as well as the integration of
additional assessment endpoints such as survival, growth, and reproduction.
Since organisms cannot avoid contaminants in a bioassay system, laboratory
methods likely represent a worst-case exposure scenario. However, if the duration of
exposure is insufficient, bioaccumulation in the organisms may not reach steady-state. In
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addition, the degradation of water quality, crowding, lack of feeding or access to „fresh‟
sediment can place stress on test organisms or cause depletion of the contaminant. The
effect of these potentially confounding factors can be minimized through the selection of
proper exposure techniques. An unavoidable artifact of laboratory tests is the alteration
of chemical (redox) conditions in the sediment through collection, storage, and handling.
This has the potential to affect the bioavailability of certain contaminants, such as metals.
Another drawback of laboratory testing is that, depending on the experimental design,
large volumes of sediment may need to be collected, stored, and treated or disposed of.
Unlike toxicity test methods with sediment, bioaccumulation methods have not been fully
standardized and a variety of methods are in use, as will be discussed in Chapter 2.

1.5.3. Bioaccumulation models
Bioaccumulation models provide a rapid and cost-effective alternative for
estimating tissue concentrations. This approach is frequently used for initial screening
procedures or when direct measurements are not possible. However, accurate predictions
can be limited due to the complex interactions between the contaminant, sediment, and
organism. In general, there are two types of sediment bioaccumulation models, those
based on equilibrium-partitioning and those based on kinetics.
Equilibrium-partitioning (EqP) bioaccumulation models assume that a
thermodynamic equilibrium exists among the organism, sediment, and interstitial water.
Bioaccumulation of a contaminant is driven by the difference in chemical fugacity
(tendency to escape from a phase) between the organism and its environment. At
equilibrium, the fugacity of the compound is equal among the environmental
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compartments, and therefore the exact route of exposure is not needed to determine the
exposure (Di Toro et al. 1991). Steady-state concentrations are achieved in the organism
when there is a balance in the flux of the contaminant into and out of the organism. At
equilibrium and steady-state, bioaccumulation based on EqP can be expressed as a simple
partition coefficient or biota-sediment accumulation factor (BSAF), equal to the ratio of
the concentration of the contaminant in the organism to that in sediment. For many
nonpolar organic contaminants partitioning occurs between organic carbon in sediment
and lipid in the organism. If it is assumed that organic carbon and lipid are the only sinks
for these contaminants, the BSAF model is then calculated with tissue and sediment
concentrations normalized to lipid content and organic carbon, respectively. This
accumulation factor accounts for the difference in the fugacity capacity of the organic
carbon and lipid and should, in theory, be constant and independent of chemical,
sediment, and species.
Based on relationships between hydrophobicity of organic compounds and
partitioning between organic carbon and lipids, a theoretical value of 1.7 has been
suggested as the partition coefficient or BSAF for all compounds (McFarland and Clarke
1989). BSAFs less than 1.7 indicate less partitioning into lipids than predicted and
BSAFs greater than 1.7 indicate greater bioaccumulation than would be predicted based
on simple partitioning. Many studies have measured BSAFs far outside of the theoretical
range of 1-2 (Lake et al. 1990; Tracey and Hansen 1996; Wong et al. 2001). The
inability of EqP to accurately predict bioaccumulation may result from violation of the
assumptions of the model in that a chemical equilibrium does not exist, exposure
concentration is not constant, and partitioning is influenced by other factors than the
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concentrations of organic carbon and lipids. In addition, processes such as active uptake
from the gut or biomagnification can result in BSAFs greater than predicted by EqP and
slow desorption, biotransformation, or enhanced elimination of contaminants can result in
lower than predicted BSAFs. It has been suggested (Lee 1992; Wong et al. 2001) that the
BSAF models are best suited as screening tools and that an improved prediction of
bioaccumulation requires the use of kinetic models.
The kinetic approach to modeling bioaccumulation determines the net result of
uptake and elimination processes, the rates of which are modeled independently. Steadystate concentrations represent the mathematical limit of these models and are driven by
thermodynamics and active metabolic processes (Landrum et al. 1992). These models
are not bound by the assumption of thermodynamic equilibrium and can predict nonsteady-state concentrations. They are of particular use when evaluating exposure from
multiple routes or sources, changes in exposure concentration, or mechanisms affecting
bioaccumulation. Compartment-based models describe the movement of a contaminant
between compartments through first order rate constants or chemical fugacity. They have
been shown to provide better predictions than equilibrium-based models (Morrison et al.
1996) and can be applied in series for food web modeling (e.g. Thomann et al. 1992;
Gobas 1993; Morrison et al. 1997; Arnot and Gobas 2004). It is assumed that uptake and
elimination rates remain constant over time, which can be violated if physiological
changes occur in the organism or there are thresholds in metabolic processes (Lee 1992).
The disadvantage of these models is the need for large amounts of data, in that the
kinetics for each species and the factors which affect these need to be known. The data
used to generate these models, and therefore the determined coefficients, are conditional
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based on the experimental conditions of the study (Landrum et al. 1992). This may lead
to errors when applying a model to other regions, contaminants, or organisms.
Physiological- and energetic-based kinetic models describe contaminant accumulation in
relation to physiological processes. These models can be scaled to other species or body
sizes, although some modification of the model may be necessary to account for
physiological differences between vertebrates (fish) and invertebrates. Compared to
other models, these require the most data for development.
The purpose of predicting bioaccumulation in a particular species or trophic level
from sediment concentrations is to assess the relative movement of the contaminants into
the food web to model bioaccumulation and biomagnification and assess exposure of
organisms at higher trophic levels. It is evident that simple equilibrium-partitioning
models can not accurately predict bioaccumulation in all cases, however, as discussed by
Landrum et al. (1992), they serve as a point of departure and values deviating from
theoretical equilibrium indicate other processes are affecting uptake and elimination.
These models predict overall trends in relation to physicochemical factors and, as
previously mentioned, are best suited as screening tools to identify areas of high or low
potential for bioaccumulation/biomagnification. The more complex kinetic and
bioenergetics-based models can be applied to food web modeling in sites of more
immediate concern or to new and emerging contaminants of concern.
Regardless of the type of bioaccumulation model used, once developed, they
provide a rapid and cost-effective alternative for estimating tissue concentrations.
However, they must be used within the limits of their assumptions. Current models are
only effective for non-ionic organic compounds and cannot accurately predict the
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bioaccumulation or biomagnification of Hg (and other heavy metals) and organic
compounds that are degraded or metabolized (e.g., PAHs and DDT) or strongly sorbed to
particular components of sediment such as black carbon (e.g., as occurs with PAHs and
PCDD/Fs). Relatively little is known about the metabolism and biotransformation of
many compounds and, as a result, this mechanism may not be included or accurately
reflected in these models. This limits their predictive ability, particularly of tissue
residues bioaccumulated in organisms of higher trophic levels.
Data on bioaccumulation may be used for a number of purposes including
research, identifying and evaluating sediments for remediation efforts, assessment of
dredged material for disposal, screening and modeling procedures, and evaluating human
health risks including fish consumption advisories (U.S. EPA 2000a). The different
approaches discussed above often complement each other in terms of method validation
and answering specific questions; and are used at various stages in the risk assessment
process to estimate exposure and evaluate the effectiveness of remediation.

1.6.

Purpose and objectives of thesis
Laboratory methods for measuring the bioaccumulation of contaminants from

sediment have not achieved the same level of standardization as methods to assess the
toxicity of sediments (i.e., Environment Canada - EC 1997a; 1997b; U.S. EPA 2000b;
ASTM 2005). Currently, only laboratory bioaccumulation methods with the oligochaete
Lumbriculus variegatus are standardized (i.e., ASTM 2000, Annex 8; U.S. EPA 2000b)
and many researchers have used this species based on the published protocols. While
guidance for conducting laboratory bioaccumulation tests with invertebrates is offered by
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the ASTM (2000), the need to further standardize these methods and identify/develop
methods with additional species has been identified as a priority (ASTM 2000; U.S. EPA
2000a; 2000b). A bioaccumulation method (Bedard et al. 1992) with fathead minnows
has been used by the Ontario Ministry of the Environment (OMOE) for many years, and
though this method has been fairly effective for delineating zones of contamination, there
was a need to re-evaluate and standardize test procedures and expand the method to
include the use of invertebrate species. This was, in part, driven by recent changes under
the 2002 Canada-Ontario Agreement Respecting the Great Lakes Basin Ecosystem
(COA), with the development of a harmonized framework between the OMOE and
Environment Canada for assessing contaminated sediments in the Great Lakes.
The goal of the project was to develop and standardize methods for measuring
bioaccumulation in freshwater organisms exposed to field-contaminated sediments under
laboratory conditions. The methods to be developed needed to be robust, effective, and
meant for routine use in environmental monitoring programs and assessment of the
ecological risk of contaminated sediments. The research objectives and hypotheses
related to this thesis are outlined in the following section.

1. The first step in the process of development and standardization of a method was to
conduct a literature review of laboratory-based bioaccumulation methods with the
objective of identifying commonly used exposure techniques and test species, test
parameters to control, as well as data gaps. This formed the basis for a critical review
of bioaccumulation methods in Chapter 2 and was used to identify research needs
with respect to the development of a standard protocol.
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2. Development of a robust test method requires the evaluation and/or justification of
the exposure conditions and techniques selected for use. Chapter 3 provides
information on the development and standardization of the bioaccumulation method,
including testing of hypotheses concerning a major data gap with respect to exposure
techniques that was identified in Chapter 2. The objective of the research in Chapter
3 was to examine the effect of the density of organisms on bioaccumulation in the
three test species selected for the method development, as this test condition was very
inconsistent across the studies reviewed in Chapter 2. In particular, the goal was to
determine the importance of providing a certain ratio of total organic carbon in
sediment to dry weight of organisms, as this can have biological (bioenergetic
demands of organisms) and practical implications in a method. It was expected that
survival, growth, and tissue residues of organisms would differ across the loading
densities tested and that survival and growth of invertebrates would be adversely
affected when ratios of total organic carbon in sediment to dry weight of organisms
were relatively low due to their dependence on organic carbon in sediment as a food
source.
Null hypothesis: Survival, growth, and tissue residues of the contaminants of
concern will not be different between the loading densities tested for each
species.

3. There is increased support in using multiple species in sediment bioassays, but it has
been noted that an insufficient number of studies have been conducted to adequately
compare the bioaccumulation potential of a variety of test species across a range of
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contaminants and sediments. Different species may inherently vary in their
bioaccumulation potential due to their physiological and behavioural characteristics,
and this may also be influenced by contaminant and sediment type. Using the
refinements of the laboratory method identified in Objective 2, the objectives for
Chapter 4 were to validate the method through testing of environmental samples and
to assess the relative effectiveness of the selected test species for accumulating
different contaminants of concern from a variety of field-contaminated sediments. It
was hypothesized that tissue residues of the contaminant of concerns would differ
between the test species for the different sediments that were tested, due to their
specific behavioural and physiological differences. Data from these studies was
mined to examine bioaccumulation patterns of specific PCB and PCDD/F congeners
between species and across sediments. It was thought that differences in the
bioaccumulation of total PCBs or PCDD/Fs between species might be due to speciesspecific accumulation of certain congeners. Based on the assumptions of
equilibrium-partitioning and biota-sediment accumulation factors (BSAFs) as models,
it was expected that relative measures of bioaccumulation (i.e., BSAFs) in each
species would be similar across sediments for the same congeners.
Null hypothesis #1: There will be no difference in tissue residues of the
contaminants of concern between the three species, within each of the
sediments tested.
Null hypothesis #2: The relative difference in tissue residues between species
will not differ across PCB or PCDD/F congeners, within each of the
sediments tested.
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Null hypothesis #3: For each species, the BSAF for individual congeners will
not vary across the sediments tested.

4. Field-validation of laboratory methods is necessary if quantitative estimates of
exposure are to be confidently used in ecological risk assessments and in making
regulatory decisions. The objectives of Chapter 5 were to compare bioaccumulation
data from the laboratory studies conducted as part of Objective 3 with field data
(caged mussels and collected young-of-the-year fish) from the sites sampled for
laboratory testing. Based on whether changes in concentrations of contaminants had
occurred at the sites between the field and laboratory studies, it was hypothesized that
either absolute or relative estimates of bioaccumulation would be the same between
field- and laboratory-exposed organisms.
Null hypothesis: Tissue residues or BSAFs of the contaminants of concern for
each site would not differ between the field and laboratory for fish or
invertebrates.

5. Kinetic information regarding the uptake and elimination of various compounds is
important to both improve predictive models and evaluate the appropriateness of
exposure duration in a bioaccumulation test. This information has been generated for
a select number of compounds and mostly with the oligochaete Lumbriculus
variegatus. The critical review in Chapter 2 identified the need to expand these types
of studies to include other organisms that are appropriate for bioaccumulation testing
(e.g., insects, amphipods, and fish). The objective of Chapter 6 was to assess the

22

appropriateness of 28 d for assessing steady-state concentrations, since data was
lacking for two of the three selected test species. The kinetic uptake and elimination
of PCBs (total and congeners) from field-collected sediment was measured in each
species, using the laboratory protocol developed in Chapter 3 with modifications
where necessary. Individual PCB congeners were also examined to infer
relationships between bioaccumulation and chemical-specific properties, such as
hydrophobicity.
Null hypothesis #1: For each species, there will be no difference in the ratio
(i.e., BSAF) of measured concentrations in tissue on d-28/concentration in
sediment and uptake/elimination rates for total PCBs.
Null hypothesis #2: For total and PCB congeners, the apparent time to steadystate (i.e., 95% of theoretical steady-state concentrations) will not be greater
than 28 d and will not differ between species.
Null hypothesis #3: Kinetic parameters of the individual PCB congeners will
not differ with the hydrophobicity of the compound.
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2.

MEASURING BIOACCUMULATION OF CONTAMINANTS FROM
FIELD-COLLECTED SEDIMENT IN FRESHWATER ORGANISMS: A
CRITICAL REVIEW OF LABORATORY METHODS

2.1.

Abstract
To be effective, decision-making frameworks require data from robust and

reliable test methods. Utilizing standard methods allows for more effective comparison
between studies, application of data, and reduces unnecessary duplication of efforts.
Laboratory methods to assess the toxicity of sediment have been standardized and
extensively used; however, procedures for measuring the bioaccumulation of
contaminants from sediment into aquatic organisms need further standardization.
Bioaccumulation methods using freshwater invertebrates and fish exposed to fieldcontaminated sediment were reviewed to identify important similarities and differences in
method protocols, test conditions that need to be controlled, and data gaps. Although
guidance documents are available, we suggest that there is still great variation in
exposure techniques used in tests, which may potentially affect the estimation of
bioaccumulation. The techniques most consistent across studies include the use of
Lumbriculus variegatus as a test species, test temperatures between 20 to 25°C, and a 28d exposure with no addition of food, followed by purging of organisms. Issues that were
inconsistent between studies or remained unspecified, which should be addressed include
the bioaccumulation potential of other test species, loading density of organisms, and
sediment-to-water ratio. In addition to proper evaluation of the various exposure
techniques and conditions, there is a need for more consistent inclusion of quality control
procedures during testing.
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2.2.

Introduction
Contamination of sediment in freshwater ecosystems, due to the historical and

present release of persistent and toxic substances, is considered a major environmental
concern for aquatic systems (International Joint Commission 1985; U.S. EPA 2002a).
The physicochemical properties and persistent nature of many contaminants of concern
(e.g., PCBs, dioxins and furans, DDT, and mercury) has resulted in their accumulation
within sediment. Not only may these substances be toxic to benthic organisms, many can
be transferred from the sediment into benthic organisms and fish and further up the food
chain to fish-eating birds, wildlife, and humans through bioaccumulation and foodweb
biomagnification. Although emissions to water and the atmosphere have been reduced
because of environmental regulations and the production and use of some substances is
banned (e.g., PCBs, DDT, some PBDEs), the sediment now serves as a source of many of
these contaminants (U.S. EPA 2002a). In addition, there are new and emerging
contaminants of concern such as PBDEs and perfluorinated substances that have not
historically or routinely been measured or detected in the sediment. While exposure to
environmentally relevant concentrations of these contaminants may not be acutely lethal,
they have the potential to induce sublethal effects such as reproductive and
developmental impairment, endocrine disruption, tumor formation, and cancer (CCME
Lee 1992; 1999a; Senthilkumar 2005; Talsness 2008).
In addition to the physicochemical characterization of sediment, toxicity testing,
and surveys of benthic community, an assessment of the bioaccumulation and/or
biomagnification potential of contaminants has been identified as crucial to the risk
assessment process (Franke et al. 1994; Feijtel et al. 1997) and has now been
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incorporated into decision-making frameworks for contaminated sediment (Grapentine et
al. 2002; Chapman and Anderson 2005). Bioaccumulation of contaminants from
sediment can be directly measured through the collection of organisms from the field,
transplant studies, and laboratory tests, or it can be predicted using models. Each tool has
applications and limitations based on the questions being addressed, the levels of
certainty required, and the stage of the risk assessment or site remediation, as noted by a
number of authors when discussing the approach to bioaccumulation assessment
(Landrum et al. 1992; Lee 1992; Pauwel and Sibley 2002). As the demand for robust and
cost-effective tools to use in ecological risk assessment and regulatory decision-making
increases, there is also a need to standardize procedures for assessing bioaccumulation to
ensure studies are comparable. Laboratory methods to assess the toxicity (i.e., impact on
growth, survival, and reproduction) of sediments have been standardized and extensively
used (EC 1997a; 1997b; U.S. EPA 2000b; ASTM 2005); however, laboratory methods
for measuring the bioaccumulation of contaminants from sediment have not achieved the
same level of standardization.
Numerous laboratory studies have examined the bioaccumulation of contaminants
from field-contaminated sediment using a variety of test organisms. Some studies are
research-based and focus on a specific organism, compound, route of exposure, and/or
hypothesis (Harkey et al. 1995; Drouillard et al. 1996; Van Hoof et al. 2001; You et al.
2007; McLeod et al. 2008). Other studies are more applied and include the development
and evaluation of methods applied broadly to regulatory and monitoring programs (Mac
et al. 1984; Mac et al. 1990; Ankley et al. 1992; Phipps et al. 1993) and subsequent
environmental monitoring (Ingersoll et al. 1994; Pickard et al. 2001; Hyotylainen and
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Oikari 2004). General guidance for conducting a 28-day bioaccumulation test with the
oligochaete Lumbriculus variegatus is offered by the ASTM (2000, Annex 8) and the
U.S. EPA (2000b). However, even these protocols note that additional research is needed
on the standardization of bioaccumulation procedures with sediment. The identification
of additional species for bioaccumulation methods and development of these methods is
also considered a high priority with respect to research needs (U.S. EPA 2000a).
Although bioaccumulation data are frequently generated and applied on a sitespecific basis, the use of standardized laboratory methods enables contaminated sites to
be compared to each other on a scientifically defensible basis and accurately ranked with
respect to priority of clean-up and effectiveness of remediation. Standard methods that
have undergone proper development and validation are likely to improve the translation
of laboratory data to the field, thereby strengthening ecological risk assessments and
regulatory decision-making. As part of its commitments to the Canada - Ontario
Agreement, the OMOE has undertaken work on the development and standardization of
laboratory bioaccumulation methods with freshwater organisms and field-contaminated
sediments. The first step in this process was to evaluate the current and historical
application of methods for measuring bioaccumulation for the purposes of research or
field assessments and this forms the basis of this review.
Within method development, a number of factors related to experimental design
should be considered to ensure data of the highest quality and consistency are produced.
Many of these factors have been assessed and standardized in sediment toxicity methods,
and also are relevant to methods for measuring bioaccumulation (Burton 1991). General
guidance for determining the bioaccumulation of sediment-associated contaminants in

27

benthic invertebrates (freshwater and marine) has been included in an ASTM standard
(2000). The ASTM guide includes discussion of the collection, storage, and preparation
of sediment, the selection and handling of test organisms, experimental design
(replication, duration, and sampling), and test procedures (including purging versus nonpurging). It provides specific recommendations regarding test species, exposure
conditions, and test duration, but lacks sufficient guidance on amounts of sediment to use,
sediment-to-water ratios, and assessment of survival and growth in organisms as
performance-based measures of test acceptability. Much of the guidance is based on
techniques used in successful bioaccumulation studies and expert opinion rather than
experimental comparisons of different techniques (as stated in ASTM 2000).
The purpose of the present review is to provide a critical evaluation of laboratory
methods used for measuring the bioaccumulation of sediment-associated contaminants in
aquatic organisms. The goal is to identify important similarities and differences between
methods, test parameters that are and need to be controlled, and data gaps, so that robust,
effective, and standardized test methods can be developed for routine use in
environmental monitoring programs and ecological risk assessment of contaminated
sediments. Herein we specifically review bioaccumulation methods using freshwater
organisms exposed to field-contaminated sediments, as these are the intended
applications of the method to be used by the OMOE. Standard methods for assessing the
toxicity of sediments will only be discussed in terms of their relevance to
bioaccumulation methods.
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2.3.

Methods
A thorough search of the literature was conducted to obtain bioaccumulation

methods using freshwater organisms exposed to sediment from North American and
European publications between 1980 and 2008. Over 150 studies were identified. The
focus of the literature search and thus criteria for inclusion of studies for the review were
those that used laboratory methods to measure bioaccumulation of persistent organic
pollutants and/or heavy metals (i.e., As, Cd, Hg) from field-contaminated sediments into
freshwater invertebrates or fish. This resulted in the selection of 22 studies for inclusion
and detailed review. Many of the bioaccumulation studies found in the literature used
spiked sediment. These studies typically use very specific analytical procedures designed
to answer specific research questions that may not easily translate to methods applied in a
regulatory context or to routine monitoring of environmental samples. Therefore, studies
using spiked sediment are discussed only to elaborate on different aspects of
experimental design.
In the present review, we focus on a number of factors that could potentially
affect estimation of bioaccumulation, particularly those related to test species and
techniques for exposing test organisms. A thorough discussion of procedures carried out
on sediment prior to exposure, statistical design, and both abiotic and biotic sampling is
found in the ASTM guide (2000) and has therefore not been included in this review. In
addition, these considerations may be specific to each study. However, considerations of
quality control procedures, experimental controls, and treatment of data are included as
these are more universally applied across studies and there remains some discrepancy as
to how these are addressed in the ASTM guide (2000). Each study was reviewed for
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information regarding test species, exposure techniques and test conditions, physical and
chemical analyses, test endpoints, and treatment of the data (Appendix – Table 2.1) that
were judged to be important for the characterization of bioaccumulation (and are
typically covered in standard test methods). The most important test conditions of each
method are listed in Appendix – Table 2.2; the trends are summarized in Figure 2.1, and
have been grouped according to major influencing factors (capitalized headings on the Yaxis of Figure 2.1) to help organize the ensuing discussion.

2.4.

Factors influencing characterization of bioaccumulation

2.4.1. Test organism
The success, ecological relevance, and interpretation of a bioaccumulation test
can be greatly influenced by the choice of test species (ASTM 2000). The selection of
freshwater species for use in sediment toxicity testing has been extensively reviewed
(Giesy and Hoke 1989; Burton 1991; Ingersoll et al. 1995) and many of the selection
criteria also apply to organisms used in bioaccumulation tests. These include: easy of
culture or ability to maintain in the laboratory and availability for testing at any time,
contact with sediment (through feeding and/or behaviour) to assess the appropriate route
of exposure, ecological importance, tolerance of a range of sediment physicochemical
characteristics (particle size and organic carbon), and response confirmed with that of
benthic populations. The ASTM guide (2000) lists two required characteristics for a
bioaccumulation test organism as the ingestion of sediment, as this is often the major
route of uptake for hydrophobic compounds, and the ability to survive the exposure. This
latter requirement limits the use of some sensitive species routinely used in sediment
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toxicity testing (Hyalella azteca is sensitive to metals), particularly for sediments with
high concentrations of contaminants. Desired characteristics are that organisms should
be amenable to the long-term exposures required to reach equilibrium conditions (e.g.,
chironomids with short life cycles may not be appropriate) and should supply sufficient
biomass, either as individuals or a logistically reasonable number of individuals, for
chemical analysis (ASTM 2000). The guide also recommends using species with high
bioaccumulation potential. That is, organisms with high lipid content will typically
accumulate a greater amount of hydrophobic contaminants and those with minimal ability
to metabolize and biotransform contaminants (e.g., PAHs) are preferred. However, the
ASTM guide also notes that there have been an insufficient number of tests comparing
multiple species (in individual exposures) to adequately characterize the bioaccumulation
potential of a range of species over a range of contaminants.
A variety of freshwater species have been rated by Ingersoll et al. (1995) and the
ASTM (2000) with respect to the selection criteria or characteristics of the organism as
discussed above. Both recommend the oligochaete Lumbriculus variegatus as a primary
organism for bioaccumulation tests since it meets many of the selection criteria. Other
organisms such as mollusks, midges, mayflies, amphipods, cladocerans, and fish are
considered secondary species because of indirect routes of exposure, size, sensitivity, or
short life spans. Many of these organisms are represented in the bioaccumulation studies
included in the present review (Table 2.1).
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Table 2.1 Organisms used in reviewed bioaccumulation studies with field-contaminated
sediment.
Organism
Oligochaetes
Lumbriculus variegatus
Limnodrilus hoffmeisteri and
Tubifex tubifex (mixed)
Lumbriculus terrestris
Octolasion tyrtaeum
Amphipods
Hyalella azteca
Insects
Hexagenia spp.
Other
Corbicula fluminea
Fish
Pimephales promelas
Perca flavescens

No. of studies

% of total
59

13
1
1
1
7
2
7
2
7
2
19
4
1

2.4.1.1.Invertebrate species
Oligochaetes represent almost 60% of the test organisms used in bioaccumulation
tests, with L. variegatus being the most frequent. This species of oligochaete meets many
of the requirements of a test organism as it is exposed to contaminants through burrowing
and ingestion of sediment, is easily cultured, and tolerant of a range of sediment
characteristics. Lumbriculus variegatus has been observed to biotransform PAHs, such
as pyrene and benzo[a]pyrene, albeit slowly (Leppänen and Kukkonen 2000b; Schuler et
al. 2003; Lyytikäinen et al. 2007), and to a much lesser degree than H. azteca and
Chironomus dilutus (formerly C. tentans) (Schuler et al. 2003). Lumbriculus variegatus
are small (5-12 mg), thereby requiring large numbers of organisms to attain sufficient
biomass for chemical analysis. They reproduce rapidly and asexually through
fragmentation, which is advantageous for culturing; however, ingestion of sediment and
active uptake of contaminants may not take place continuously throughout a test while
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portions of the body are regenerated. Lumbriculus variegatus is the species of choice in
the ASTM (2000) and U.S. EPA (2000b) bioaccumulation protocols upon which a
number of other studies have been based (Ingersoll et al. 2003; Ciparis and Hale 2005;
You et al. 2007).
Other, less frequently used invertebrate species include H. azteca, Hexagenia
spp., and Corbicula fluminea (Table 2.1). The amphipod H. azteca is a standard test
species in sediment toxicity methods (EC 1997a; U.S. EPA 2000b; ASTM 2005) due to
its ecological importance and sensitivity to contaminants, particularly metals. However,
the sensitivity and small size of this epibenthic species make it difficult to use in
bioaccumulation testing. Studies using H. azteca included in the present review, only
examined the uptake of metals, which has much smaller sample size requirements for
analytical purposes than organic compounds.
Hexagenia spp. mayfly nymphs reflect an appropriate route of exposure since
they burrow into and ingest sediment. In addition to providing adequate biomass,
nymphs naturally inhabit the sediment for a year or more and are thus suited for longterm exposures. Many researchers have avoided using Hexagenia spp. because they
cannot be continuously cultured in the laboratory and field-collected nymphs are not
available year round. However, eggs have been collected in the field from emerged
adults, stored, then hatched and reared in the laboratory with good success (Hanes et al.
1990; Bedard et al. 1992). Hexagenia spp. nymphs have been shown to demonstrate a
preference for finer grained sediments in which burrows can be maintained (Wright and
Mattice 1981). Sampling of organisms in the field has shown that Hexagenia spp.
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nymphs have higher body burdens of contaminants (PAHs and PCBs) than dreissenid
mussels, amphipods, and crayfish (Gewurtz et al. 2000).
Freshwater mussels are also suited for bioaccumulation testing in that they
provide sufficient biomass, are easy to handle, and relatively long-lived. These features
and their sedentary lifestyle have lead to their extensive use in field studies as part of
environmental monitoring programs (e.g., Mussel Watch). Continuous cultures cannot be
maintained in the laboratory; therefore, adult mussels must be collected from the field
and held in the laboratory for testing or juveniles may be propagated by collection of
larvae from gravid females. Exposure may be uncertain due to valve closure, and filterfeeders, such as C. fluminea, typically accumulate much lower concentrations of
contaminants than other organisms (Lake et al. 1990; Mac et al. 1990; Pickard and Clarke
2008).
While small invertebrates including midges, snails, isopods, and other amphipods
have life history and practical characteristics that limit their utility in bioaccumulation
assessments with field-contaminated sediments, radiolabeled analytical techniques that
require much smaller sample sizes have enhanced their use in assessments with spiked
sediments (Carlson et al. 1991; Lotufo et al. 2001; Gaskel et al. 2007).

2.4.1.2.Fish
The fathead minnow, Pimephales promelas, was the second most frequently used
test organism in the bioaccumulation studies we reviewed (Table 2.1). This species has
been used extensively in toxicity testing and is one of the fish species listed in an ASTM
guide for bioconcentration tests (2003). While most fish typically interact with sediment
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to a much lesser extent than burrowing invertebrates they do offer some unique
advantages as suggested by Mac and Schmidt (1992). Fish often resuspend sediment,
increasing availability of contaminants. They may integrate several routes of exposure
by accumulating contaminants dissolved in the water (through gills and skin) and through
the ingestion of food and sediment. Fish provide adequate tissue mass with high lipid
content, are easily collected or caged in the field for comparison, and are of direct
concern regarding the transfer of contaminants to higher trophic levels. When exposed to
sediment, minnows often accumulate much different concentrations of contaminants than
do oligochaetes (Willford et al. 1987; Mac et al. 1990; Ankley et al. 1992). In addition to
the route of exposure and lipid content, and in contrast to invertebrates, fish also may
readily metabolize or transform certain compounds (PAHs, Varanasi et al. 1989) or
require more time to reach steady-state conditions. In a study by Ankley et al. (1992),
larval fathead minnows, exposed in the laboratory for 30 d, accumulated PCBs to a much
lesser extent than field-collected black bullheads. This was probably due to the different
life stages, and thus behavior and relative exposure, of these fish. However, this was not
considered in the authors‟ discussion of differences in bioaccumulation and they
suggested that, under these conditions, laboratory bioaccumulation tests with fish could
significantly underestimate exposure of species in the field. This stresses the importance
of the selection of an appropriate type of test organism, as well as the appropriate life
stage, based upon the route of exposure to be assessed.
As in toxicity testing, no one species is best suited to assess all possible
environmental conditions encountered in routine bioaccumulation testing. Different
species may vary in their bioaccumulation potential, which may be influenced by
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contaminant and sediment characteristics. Pauwel and Sibley (2002) noted that many
studies assessing sediment toxicity do not justify their selection of test species and often
base their choice on recognized protocols and guidelines, convenience and availability,
and experience with the organism. They suggest that the use of a few widely adaptable
species would allow for comparison of toxicity and/or bioaccumulation under different
environmental conditions. There is much support in the literature for a battery of tests
with multiple species representing different taxa, trophic levels, and routes of exposure
(Giesy and Hoke 1989; Burton 1991; Burton et al. 1996; ASTM 2000). It has been
suggested that the most comprehensive assessment of bioaccumulation includes both
benthic invertebrates and fish species that have some association with sediment (Mac and
Schmidt 1992). The use of two or more species from different major taxa increases the
probability of measuring maximum tissue residues and has been recommended for
assessing moderate to large discharges or dredging operations (ASTM 2000) and in
regulatory testing (U.S. EPA 2000a). Currently, only bioaccumulation methods with L.
variegatus have been standardized (by ASTM 2000; U.S. EPA 2000b) and many
researchers have used L. variegatus based on these protocols. Yet, this raises the
question of whether the risk characterization of bioaccumulative compounds should be
based on one organism, particularly when the bioaccumulation potential between species
has not been sufficiently compared. This need should be addressed, since toxicity and
bioaccumulation data from comparative testing of several species may be essential to
provide greater ecological relevance to assessments of sediment quality and potential for
bioaccumulation.
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TEST ORGANISM
oligochaetes
fish
amphipods
insects
other
TEMPERATURE (°C)
20-25
<20
DURATION (days)
<10
10-21
28-33
52+
TEST TYPE
renewal
flow-through
static
SEDIMENT: WATER
not specified
≤1.2
1:3-1:5
1:20+
DENSITY*
not specified
volume
total organic carbon
mass
FEEDING
no
yes
PURGING
yes
no
PURGING TIME
not specified
6-8h
~24h
≥48h
CONTROL DESIGN
control
pre-exp or ref
none
TISSUE DATA
dry weight
wet weight
not specified
ENDPOINTS
bioaccumulation
+ survival, growth
+ survival
+ growth

0

20

40
60
frequency (%)

80

100

Figure 2.1 Analysis of test conditions used in reviewed bioaccumulation methods.
*standardized to sediment volume, total organic carbon, or mass. Numbers under each
heading (capitalized) sum to 100%.
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2.4.2. Exposure techniques
A number of factors related to exposure, including duration of exposure, test
temperature, quality of the overlying water, feeding, loading density of organisms, and
purging, have the potential to influence the interpretation of results from bioaccumulation
studies. Herein we discuss these key factors, placing special emphasis on exposure
techniques.

2.4.2.1.Duration of the test
The exposure duration of a bioaccumulation test is considered a critical aspect of
experimental design (U.S. EPA 2000a) and may vary, depending on the objectives. Tenday tests were previously deemed sufficient for estimating the bioavailability of
contaminants in dredged material for ocean disposal (U.S. EPA 1991). However, 28-d
tests are now required in these assessments if organic and organometallic compounds are
present. Estimates of steady-state concentrations in tissue are necessary for evaluating
risks to wildlife and human health, including advisories for consumption of fish. The
time required to achieve steady-state can vary with compound, sediment quality
parameters (e.g., organic carbon), and the metabolic capacity of the organism. Twentyeight days has been proposed as a standard exposure period as this typically results in
tissue residues within 80% of steady-state concentrations and provides a much better
estimate than 10-d tests (ASTM 2000). It cannot be assumed that steady-state conditions
will be reached in 28 d and a longer exposure or kinetic approach may be necessary for
estimates that are more accurate (Mac and Schmidt 1992). However, long-term tests may
be influenced by a change in concentration of the contaminant, reduction of water
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quality, and loss of biomass or lipid in the test organisms. Kinetic experiments are also
more costly as they require greater laboratory and analytical resources and/or the use of
radiolabeled material, of which the latter is not applicable to field-collected sediments.
Of the bioaccumulation studies reviewed, the majority of tests were 28-33 d in
length (Figure 2.1). Other tests were typically between 10-21 d or ≥ 50 d. Exposure
period was not necessarily related to the contaminant of concern (i.e., metals versus
organic compounds). The appropriateness of an exposure in representing steady-state can
be assessed using time-series sampling or field validation. Concentrations in tissues of
laboratory-exposed organisms can be compared to organisms collected in the field (with
the sediment), which are assumed to be at steady-state. However, differences between
laboratory- and field-exposed organisms may not only be due to the length of exposure,
but to changes in sediment composition due to sampling, processing, and storage,
differences in temperature affecting metabolic rates, and differences between species and
their behavior.
Drouillard et al. (1996) used a kinetic approach to evaluate the uptake of fourteen
PCB congeners and several other organochlorine compounds in Hexagenia limbata
nymphs. They found that tissue concentrations of all the chemicals reached 95% of
steady-state concentrations within 32 d. In a 14-d test with L. variegatus, Van Hoof et al.
(2001) observed three different patterns of PAH accumulation. Bioaccumulation of low
molecular weight PAHs was rapid initially, peaked between 2 to 4 d and then declined,
with only a few compounds approaching steady-state. Other PAHs peaked at 7 d,
followed by a gradual decline and high molecular weight PAHs had a sigmoidal uptake
curve with no peak or approach to steady-state observed. Similarly, Harkey et al. (1995)

39

observed a peak at 2 to 4 or 14 d for low and high molecular weight PAHs, respectively,
followed by a decline in tissue concentrations in L. variegatus, without reaching steadystate in 28 d. Ingersoll et al. (2003) conducted a 56-d bioaccumulation test with L.
variegatus exposed to sediments contaminated with PAHs and DDT and its metabolites.
They also observed a peak in low molecular weight PAHs on d-3, followed by a decline
and plateau. Other PAHs, as well as DDE and DDD, appeared to reach steady-state
between 14 and 28 d. This study also compared steady-state concentrations from
laboratory exposures with field-collected oligochaetes, and found that concentrations in
tissue were similar. Other comparisons of 28- to 30-d laboratory exposures with fieldcollected oligochaetes found that organisms accumulated similar concentrations of PAHs
(Brunson et al. 1998) and PCBs (Ankley et al. 1992). However, it was observed that
concentrations of highly chlorinated PCB congeners (hepta to deca) were slightly higher
in field organisms, suggesting that 30 d was insufficient for these very hydrophobic
compounds (log KOW >7) to reach steady-state in the laboratory (Ankley et al. 1992).
An apparent strength of the studies we reviewed is that length of exposure was
similar (60% were 28-33 d), thus reducing the influence of an important variable between
studies. This is of particular importance, as bioaccumulation data generated through
environmental and regulatory monitoring programs may be used for comparing different
sites. However, some uncertainty remains as to how representative a 28-d exposure is of
steady-state conditions, particularly for high KOW compounds or organisms such as fish.
None of the studies assessed kinetic uptake in fish and it appears that recent research has
tended to focus on benthic invertebrates in bioaccumulation tests with sediment.
Elimination rate is considered the key factor determining the time to steady-state for a
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compound in an organism. Little of this data had been generated for benthic
invertebrates at the time the ASTM method was initially developed and the selection of
28 d appears to be based on contaminant uptake (see table 4 p. 1096 in ASTM 2000).
Recent studies have added to our understanding of kinetics by measuring both uptake and
elimination for compounds such as PBDEs (Leppänen and Kukkonen 2004; Ciparis and
Hale 2005) and PAHs (Leppänen and Kukkonen 2000a, b) in L. variegatus, and DDT in
amphipods (Lotufo et al. 2001) from spiked sediments. These and the previously
discussed studies, however, are limited to a few species and few compounds (and do not
include dioxins and furans). In general, it appears that 28-d is an appropriate standard (or
minimum) duration for conducting routine bioaccumulation tests with invertebrates. A
series of kinetic studies assessing the major classes of contaminants with a few distinct
groups of species would support and/or improve the selection of a standard duration for
bioaccumulation tests.

2.4.2.2.Temperature
Temperature is generally strictly controlled under laboratory conditions to limit its
influence on test results and facilitate comparison between studies. Temperature not only
affects the bioavailability of a compound via partitioning processes, but also metabolic
activity, and thereby uptake and elimination rates, of an organism. However, the
selection of a single temperature at which to conduct toxicity or bioaccumulation tests is
arguably arbitrary and ecologically irrelevant because organisms under natural conditions
are exposed to daily and seasonal temperature fluctuations. It has been suggested that
test temperatures should correspond to the average spring-summer temperature of a study
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site to represent the most biologically active season (ASTM 2000), but this approach is
difficult to apply in monitoring programs covering a wide range of geographical
locations. More importantly, the temperature must meet the physiological requirements
of the organism, and often the temperature at which maximum growth or reproduction
rates occur is selected for culturing and testing. More than 80% of the studies we
reviewed were conducted between 20 and 25°C (Figure 2.1), with 13°C being the lowest
temperature used. The ASTM and U.S. EPA standard methods for measuring
bioaccumulation in L. variegatus are conducted at 23°C. Standard methods for assessing
the toxicity of sediments to H. azteca and Chironomus spp., and effluent to P. promelas,
are also typically conducted between 20 and 25°C. The test species used in
bioaccumulation tests discussed in the previous section are not considered cold-water
species and likely function effectively at these temperatures. Very few, if any, of the
studies we reviewed justified the selection of a test temperature, and choices were likely
based on existing methods for toxicity testing. Continued use of the test temperature
recommended in the ASTM and U.S. EPA bioaccumulation methods will facilitate
comparison between studies, whether methods are research-based or applied. However,
the uncertainty associated with the extrapolation of laboratory data to the field may be
greater when temperatures are different. Studies comparing bioaccumulation in the
laboratory and field at the same temperatures should also be considered to address this
uncertainty.
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2.4.2.3.Quality of the overlying water
It is extremely important to maintain an acceptable quality of overlying water in
sediment tests. The biological oxygen demand of sediment can deplete dissolved oxygen
(DO) and concentrations of ammonia and hydrogen sulfide can increase, adversely
affecting survival. This may confound the true toxicity of sediments and potentially
affect estimates of bioaccumulation. Attempts to maintain water quality include the use
of flow-through or renewal conditions, aeration, and large volumes of overlying water, as
discussed below. The ASTM (2000) and U.S. EPA (2000b) standard methods support
the use of both flow-through and renewal methods.
The most widely accepted approach to maintain water quality is to use flowthrough conditions. However, the apparatus required for this (e.g., diluter) can be
expensive and the quality (temperature and DO) of the inflowing water must be
controlled. Depending on flow rates, large volumes of wastewater may need to be
collected and treated, and contaminants could be flushed from the system, particularly
when sediment is suspended via bioturbation. This may be less of a concern for highly
hydrophobic compounds that do not readily partition into water, unless these compounds
are also associated with suspended particulates. Flushing of contaminants may be more
important for metals and organic compounds with low KOW (<4). Static tests have no
introduction of clean water and require aeration of overlying water in each vessel. Water
quality, including concentration of the chemical(s) of interest, can change during the
exposure, but chemical concentration is more likely to reach equilibrium between water
and sediment in the closed system. With either of these two methods, flow and/or
aeration should be sufficient to maintain levels of dissolved oxygen above 2.5 mg/L or
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40% saturation and ammonia less than 20 µg/L (ASTM 2000). A third option to
maintain water quality is intermittent water renewal, an approach that limits the amount
of turnover and flushing of contaminants from the exposure system. The frequency of
water exchange ranges from 400% per d to 50% water change once a week, but is
suggested to be minimal to reduce changes in exposure of organisms (Ankley et al.
1993). However, this intermittent addition of clean water has the potential to prevent a
system, and thus the test organisms, from reaching equilibrium (Borgmann and Norwood
1999).
The frequency of use of static, flow-through, or renewal conditions in the methods
we reviewed was 24, 32, and 44%, respectively. In addition, the exposure system used
was not based on the contaminant of concern being measured (i.e., metals versus
hydrophobic organic compounds). From a practical standpoint, static tests provide the
greatest flexibility with test set-up and require the least maintenance. Since a static test is
a closed system, exposure to contaminants from sediment or overlying water (through
diffusion from sediment) cannot be separated, which reflects a potentially worse-case
exposure scenario. Flushing of contaminants from sediment in flow-through or renewal
systems may decrease exposure of test organisms, however tissue residues may better
reflect bioaccumulation from sediment (as the sole route of exposure). Whether this
results in significant differences in bioaccumulation is uncertain and may be more of a
concern for interfacial species since burrowing organisms typically receive a greater
proportion of their exposure from sediment or interstitial water (U.S. EPA 2000b).
The use of larger volumes of overlying water, particularly within static tests, can
also minimize the degradation of water quality. In addition, this allows the collection of
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water for chemical analysis and can reduce crowding if water-column species such as fish
are used. Differences in the ratio of sediment and overlying water can potentially
influence partitioning and bioaccumulation, and a consistent ratio should be maintained
between tests. Standard toxicity methods with freshwater sediment use a sediment to
water ratio of 1:1.75 (v/v) (EC 1997b; 1997a; u.S. EPA 2000b; ASTM 2005), although
this is currently under review (Minutes of the 2008 Inter-Governmental Ecotoxicological
Testing Group annual meeting; Saskatoon, SK, Canada). A 1:4 ratio (wet v/v) is used in
OMOE sediment methods (Bedard et al. 1992), as well as standard marine methods
(ASTM 2008). However, there is no discussion of sediment to water ratios in the
bioaccumulation methods of the ASTM (2000) or U.S. EPA (2000b). In the
bioaccumulation studies we reviewed, the ratio of sediment to water used ranged from
1:1 to 1:1000, with approximately 30% of studies using a ratio between 1:3 and 1:5
(Figure 2.1). Some studies specified a particular ratio while, for others, this was
calculated a posteriori from the volumes of sediment and water used. In 45% of the
studies, this ratio could not be determined because the volume of water was not specified.
This is a major limitation in terms of repeatability of the experiments, and comparison
with other studies. Some studies have examined the effects of different ratios of
sediment and water on toxicity to H. azteca (Borgmann and Norwood 1999 and T.
Watson-Leung, OMOE, Etobicoke, ON, Canada, 2005 unpublished data), but not for
bioaccumulation testing. While somewhat arbitrary, a 1:4 ratio in our experience
provides a sufficient amount of overlying water to minimize degradation of water quality
and for chemical analysis. It also enables practical volumes while working within the
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confines of widely available test vessels. Using a consistent ratio of sediment to
overlying water is another simple step towards the standardization of methods.

2.4.2.4.Feeding
The addition of food is a standard practice in toxicity tests with H. azteca and
Chironomus spp. to ensure acceptable survival and growth in control exposures (Ankley
et al. 1994). In contrast, feeding has been discouraged in bioaccumulation tests as
organisms may preferentially ingest the food instead of sediment, reducing the uptake of
contaminants (ASTM 2000). Harkey et al. (1997) observed that fed H. azteca
accumulated higher concentrations of fluoranthene from spiked sediment than unfed
organisms after 96 h at all concentrations and up to 30 d in exposures to low
concentrations. However, the health of the unfed organisms may have been
compromised, as there was essentially no growth throughout the 30-d test. Organisms
were not fed in the majority (73%) of the studies we reviewed; those receiving food
included non-sediment-ingesting species, such as P. promelas, H. azteca, and C.
fluminea. Feeding these organisms may be necessary to prevent them from entering a
state of starvation metabolism, thereby affecting rates of bioaccumulation. The necessity
of feeding relates back to the selection of a test species most appropriate for assessing
uptake of contaminants from sediment, in that organisms that ingest sediment are best
suited to assess this route of exposure. However, if study objectives include the use of
these non-sediment-ingesting species, feeding should be at a minimum to prevent high
growth rates potentially resulting in growth dilution, and/or fouling of water.

46

2.4.2.5.Amount of sediment/organism loading density
Sediment serves as both a habitat and food source for benthic species. In
bioaccumulation tests, the depth and surface area of sediment should allow normal
feeding and burrowing behavior, which may depend on the requirements of different
(sized) species. The amount of sediment should ensure a sufficient supply of food and
that contaminants are not depleted over the time of the test. It has been suggested that
this amount should exceed, by 2- to 5-fold, the total amount of sediment processed by a
species over the test duration (ASTM 2000). However, this requires knowledge of the
processing rates of particular species which can vary with sediment grain size and content
of organic carbon (Leppänen 1995; Leppänen and Kukkonen 1998a). Kukkonen and
Landrum (1994) unexpectedly observed that bioaccumulation of pyrene by L. variegatus
increased with increasing density of animals, suggesting that the animals were not
depleting the available contaminant in 14-d tests. Lyytikäinen et al. (2007) transferred L.
variegatus into fresh sediment at regular intervals over 12 d to investigate the depletion
of the rapidly desorbing (labile) fraction of PAHs from sediment and pore water and
found that this had a minor effect on bioaccumulation compared to organisms that were
not transferred to fresh sediment. Therefore, there remains a need to standardize the
amount of sediment that should be used in a bioaccumulation test.
In the studies we reviewed, we assessed whether sufficient information was
provided to determine the loading density of organisms based on biomass. The amount
of biomass is important due to the requirement of obtaining a sample size adequate for
tissue analysis. In studies that listed the number of organisms exposed, but gave no
indication of the size of organisms, loading density could not be determined.
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Additionally, loading density could not be determined in studies that did not specify a
mass or volume of sediment. Loading density was then classified on the basis of
sediment volume, mass, or total organic carbon (TOC). For these reasons, loading
density could not be determined in 41% of the studies reviewed. The classification of the
remaining studies was as follows; 36% based the density on sediment volume, 18% on
TOC and 5% on mass of sediment.
Differences in the physical characteristics of sediments may influence the
outcome of toxicity tests as well as bioaccumulation studies by affecting the survival,
feeding rates, and growth of benthic organisms. Many studies, including standard
toxicity tests, standardize organism density to sediment volume, which enables initiation
of tests without physical characterization of sediment. The two standard test species, H.
azteca and Chironomus spp. typically forage in the surficial layer of sediment and are
less likely to be impacted by the total amount of sediment and/or organic carbon. The
addition of supplementary food in tests with these species also minimizes their
dependence on the sediment as a source of food, which could further bias the estimate of
uptake of contaminants from sediment. Burrowing species, however, receive most of
their exposure from ingestion of and interaction with sediment. They are therefore, more
dependent on, and their response potentially more influenced by, the physical
characteristics of sediment such as organic carbon.
Sediment organic matter represents a sink for many hydrophobic contaminants,
and a food source for sediment-ingesting species. From their study, Kukkonen and
Landrum (1994) suggest that a standard density of organisms relative to sediment organic
carbon should be established to ensure that exposures are similar among tests. They
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comment that an optimal density is uncertain because the mechanism of differential
accumulation is unknown, but that perhaps a 50:1 ratio of sediment TOC to organism dry
weight is appropriate. As a result the ASTM (2000) and U.S. EPA (2000b)
bioaccumulation methods with L. variegatus have recommended using a 50:1 ratio to
ensure the availability of sufficient food and to minimize depletion of contaminants.
However, in either case, no rationale was provided for the selection of this ratio and there
is no experimental evidence to suggest how appropriate it is for a 28-d exposure. Other
ratios of TOC to organism dry weight have been used with this species, ranging from
10:1 to 100:1 (Harkey et al. 1995; Kukkonen and Landrum 1995; Fisk et al. 1998). Even
when the density of organisms is standardized to TOC, there is little consensus on which
ratio is appropriate and research is needed to obtain a better understanding of
whether/how this affects bioaccumulation in burrowing species. An optimal loading
density may not exist, but a range of TOC to organism dry weight ratios should be tested
across standard conditions to identify one that provides sufficient carbon/food to prevent
significant weight loss and starvation metabolism in the test organisms and facilitates
easy retrieval of organisms from the volume of sediment used. Not only is it important to
standardize loading density between the sediments tested for a particular species, but
utilizing a common approach for multiple species will allow for more improved interspecies comparisons.

2.4.2.6.Purging of the gut
Contaminants associated with sediment remaining in the guts of organisms
potentially leads to artificially high or low estimates of tissue concentrations. Purging
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organisms in clean conditions prior to analysis is a means of reducing or eliminating this
bias. However, depuration and metabolism of compounds can occur during gut purging,
leading to an underestimate of tissue concentrations. A number of errors associated with
gut sediment and purging are summarized in the ASTM guide (2000, see Table 5
p.1101). Purging of L. variegatus in clean sediment has been shown to enhance
depuration, possibly leading to the dilution of total body burden with uncontaminated
sediment (Kukkonen and Landrum 1994; Kukkonen and Landrum 1995; Leppänen and
Kukkonen 2000b; Ingersoll et al. 2003). Increased depuration in sediments with higher
TOC has also been observed in sediment- and soil-ingesting species (Lydy et al. 1992;
Belfroid and Sijm 1998). Purging appears to have less effect in fish than invertebrates
due to the smaller contribution of gut sediment to total body weight (Mac et al. 1990).
Organisms were purged in more than 70% of the studies we reviewed, half of
which purged for ~24 h (Figure 2.1). Purging times varied from 6 h (You et al. 2007), to
~24 h (Harkey et al. 1995; Pickard et al. 2001) or 48-72 h (Mac et al. 1990; McLeod et al.
2008). Brooke et al. (1996) determined that the inorganic contents of the gut represented
~10% of the whole body dry weight in unpurged H. limbata, C. tentans, and L.
variegatus and that these species, respectively lost 75, 90, and 100% of their gut contents
in the first 12 h of water-only purging. Mount et al. (1999) evaluated gut purging of
sediment in L. variegatus and found that only 6 h were required to eliminate >98% of gut
contents. As a result, a 6-8 h purge for L. variegatus is recommended in the ASTM
(2000) and U.S. EPA (2000b) methods. Many of the compounds of interest in
bioaccumulation studies have log KOW values greater than 5, in which case, Mount et al.
(1999) predict that 90% accuracy in estimates of tissue concentrations, with little or no
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bias from gut contents, would be observed in purges as long as 24 h. The selection of a
purging period may need to consider the accuracy of estimates and the contaminants
being measured. As an alternative to gut purging, corrections for the contribution of gut
contaminants to total body burden can be applied using the mass of gut content and
concentration of the contaminant in sediment (suggested by Chapman 1985; Neumann et
al. 1999).
There are a number of situations when gut purging may not be necessary or
should not be conducted. These include laboratory-field comparisons, or when
bioaccumulation data are used to determine trophic transfer of contaminants. Under
environmental conditions, a predator eats the whole prey and is therefore exposed to
contaminants associated with gut sediments. Purging is also not recommended with low
molecular weight compounds, such as PAHs, which may be quickly depurated (ASTM
2000).

2.4.3. Experimental controls and treatment of data
2.4.3.1.Control, reference, or pre-exposure conditions
The objective of a bioaccumulation test is to quantify the accumulation of
contaminants in organisms exposed to sediment. However, there is a potential for error
from uncharacterized contamination. Prior to conducting any bioaccumulation or toxicity
test, it is essential to measure the background concentrations of potential contaminants.
This may include analysis of water, food, sediment, or substrate used in the culturing and
holding of organisms. Analysis of a sample of pre-exposure organisms incorporates all
of these routes of exposure to an extent and may be sufficient as a routine analysis when
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conducting bioaccumulation tests, particularly when the culturing sources (of water, food,
substrate) are relatively consistent.
The use of control sediment that ideally contains no or low concentrations of the
compound(s) of interest and supports good survival and growth of test organisms is
necessary to assess the extent of bioaccumulation from contaminated test sediment.
Comparison of tissue residues between control and pre-exposure organisms provides an
indication of the functioning of the test system and whether contamination has occurred.
A reference sediment may also be used in addition to a control treatment. Reference
sediment is typically collected in a similar location as the test sediment and is meant to
reflect its physical characteristics while having low concentrations of the contaminant(s)
of concern. Comparison with reference conditions is often used in toxicity tests when the
approach is to permit no further degradation at a particular site or area of concern (ASTM
2000). Approximately 40% of the studies we reviewed did not use a control treatment
(Figure 2.1), although half of these measured bioaccumulation from pre-exposure or
reference conditions. In some circumstances, comparison with only pre-exposure
organisms could be suitable; however, this does not assess the functioning of the test
system.

2.4.3.2.Assay endpoints
Bioaccumulation is typically the only ecologically significant endpoint
investigated in laboratory bioaccumulation methods because other tests with more
sensitive species and endpoints have been designed to assess the toxicity of sediment (EC
1997a; 1997b; U.S. EPA 2000b; ASTM 2005). Although the species used in
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bioaccumulation methods are often selected for their relative tolerance of contaminants,
many field-contaminated sediments still have the potential to elicit moderate to high
toxicity to these organisms. This has prompted the recommendation to conduct a shortterm test to screen the toxicity of a sediment prior to use in a bioaccumulation test
(ASTM 2000; U.S.EPA 2000b). Even if toxicity is not observed in this preliminary test,
survival and growth are still important to measure in definitive bioaccumulation tests for
quality control purposes and to assist in the interpretation of bioaccumulation data.
Mortality and signs of stress, including loss of biomass and avoidance or lack of
burrowing in sediment, may indicate altered exposure, thereby affecting the estimate of
bioaccumulation. Mortality or stress occurring in control exposures indicates that the
health of test organisms may have been compromised initially or that the test system was
contaminated. Bioaccumulation was the only endpoint measured in approximately 40%
of the studies we reviewed. Of the remaining studies, 14% also measured survival, 5%
measured growth, and 40% measured both survival and growth of organisms. Regardless
of the test objectives, survival and growth should be considered essential measures with
regard to quality control and should be included in bioaccumulation tests.

2.4.3.3.Reporting of data
Various analytical methods have been used to determine the concentration of a
compound, on a wet or dry weight basis, in tissue samples. The reporting of results on a
wet or dry basis without a conversion factor, or an indication of which is used, makes it
very difficult to compare results between studies. The studies we reviewed were equally
split in whether concentrations in tissue were normalized to wet or dry weight, however,
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only two studies actually reported a conversion factor or water content of the organisms.
Regardless of whether reported data has been adjusted from the analytical results, it must
be specified whether the data are normalized to wet or dry weight and including a
conversion factor opens up the opportunity for broader comparisons between
bioaccumulation studies.
One method of reporting and analysing bioaccumulation data is to calculate a
ratio of the concentration of the contaminant in the organism relative to the concentration
in the sediment. Ankley et al. (1992) commented that these sediment-based
bioaccumulation factors had been inconsistently named, with terms such as
bioavailability index, accumulation factor, and biota-sediment factor being used. They
proposed the use of a new term, the biota-sediment accumulation factor (BSAF) to be
most analogous with the water-based bioaccumulation factor (BAF). However, the
common practice of expressing bioaccumulation from sediment has lead to the term
BSAF incorporating normalization to lipid and organic carbon, while still referring to
non-normalized ratios as BAFs (ASTM 2000; U.S. EPA 2000b; Organisation for
Economic Co-operation and Development 2008). The formal definition of a BAF is a
ratio of the concentration of a contaminant in the tissue of an organism relative to that in
water, when the organism is exposed through water and food (U.S. EPA 1995, 2000a).
Technically all accumulation factors that relate bioaccumulation to the concentration of a
contaminant in sediment are BSAFs and should be referred to as such. Part of the reason
for treating these separately in the past, may have to do with developing sediment quality
guidelines using equilibrium-partitioning theory, in which it was assumed that the major
route of uptake in benthic invertebrates was via pore water. However, bioaccumulation

54

of contaminants through diet and the ingestion of sediment has been shown to have an
equal or even greater contribution than pore water in many benthic species (Landrum and
Robbins 1990; Leppänen and Kukkonen 1998b); therefore BSAF is now more
appropriate. The majority of studies we reviewed did use the term BSAF, however there
is still some inconsistency in the literature (even within and between U.S. EPA
documents 2000a, b).
In its simplest form, a BSAF is calculated by dividing the concentration of a
contaminant in tissue by that in the sediment. It is preferably determined using dry
weight concentrations, but these units must still be reported (ASTM 2000). This form of
the ratio is typically used for metals (Thomann et al. 1995; Song and Breslin 1999; Szefer
et al. 1999) and contaminants other than nonionic organic compounds. Many nonionic
organic compounds preferentially partition into lipids, hence normalizing concentrations
of contaminants to lipid concentration in the tissue is the accepted practice to reduce the
variability both within and between species. The concentration of TOC in sediment may
also influence the bioavailability of contaminants (through sorption/desorption), causing
increased variability in BSAFs between sites. Many researchers now calculate a BSAF in
which the concentration of the organic contaminant is normalized to both lipid and
sediment organic carbon (Brunson et al. 1998; Ingersoll et al. 2003; Pickard and Clarke
2008). The resulting BSAF has the units organic carbon/lipid and is theoretically
independent of species or sediment type. Regardless of whether or not BSAFs are
determined using normalized concentrations, this information must be specified and
cannot be assumed based on the contaminant of study.
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2.5.

Conclusions and research needs
Bioaccumulation is now becoming an important and routine part of environmental

assessments. Guidance on conducting a bioaccumulation test with the oligochaete L.
variegatus is offered by both ASTM (2000) and U.S. EPA (2000b). However, as noted
in the ASTM and U.S. EPA documents and discussed in the present review, procedures
for measuring bioaccumulation require further standardization. Even with guidance
documents available, there is still great variation in the techniques of exposure (duration,
renewal conditions, and loading) used in various studies. These differences, even with a
particular species, potentially have significant implications regarding the estimation of
bioaccumulation. Many of the studies we reviewed sufficiently specified test conditions
and procedures, however, a number of studies cannot be considered reproducible, as they
have omitted information regarding size of organisms and volumes of sediment and/or
water. Even when test conditions are specified, they are rarely justified. As has been
suggested (in ASTM 2000), most exposure techniques for the assessment of
bioaccumulation are based on those used in successful studies and expert opinions rather
than experimental evidence.
Various needs regarding measurement of bioaccumulation and interpretation for
the purpose of sediment quality assessment have been discussed and ranked for priority
by the U.S. EPA. In terms of methods for assessing bioaccumulation, one of the greatest
needs is to identify additional species and develop these methods (U.S. EPA 2000a). To
date, failure to do this with freshwater species other than L. variegatus may be due to
culturing difficulties, inappropriate length of life cycles, insufficient biomass, sensitivity
of the organism, or lack of ecological relevance (Ingersoll et al. 1995). There have been
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an insufficient number of multi-species comparative tests with different sediments and
contaminants to adequately assess the bioaccumulation potential of various test species
(ASTM 2000). Also of priority is to continue to validate laboratory methods with field
data (U.S. EPA 2000a) to reduce the uncertainty associated with laboratory-to-field
extrapolation and strengthen ecological risk assessments and regulatory decision-making.
Ankley et al. (1992) commented on the importance of field validation of any test species
or exposure regime before using quantitative estimates in ecological risk assessment.
In addition to those needs specified by the U.S. EPA (2000a), one of the most
important conditions that should be standardized is loading density of the test organisms.
Evidence suggests that in bioaccumulation tests, it is more appropriate to standardize the
loading density to sediment TOC rather than volume. As previously discussed, and
observed in L. variegatus (by Kukkonen and Landrum 1994), loading density has the
potential to affect bioaccumulation and should be examined in more detail. The
techniques used to maintain the quality of overlying water may also require further
standardization. Uncertainty remains as to whether and how static, flow-through, or
renewal conditions affect bioaccumulation in both water-column and burrowing species.
Both a specific and sufficient ratio of sediment to overlying water also needs to be
selected for standard bioaccumulation methods. Also needed is kinetic information
regarding the uptake and elimination of various compounds, to both improve predictive
models and evaluate the appropriateness of exposure duration in a test. This information
has been generated for a select number of compounds, mostly in L. variegatus, and needs
to be expanded to include other organisms that are appropriate for bioaccumulation
testing (insects, amphipods, fish). Both research-based and applied methods were
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included in this review, and differences in study objectives could have a strong influence
on the methods used. It is also recognized that various regulatory agencies may have
different mandates and requirements for their data quality objectives. Even with these
differences, employing a standard and effective bioaccumulation method will allow for
greater sharing of data and reduce unnecessary duplication of efforts.
Finally, developing and standardizing a robust and effective method for routinely
measuring bioaccumulation requires a number of key components. It includes proper
evaluation of the various exposure techniques and conditions, but also the incorporation
and use of quality control procedures throughout the process. Development of a method
to an accepted set of standards (e.g., International Organization for Standardization 2005)
can simplify and improve its adoption as a standard. Adequate experimental (and
statistical) design and ecological representation are of course important for a standard
bioaccumulation method, but the practicality of the method, including cost, time, and
effort, will also greatly determine its use and ability to be applied for various purposes.
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Appendix - Table 2.1 Review criteria of bioaccumulation methods
General information
Contaminant of concern
Matrix tested
Field site
Purpose of study
Exposure techniques
Test method: novel or based on a standard
method
Use of a control or reference sediment
and/or pre-exposure analysis of
organisms
Duration
Effect endpoint
Flow through/renewal/static
Water type
Sediment volume or mass
Sediment: water ratio
Equilibration time
Aeration/rate
Replicates
No./density of organisms
Feeding/rate
Depuration/duration and conditions

Organism
Test organism
North American species or appropriate
surrogate
Life stage
Age/size
Laboratory cultured/field collected
Physical/chemical analyses
Sediment physical properties i.e., TOC,
moisture, particle size
Sediment/water/tissue analyzed
Pooling of replicates for tissue analysis
Chemicals analyzed
Extraction and analytical methods
Minimum tissue requirements
Lipid extraction and measurement
Reporting and treatment of data
Wet or dry weight tissue concentrations
Calculation of statistic i.e., BSAF
Normalization to lipid and/or TOC content

Test conditions
Temperature
Lighting
Water quality measurements/frequency
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Appendix - Table 2.2 Summary of important test conditions in reviewed bioaccumulation methods with field-contaminated sediment
endpoint a

temperature
°C

duration

water
renewal b

sediment
volume (ml)

water
volume (ml)

sediment:
water ratio (v/v)

equilibration
time

loading
density c

B

~20

33, 52, 110 d

S

8000

NS

NS

NS

VOL

B, S, G

20

10 d

F

~11 kg

NS

NS

24 h

MASS

Octolasion tyrtaeum

B, S, G

20

10 d

F

~11 kg

NS

NS

24 h

MASS

Perca flavescens

B, S, G

20

10 d

F

~11 kg

NS

NS

24 h

MASS

Pimephales promelas

B, S, G

20

10 d

F

~11 kg

NS

NS

24 h

MASS

Lumbriculus terrestris

B, S, G

12-19

10 d

F

NS

NS

NS

24 h

NS

Pimephales promelas

B, S, G

12-19

10 d

F

NS

NS

NS

24 h

NS

Hexagenia spp.

B, S, G

20-22

21 d

S

350

NS

NS

NS

NS

Lumbriculus variegatus

B

20

30 d

S

3000

6000

1:2

10 d

NS

Pimephales promelas

B

20

30 d

S

3000

6000

1:2

10 d

NS

Pimephales promelas

B, S (G*)

20 (23*)

21 d

S

325

1300

1:4

1d

VOL

Lumbriculus variegatus

B

20

up to 60 d

R

1500-2000

1500-3000

1:1-1:1.5

24 h

VOL

Hyalella azteca

B

20

28 d

R

800

3200

1:4

4d

NS

Lumbriculus variegatus

B, S, G

17

28 d

R

100 g (dw)

NS

NS

1d

TOC

Hexagenia limbata

B, G

20-22

32 d

F

6800

36000

1:5

9d

NS

Lumbriculus variegatus

B

23

28 d

F

1000

3000

1:3

24 h

VOL

Lumbriculus variegatus

B

23

28 d

F, R

1000-2000

1000-4000

NS

1d

TOC

Lumbriculus variegatus

B

23

28 d

F, R

1000-2000

1000-4000

NS

1d

TOC

Lumbriculus variegatus

B

22-23

28 d

F,R

1400-2000

NS

NS

24-48 h

VOL

Lumbriculus variegatus

B, S

21

14 d

R

100 g (ww)

NS

NS

1d

VOL

Lumbriculus variegatus

B, S

23

56 d

F

1000

3000

1:3

4d

VOL

test organism
oligochaetes (Limnodrilus
hoffmeisteri, Tubifex tubifex)
Corbicula fluminea
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Appendix - Table 2.2 continued
test organism

endpoint a

Lumbriculus variegatus

B

temperature
°C
20

28

water
renewal b
S

sediment
volume (ml)
800 g (ww)

water
volume (ml)
NS

sediment:
water ratio (v/v)
1:2

equilibration
time
1d

loading
density c
NS

Lumbriculus variegatus

B, S

20

28

R

250

1000

1:4

1d

NS

Hyalella azteca

B, S, G

24-25

1, 4 wk

S

1

1000

1:1000

10 d

NS

Lumbriculus variegatus

B, S, G

23

28 d

R

1000

5000

1:5

24 h

TOC

Corbicula fluminea

B, S, G

13

28 d

R

NS

20000

NS

2-3 d

NS

Lumbriculus variegatus

B, S, G

23

28 d

R

1600, 2600

3200, 5500

1:2

1d

VOL

duration

Standard methods without bioaccumulation endpoint
Hexagenia spp.

S, G

20 (23*)

21 d

S

325

1300

1:4

1d

VOL

Chironomus tentans
Hyalella azteca

S, G
S, G

23
23

10 d
14 d

R, S
R, S

100
100

175
175

1:1.75
1:1.75

1d
1d

VOL**
VOL**

* update, ** not measured as biomass
Abbreviations
a

B - bioaccumulation

h - hour

S - survival
G - growth

b

c

F - flow-through

N - no

d - day

R - renewal

Y - yes

MASS - mass

wk - week

S - static

NA - not applicable

TOC - total organic carbon

NS - not specified

VOL - volume
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standardized to sediment

Appendix - Table 2.2 continued
feeding

purge

purging
time

control
design d

tissue
data

statistic e

normalization

contaminants
of concern

standard method

reference

N

Y

48 h

C

dw

BAF

none

PCBs

N

(Oliver 1984)

N

Y

2d

C, P

dw

BAF

none

PCBs, Zn

N

(Mac et al. 1984)

N

Y

2d

C, P

dw

BAF

none

PCBs, Zn

N

(Mac et al. 1984)

N

Y

2d

C, P

dw

BAF

none

PCBs, Zn

N

(Mac et al. 1984)

N

Y

2d

C, P

dw

BAF

none

PCBs, Zn

N

(Mac et al. 1984)

N

Y

2d

P, R

dw

none

none

PCBs, Hg, Zn

N

(Mac et al. 1990)

N

Y

2d

P, R

dw

none

none

PCBs, Hg, Zn

N

(Mac et al. 1990)

Y

N

NA

C

ww

BAF

lipid/TOC

PCBs

(Ciborowski et al. 1991)

Y

Y

24 h

N

ww

BSAF

lipid/TOC

PCBs

Y

Y

24 h

N

ww

BSAF

lipid/TOC

PCBs

N
USEPA method
development
N

Y

N

NA

C, P

dw

BAF

NS

NA

OMOE standard

(Bedard et al. 1992)

N

Y

24 h

C

NS

none

none

NA

prelim. USEPA method

(Phipps et al. 1993)

Y

N

NA

C, R

dw

none

none

As, Cd

N

(Ingersoll et al. 1994)

N

Y

24 h

C, R

ww

AF

lipid/TOC

PAHs

N

(Harkey et al. 1995)

N

N

NA

C, P

ww

BSAF

lipid/TOC

OC, HCB, styrene

(Drouillard et al. 1996)

N

Y

24 h

P

ww

BSAF

lipid/TOC

PCBs, OC, PAHs

N

Y

6-8 h

C

NS

BAF, BSAF

lipid/TOC

NA

N
USEPA 1994,
ASTM 1998
USEPA standard

N

Y

6-8 h

C

NS

BAF, BSAF

lipid/TOC

NA

ASTM standard

ASTM (2000)

N

Y

24 h

N

dw

BSAF

lipid/TOC

PCBs

USEPA/ USACE 1998

(Pickard et al. 2001)

N

N

NA

R

ww

BSAF

lipid/TOC

PAHs

(Van Hoof et al. 2001)

N

N

NA

C, P

dw

BSAF

lipid/TOC

DDT, PAHs

N
based on USEPA 2000,
ASTM 2002
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(Ankley et al. 1992)
(Ankley et al. 1992)

(Brunson et al. 1998)
USEPA (2000b)

(Ingersoll et al. 2003)

Appendix - Table 2.2 continued
control
design d
P, R

tissue
data
ww

statistic e

normalization

Y

purging
time
24 h

none

lipid

contaminants
of concern
PCDD/Fs, PCDEs

N

Y

NS

C

dw

BSAF

lipid/TOC

Y

Y

24 h

C

dw

none

N

Y

6h

N

ww

BSAF

Y

Y

2-3 d

P

dw

N

Y

24 h

N

ww

feeding

purge

N

standard method

reference

N

(Lyytikäinen et al. 2003b)

PAHs

N

(Hyotylainen and Oikari 2004)

none

Cd

N

(Nowierski et al. 2006)

lipid/TOC

PCBs

Y (USEPA 2000)

(You et al. 2007)

none

none

PCBs

N

(McLeod et al. 2008)

BSAF

lipid/TOC

PCDD/PCDFs

USEPA/ USACE 1998

(Pickard and Clarke 2008)

Standard methods without bioaccumulation endpoint
N

NA

NA

C

NA

none

NA

NA

OMOE standard

(Bedard et al. 1992)

Y
Y

NA
NA

NA
NA

C
C

NA
NA

none
none

NA
NA

NA
NA

EC standard
EC standard

EC (1997b)
EC (1997a)

Abbreviations
dw- dry weight
ww - wet weight

d

C - control

e

P - pre-exposure

BAF - bioaccumulation factor

EC - Environment Canada

R - reference

BSAF - biota-sediment accumulation factor

OMOE - Ontario Ministry of the Environment

AF - accumulation factor

USACE - U.S. Army Corps of Engineers

term used in study, relate to sediment

ASTM - American Society for Testing and Materials

USEPA - U.S. Environmental Protection Agency
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3.

THE EFFECT OF ORGANISM DENSITY ON THE
BIOACCUMULATION OF CONTAMINANTS FROM SEDIMENT IN
THREE AQUATIC TEST SPECIES: A CASE FOR STANDARDIZING TO
SEDIMENT ORGANIC CARBON

3.1.

Abstract
Laboratory methods for measuring bioaccumulation of organic contaminants from

sediment into aquatic organisms continue to improve but some aspects are still in need of
standardization. From a review of published methods, we noted that the loading density
of organisms was determined inconsistently, and was primarily based on either sediment
volume or total organic carbon (TOC). The rationale mainly expressed for standardizing
to TOC was to minimize the depletion of sediment contaminants. However, even when
density was standardized to TOC, the relative amount of TOC provided (i.e., ratio of
TOC to organism dry weight) was highly variable. In this study, we examined the effect
of organism density (standardized to sediment TOC or volume) on bioaccumulation in
three freshwater organisms. The oligochaete Lumbriculus variegatus, mayfly nymph
Hexagenia spp., and fathead minnow Pimephales promelas were exposed for 28 days to
two field-contaminated sediments, which varied in concentration of PCBs and TOC.
Densities tested were 50:1 and 27:1 ratios of TOC to organism dry weight (dw), and 140
ml sediment/g wet weight biomass, yielding low to high organism densities.
Bioaccumulation in Hexagenia spp. was significantly higher at the lowest organism
density compared to the highest organism density when exposed to Site-2 sediment (1.1%
TOC), but only with tissue concentrations expressed on a wet weight basis. Otherwise,
there was no significant effect of density on bioaccumulation in organisms exposed to
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sediments from Site 1 (12% TOC) or Site 2. Survival of Hexagenia spp. was adversely
affected at the highest organism density when the relative amount of TOC was low. This
study supports the recommendation of standardizing organism density relative to a
particular amount of TOC for invertebrate species. A 27:1 ratio of TOC:organism dw
was selected as a standard organism density for a new bioaccumulation method because
survival, growth, and bioaccumulation were not impacted relative to a 50:1 ratio and less
sediment is required. This density is recommended as an appropriate ratio for sediment
bioaccumulation assessments in general.

3.2.

Introduction
Sediment serves as both a habitat and food source for many benthic species, but it

also represents an important route of exposure to environmental contaminants. An
assessment of the potential for the biomagnification of contaminants is one of the four
lines of evidence currently used in decision-making frameworks for the assessment of
sediments (Grapentine et al. 2002; Chapman and Anderson 2005). Laboratory methods
to assess the toxicity (i.e., impact on growth, survival, and reproduction) of sediments
have been standardized (e.g., EC 1997a; 1997b; U.S. EPA 2000b); however, methods for
measuring the bioaccumulation of contaminants from sediment into aquatic organisms
are often applied using inconsistent test parameters and, as such, have not achieved the
same level of standardization.
We reviewed published methods for research-based and applied bioaccumulation
testing with sediment, to identify and evaluate the frequency of use of various exposure
techniques, test organisms, and conditions, as well as to identify data gaps within these
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protocols (see Chapter 2 for a critical review of methods). One of the most noted
inconsistencies between bioaccumulation methods was the loading density of organisms.
Many of the studies that were reviewed based the density of organisms on sediment
volume, while in others the total organic carbon (TOC) content of sediment was used.
Some researchers recommended providing a particular ratio of TOC in sediment to
organism dry weight (dw) to minimize the depletion of contaminants throughout the test
(ASTM 2000; U.S. EPA 2000b; You et al. 2007). However, even with the commonly
used oligochaete Lumbriculus variegatus, ratios of TOC to organism dw ranged from
10:1 to 100:1 (e.g., Kukkonen and Landrum 1994; Harkey et al. 1995; Kukkonen and
Landrum 1995). Kukkonen and Landrum (1994) unexpectedly observed that the
bioaccumulation of pyrene by L. variegatus increased with increasing density of worms,
suggesting that the worms were not depleting the available contaminant in 14-d tests.
Lyytikäinen et al. (2007) transplanted L. variegatus into fresh sediment at regular
intervals over 12 d to investigate the depletion of the rapidly desorbing (labile) fraction of
PAHs from sediment and pore water and found that this had a minor effect on
bioaccumulation in this species. In contrast, Lotufo et al. (2000) observed greater
bioaccumulation in the marine polychaete Neanthes arenaceodentata when organisms
were exposed to sediment individually compared with groups of five. These results
suggest that additional testing of the loading density of test organisms is warranted to
determine its affect on bioaccumulation in order to standardize this component in
bioaccumulation methods.
It has been suggested that the amount of sediment provided in a bioaccumulation
test should exceed by 2-5 fold the total amount of sediment processed over the test
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duration (ASTM 2000). However, this requires knowledge of the processing rates of
particular species, which can vary with sediment grain size and content of organic carbon
(Leppänen 1995; Leppänen and Kukkonen 1998a). From their study of organism density,
Kukkonen and Landrum (1994) suggest that a standard organism density relative to
sediment organic carbon should be established to ensure that exposures are similar among
tests. They comment that an optimal loading density is uncertain because the mechanism
of differential accumulation is unknown, but suggest that a 50:1 ratio of TOC to organism
dw is appropriate. However, no rationale was given for the recommendation of this
particular ratio and bioaccumulation was not highest at this loading density. The ASTM
(2000) and U.S. EPA (2000b) bioaccumulation methods with L. variegatus recommend
using this 50:1 ratio to ensure the availability of sufficient food and to minimize the
depletion of contaminants. This is likely based on the recommendations of Kukkonen
and Landrum (1994), but again no rationale is provided for its selection and there is no
experimental evidence to indicate the appropriateness of this ratio in 28-d sediment
exposures.
The objective of the present study was to examine the effect of organism density
(total biomass of individuals standardized to sediment volume or TOC) on the
bioaccumulation of PCBs from field-contaminated sediment into three freshwater
organisms. Due to the inconsistent way in which the loading density is determined
(sediment volume or TOC) we wanted to investigate the impacts and variability
associated with each approach. In addition, we tested different ratios of TOC to organism
dw to assess whether a ratio of less than 50:1 is sufficient since this can provide practical
benefits (i.e., less sediment to collect and process and from which to recover organisms at
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the end of a test). Our goal was not to determine an optimal loading density per se, but
rather, to identify one that does not inhibit bioaccumulation by providing sufficient
carbon/food to prevent significant weight loss and starvation metabolism in the test
organisms, while minimizing the amount of sediment used. We hypothesized that
survival, growth, and tissue residues of organisms would differ across the loading
densities tested and that survival and growth of invertebrates would be adversely affected
when ratios of total organic carbon in sediment to dry weight of organisms were
relatively low.
Apart from the studies by Kukkonen and Landrum (1994) and Lotufo et al.
(2000), we are not aware of any other studies that have investigated whether/how
bioaccumulation in test species is affected by the density of organisms. The present
study is different from the other two studies in that it examines a much narrower range of
organism densities (~1.5-3.5x difference between treatments vs. 2-10x in Kukkonen and
Landrum (1994) and 5x in Lotufo et al. (2000)). Bioaccumulation tests in these other
studies were conducted with spiked sediment and the use of radiolabeled compounds and
were able to use relatively few and small organisms. Therefore, the tests were not
restricted by very low loading densities (or high ratios of TOC: organism dw), which
would otherwise require large volumes of sediment from which to recover organisms due
to sample requirements (1-5 g ww of tissue) of the analytical methods used for
environmental samples. Compared to those studies, the present study also examines the
effect of density on three different species (L. variegatus, Hexagenia spp., and
Pimephales promelas) under standard conditions. This includes the mayfly nymph
Hexagenia spp. for which the impact of organism density/proportion of sediment TOC in
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a test has not been previously investigated, and the juvenile fathead minnow P. promelas,
for which there is only one published method for sediment testing (i.e., Bedard et al.
1992). Standardizing loading density between the sediments tested is not only important
for a particular species, but utilizing a common approach for multiple species will allow
for more accurate comparisons of bioaccumulation between species since loading is
independent of organism size.

3.3.

Methods

3.3.1. Test organisms
The oligochaete worm L. variegatus, mayfly nymph Hexagenia spp., and fathead
minnow Pimephales promelas were chosen for the development of bioaccumulation
methods to represent different taxa, trophic levels, and bioaccumulation potential (e.g.,
routes of exposure, metabolic capabilities). Although fathead minnows do not interact
with the sediment to the same extent as L. variegatus and Hexagenia spp. (which burrow
into and ingest sediment), they often resuspend sediment due to their (feeding) behaviour
and were included in this study as part of the method development. Oligochaetes and fish
were raised from OMOE in-house cultures according to standard operating procedures
(based on U.S. EPA 1987; Bedard et al. 1992; U.S. EPA 2000b). Mayflies are difficult to
continuously culture so eggs were collected in the field from emerged adults (by J.
Ciborowski, University of Windsor), stored, then hatched and reared in the laboratory
(based on Hanes et al. 1990; Bedard et al. 1992). All water used in culturing and testing
was dechlorinated city of Toronto tap water.
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3.3.2. Sediment
Control and PCB-contaminated sediments were collected from different locations
in southwestern Ontario. Prior to use in any experiments, all control and test sediments
were homogenized and subsampled for full physicochemical characterization (particle
size, moisture, TOC, bulk density, nutrients, metals, organic contaminants). All samples
were stored at ~4°C, in the dark, prior to and between laboratory exposures. Two
contaminated sediments were selected for this experiment because they differed in
concentration of PCBs and physical parameters such as total organic carbon (Appendix –
Table 3.1).

3.3.3. Bioaccumulation tests
The new bioaccumulation method developed for the OMOE (described herein and
in Chapter 4) is based on the bioaccumulation methods published by the ASTM (2000),
Bedard et al. (1992), and U.S. EPA (2000b), with several distinctions. The procedures
used in the method were selected in an attempt to balance scientific, practical, and cost
considerations, while providing the most precise data for the intended applications of this
method. Many of the exposure conditions and techniques were based on best scientific
practice (as reviewed in the literature in Chapter 2) and experimental evidence from
research conducted as part of the development and standardization of this method
(present chapter).
Organisms were exposed to the control and two PCB-contaminated sediments at
three different loading densities. The densities used in this experiment were 50:1 and
27:1 ratios of TOC to organism dw (based on U.S. EPA 2000b; Leppänen and Kukkonen
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2004) and 140 ml of sediment/g wet weight (ww) of biomass (designated as a standard
volume treatment). This latter density was derived from the minimum tissue
requirements of analytical procedures and the commonly used sediment to overlying
water ratio of 1:4, while working within the confines of appropriate test vessels (i.e., 2- or
4-L glass jars). While this loading density was not based on an existing test
methodology, it was chosen to represent an organism density that was high, but could
potentially support the survival of organisms for 28 days. With the sediments chosen for
this experiment, this standard volume treatment resulted in a range of TOC to organism
dw ratios, which typically were low (Appendix – Table 3.2).
The volume of sediment required for each treatment was calculated based on 5 g
ww of biomass required for chemical analysis, using sediment- and organism-specific
parameters (Appendix – Tables 3.1 and 3.2). Control sediment A was used with
Hexagenia spp. and P. promelas, and control sediment B was used with L. variegatus due
to sediment differences (i.e., particle size distribution and density; Appendix – Table 3.1)
that affected performance of the invertebrate species in earlier sediment tests (OMOE and
Van Geest unpublished data). Sediment and water were added to 4-L glass jars in a ratio
of 1:4 (v/v, Bedard et al. 1992), one day prior to test initiation. Due to differences in
TOC, moisture content, and density of sediment large volumes of sediment were required
for certain treatments. If the total volume of sediment and overlying water calculated for
a treatment exceeded the capacity of the jar, then sediment, water, and organisms were
equally split between jars to maintain the same loading density and the 1:4 sediment to
water ratio. Organisms from the split treatments were then pooled at the end of the test.
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Each vessel was loosely fitted with a lid with a hole through which the overlying water
was aerated with filtered air supplied via a Pasteur pipette.
The test sediments were screened for toxicity using a 4-d, acute toxicity test to
ensure survival of organisms over the 28-d exposure period (survival was ≥80%). At
initiation of the bioaccumulation test approximately the same number of organisms (only
nymphs and fish were enumerated), weighing ~ 5 g total ww/replicate, were added to
each test container. Approximately 1.3 times the required amount of worm tissue was
added to account for excess water (U.S. EPA 2000b). The average wet weight of mayfly
nymphs was between 20 and 30 mg and for fish was between 250 and 500 mg. A (5 g)
sample of organisms for each species was collected for pre-exposure analysis.
Organisms were exposed to sediment for 28 days under static conditions with
aeration of overlying water (static exposure based on Bedard et al. 1992; EC 1997a;
1997b). Tests were conducted at 23 ± 2°C, under a 16 h light, 8 h dark photoperiod of
500 – 1000 lux. Fish were fed a maintenance diet of ground Nutrafin® fish food flakes at
a rate of ~1% wet body weight/d (Bedard et al. 1992). No food was added to the
exposures containing worms or nymphs.
At termination of the test, overlying water from each treatment was collected (and
pooled for split treatments) for chemical analyses. Organisms were sieved from the
sediment (243 µm and 1 mm mesh size for worms and nymphs, respectively), rinsed,
euthanized in CO2-charged water (accepted method, personal communication Drs. W.
Holley and D. McGrogan, DVM), weighed, and then frozen. Survival was recorded for
nymphs and fish. Water quality (pH, conductivity, temperature, dissolved oxygen, and
ammonia) was measured at the beginning and end of the tests using ion-specific meters,
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following OMOE standard operating procedures (data reported in Appendix – Table 3.3).
All pre-exposure, control, and test organisms were analyzed for PCBs and lipid content.
This study was designed with nine treatments used in each test (1 control, 2 test
sediments x 3 densities). Due to the large number of organisms required and the
workload constraints of recovering organisms from large volumes of sediment, each test
was conducted with only one replicate per treatment. Tests were then repeated three
times over three months. Therefore, time may potentially be a source of variation
between tests. Tests for the three species were set up on different days, again due to
workload constraints, but at any one time were offset by one or two days.

3.3.4. Physicochemical analyses
Sediment density was determined by measuring 100 ml aliquots of sediment into
pre-weighed beakers (n = 5). Each sample was weighed before and after drying in an
oven (~60°C for ~5 d). Wet-to-dry-weight conversion factors for each species were also
determined by weighing organisms (n = 20) before and after drying in an oven (~60°C
for 24-48 h). All other physical and chemical analyses of sediment and tissue samples
were conducted by the OMOE Laboratory Services Branch, following their standard
operating procedures (summarized below). All chemical analyses included the use of
quality control procedures such as internal standards, laboratory blanks and spikes,
duplicates, matrix spikes, and certified reference materials, as appropriate. All analytical
methods (and the working instructions for measuring water quality) have been externally
audited (by the Standard Council of Canada and/or Canadian Association of Laboratory
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Accreditation) and are accredited to ISO 17025-2005. The most relevant analytical
procedures are briefly described below.
Total organic carbon was determined by subtracting the total inorganic carbon
from the amount of total carbon. Total carbon was measured by combustion using a
LECO C-632 Carbon Determinator (OMOE 2008h). Inorganic carbon was determined
by measurement of CO2 produced by the reaction of carbonate with 2 N perchloric acid,
using a coulometer (OMOE 2008i). The distribution of particle size in sediment samples
was measured with a Coulter LS230 Particle Size Analyzer (OMOE 2008c).
For the measurement of congener-specific PCBs, sediment samples were airdried, then extracted twice with acetone and 25% (v/v) dichloromethane in hexane, using
an ultrasonic bath followed by the use of a vortex shaker. Thawed tissue samples were
acid-digested using concentrated hydrochloric acid, then extracted using 25% (v/v)
dichloromethane in hexane. Lipid content was determined gravimetrically using an
aliquot of the final extract from each tissue sample. An aliquot of each extract (sediment
or tissue) was cleaned up using pre-conditioned Florisil® prior to analysis by a gas-liquid
chromatograph equipped with electron capture detectors (OMOE 2007a, 2008d).
Detection limits of individual PCB congeners range from 0.4-22 ng/g ww. Quality
control data collected over a one-year period (2007-08) for these methods showed a
precision range of 4.6 to 15% for all congeners (except for 2 rare coplanar compounds)
and recoveries from 74 to 98% on matrix spiked samples (using certified reference
materials).
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3.3.5. Data and statistical analyses
All data reported is the sum of total PCB congeners measured in the method, with
congener values below reporting limits treated as zero. The concentration of total PCBs
in all pre-exposure and control organisms were detected at or below trace levels,
therefore no corrections were made to the d-28 concentrations measured in test
organisms. Statistical comparisons between test species and between test sediments were
outside of the scope of this study, but will be investigated in future work assessing
bioaccumulation potential between species. An analysis of variance (ANOVA; with
Tukey multiple comparison) was used for comparing mean survival, growth, or tissue
concentrations between loading density treatments for each sediment and organism tested
(mean of three tests). Tests for normality (Kolmogorov-Smirnov) and equal variance
(Leven median) were incorporated into the ANOVA (SigmaStat v. 3.5). Lipidnormalized tissue concentrations for L. variegatus exposed to Site-2 sediment were log
transformed to meet the assumption of normality. All other data sets met the assumptions
of normality and equal variance. Differences were considered significant at p < 0.05.

3.4.

Results

3.4.1. Survival, growth, and lipid
Survival and growth endpoints for L. variegatus are difficult to separate in
bioaccumulation tests due to their asexual mode of reproduction and the large number of
worms required to achieve sufficient biomass for chemical analyses. Therefore, total
biomass (ww) was measured as an endpoint for this species. Total biomass of L.
variegatus decreased (by 10-50%) in all sediments and density treatments over the 28 d,
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Figure 3.1 Change in total biomass of Lumbriculus variegatus at different ratios of
TOC:organism dry weight after 28 days exposure to a control and two PCB-contaminated
sediments. Data are mean and standard errors generated from repeated tests (n = 3 tests).
with the exception that a ~10% increase in biomass was observed in the 50:1 treatment
for Site-1 sediment in two of the three tests. Although growth was slightly higher in this
(50:1-Site 1) treatment, there were no apparent trends in growth with respect to the ratio
of TOC:organism dw for any of the sediments tested (Figure 3.1). Within each sediment,
there was no significant difference in the mean growth (% change in biomass) between
density treatments. The lipid content of oligochaetes recovered at the end of the test did
not appear to be affected by organism density, as it was similar across density treatments
within sediments within each test (data no shown). The only exception was that in Test 3
with Site-2 sediment, the lipid content of organisms in the standard volume treatment was
much lower (0.2%) compared to the 27:1 and 50:1 treatments (0.6% for both). This
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difference in lipid content was not associated with a greater loss in biomass, but since this
treatment had the lowest ratio of TOC:organism dw (19:1) tested for L. variegatus, it
could be that organism response is more variable when TOC is more limited.
Mean survival of Hexagenia nymphs was ≥89% in all treatments except in the
standard volume treatment of the control and Site-2 sediments (79 and 66%,
respectively). The acceptability criterion for survival of Hexagenia spp. in a 21-d
toxicity test is 85% in Bedard et al. (1992) and 80% in the current version of the OMOE
(2008k) method. Nymph survival in the standard volume treatment was low in Test 1 for
the control (55%) and Tests 1 and 3 for Site-2 sediment (63 and 44%). Survival was high
in all other tests and treatments (Table 3.1). There was no significant difference in mean
survival of nymphs between density treatments (within each sediment), but it appears that
survival was more variable and likely to be impacted when there was a low ratio of
TOC:organism dw (Figure 3.2). Nymphs increased in biomass in almost all cases, with
mean growth (percent increase in average ww) ranging from 15 to ~100% over the 28 d.
A trend of increased growth with increased TOC content (= decreased organism density)
was observed in each sediment (Figure 3.2); however there was only a significant
difference in growth between the highest and lowest density in the control sediment.
This lack of effect on growth is somewhat confounded by the fact that survival was
sometimes impacted when the ratios of TOC:organism dw were low (i.e., ≤16:1 in
control and Site-2 sediment), thereby reducing organism density allowing for relatively
greater growth of the surviving nymphs, compared to when survival was not impacted
(Table 3.1). Lipid content of Hexagenia spp. did not appear to be affected by the
differences in organism density between the 50:1 and 27:1 treatments. However, when

77

the ratio of TOC:organism dw was low in the standard volume treatment, lipid content of
organisms was lower than in the other two density treatments only when survival was not
impacted (Table 3.1). As with growth (change in average ww), this is due to competition
for the limited TOC resources and when mortality occurs reducing competition (i.e., Test
1 for control, Tests 1 and 3 for Site-2) organisms are able to maintain a typical lipid
content.
Table 3.1 Survival, growth, and lipid content of Hexagenia spp. exposed for 28 days to
control and test sediments at three loading densities (50:1 and 27:1 TOC:organism dry
weight and 140 ml sediment/g wet weight tissue; Bold indicates impacted survival,
Italics indicates growth and lipid that are relatively low).
Growth (% change
Lipid content (%)
average wet weight)
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
Survival (%)

Control
50:1
27:1
140ml/g
Site 1
50:1
27:1
140ml/g
Site 2
50:1
27:1
140ml/g

93
100
55

79
99
85

96
95
96

92
57
36

128
62
41

82
23
5

0.8
0.6
0.6

0.5
0.4
0.2

0.6
0.4
0.3

96
97
90

77
98
99

97
93
92

38
15
14

74
45
39

24
5
-3

0.6
0.4
0.4

0.4
0.5
0.7

0.4
0.9
0.8

94
100
63

83
100
91

99
93
44

68
18
12

77
26
5

24
6
27

0.7
0.6
0.7

0.6
0.5
0.2

0.8
0.7
0.5

Mean survival of P. promelas was ≥ 94% in all treatments and mean growth (%
increase in average ww) ranged from 6 to 28%, which was acceptable organism
performance. Within each sediment, growth was slightly lower and more variable when
ratios of TOC:organism dw were low. However, there was no significant difference in
survival or growth between density treatments, within each sediment. Lipid content of
fish was not affected by organism density (data not shown).
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Figure 3.2 Survival (open symbols) and growth (increase in average weight; closed
symbols) of Hexagenia spp. at different ratios of TOC:organism dry weight after 28 days
exposure to a control and two PCB-contaminated sediments. Data are mean and standard
errors generated from repeated tests (n = 3 tests; * indicates statistically significant
results, ANOVA p ≤ 0.05).

3.4.2. Bioaccumulation
Due to the partitioning of many organic contaminants into the lipid of organisms,
it is common practice to normalize tissue concentrations for lipid content to reduce
variability. Since tests were repeated over time in the present study, lipid-normalization
should account for differences in lipid content of organisms between tests and indicate
whether bioaccumulation was consistent over time. Lipid-normalization should also
account for bioaccumulation differences between density treatments that were related to
differences in lipid content of organisms since differential growth sometimes occurred
between treatments. However, there is also the potential for greater uncertainty
associated with very low measurements of lipid content and there are situations where
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lipid-normalization can greatly increase the variability in the estimate of tissue
concentration. Therefore, data related to wet weight concentrations are also presented to
demonstrate these differences.
In the present study, tests were repeated over time, so there is the potential for
temporal variability associated with the estimate of bioaccumulation of PCBs. To assess
this, coefficients of variation (CV) were calculated for both wet weight and lipidnormalized tissue concentrations for each treatment (density-sediment-species). In
almost all cases, the CVs for wet weight concentrations were ≤30% and similar to the
within-test variability observed for total PCBs with each species (Table 3.2; based on
later testing of various sediments with a 27:1 density and 3 replicates/test, Van Geest
unpublished data). This suggests that biological variability was a greater source of
uncertainty than any temporal variability that may have been associated with the present
study. The CVs for lipid-normalized data were also in a similar range as the within-test
variability, with one major exception (i.e., L. variegatus; Site 2 – 140mg/g). These CVs
were sometimes higher than those for wet weight concentrations and may be influenced
by differences in lipid content that were test- and density-specific.
Each species accumulated PCBs from sediment collected at Site 1. On a wet
weight basis, P. promelas accumulated higher concentrations of PCBs than L. variegatus
and Hexagenia spp. (Figure 3.3A). When tissue concentrations were normalized for lipid
content, the concentrations in minnows were ~7-32% lower than in the invertebrates.
The density of organisms did not significantly affect the bioaccumulation of total PCBs
in any of the species exposed to Site-1 sediment. Comparison of PCB homologues also
showed no effect of organism density (data not shown).
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Figure 3.3 Effect of organism density on the bioaccumulation of PCBs from sediment in
Lumbriculus variegatus, Hexagenia spp., and Pimephales promelas. Solid bars represent
tissue concentrations on wet weight (ww) basis and hatched bars on a lipid basis. Data
are mean and standard errors generated from repeated tests (n = 3 tests; * indicates
statistically significant results, ANOVA, p ≤ 0.05).
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Table 3.2 Coefficients of variation (%) of wet weight (ww) and lipid-normalized tissue
concentrations of PCBs in test species exposed to sediment for 28 days at three loading
densities (50:1 and 27:1 TOC:organism dry weight and 140 ml sediment/g wet weight
tissue). Data are from three repeated tests.
Lumbriculus variegatus
ww
lipid

Hexagenia spp.
ww
lipid

Pimephales promelas
ww
lipid

Site 1
50:1
20
29
30
45
27
14
27:1
12
23
16
45
41
25
140ml/g
21
21
5
35
22
10
Site 2
50:1
22
46
15
22
28
16
27:1
24
48
24
30
31
21
140ml/g
28
91
25
44
9
9
Within-test variability a
10-25
21-59
7-28
19-30
4-23
10-22
a
2007/08 method evaluation with 27:1 density, 3 replicates/test, 2-6 sediments

All three organisms accumulated PCBs from sediment collected at Site 2, to
concentrations that were approximately four times higher than those for Site 1. Although
the measured concentration of total PCBs in this sediment was lower than for Site 1,
when expressed on the basis of organic carbon, PCB concentrations were almost three
times higher (Appendix – Table 3.1). In sediment from Site 2, greater differences in PCB
accumulation between the three species was observed, again with P. promelas
accumulating lower concentrations on a lipid basis (Figure 3.3B). For L. variegatus,
there again was no significant difference in bioaccumulation between loading densities
on a ww or lipid basis. However, extremely high concentrations of PCBs were observed
in the standard volume treatment (140 ml sediment/g ww biomass) for the lipidnormalized data due to the differences in lipid content between the density treatments in
Test 3 (0.2 versus 0.6%; discussed previously). This resulted in high variability in lipidnormalized data between tests for this density treatment (CV = 91%). In Hexagenia
nymphs exposed to sediment from Site 2, PCB accumulation increased with increasing
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TOC/decreasing organism density (Figure 3.3B). There was a significant difference in
tissue concentrations between the highest and lowest loading density based on wet
weight; however, when the data were corrected for lipid content, this difference was not
significant. A slight increase in PCB accumulation was also observed for P. promelas
across the three treatments, but this trend was not significant. Comparison of PCB
homologues resulted in similar observations to total PCBs for all three species.
Significant differences were observed on a wet weight basis for Hexagenia spp. (tetra-,
penta- and hepta-homologues only), but not when tissue concentrations were normalized
for lipid (data not shown).

3.5.

Discussion

3.5.1. Effect of organism density
In the present study, although there was no significant difference in
bioaccumulation between loading densities for L. variegatus, higher concentrations were
sometimes observed at the highest organism density (lowest ratio of TOC:organism dw).
This was similar to what was observed by Kukkonen and Landrum (1994) in a study that
assessed the toxicity and kinetics of pyrene in spiked sediment with L. variegatus, which
also included different organism densities. These authors compared 7-d tissue
concentrations at 5, 10, and 50:1 ratios of TOC:organism dw, and 14-d concentrations at
10, 50, and 100:1 ratios of TOC:organism dw. In contrast to the present study, they
observed a statistically significant difference in tissue residues between densities of
organisms. This is likely due to the much greater relative difference between loading
densities in their study (2-10x). Kukkonen and Landrum (1994) suggested that the
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porosity of the sediment may be increased at the higher organism density due to
burrowing activity, thereby increasing the pore water volume and accumulation from this
route of exposure. In addition, this may have altered the sediment-pore water
equilibrium, causing more contaminant to enter the pore water. Alternatively, they
suggested that the depletion of the best possible fraction of food (i.e., highest quality
food) at high organism densities would cause an increase in feeding rates of the
remaining food source and increased feeding would result in higher body burdens. They
also observed that the average and total biomass of L. variegatus decreased in all
treatments, including the control. As in the present study, they did not observe a
relationship between growth and density of oligochaetes.
Both Hexagenia spp. and P. promelas can cause significant re-suspension of
sediments due to their behaviour, but little of this was visually observed with L.
variegatus in the present study. In our study, PCBs in overlying water were detected at
trace amounts or were below detections limits with no apparent trends across treatments
suggesting that the movement of PCBs to the overlying water was not affected by the
density of the worms (Appendix – Table 3.3). Lotufo et al. (2000) assessed how
exposure source, worm density, and sex affected the toxicity and bioaccumulation of
DDT in the marine polychaete Neanthes arenaceodentata. The polychaete worms were
exposed individually or in groups of five to 50 ml of sediment, spiked with a range of
concentrations of DDT. Worms that were exposed individually accumulated relatively
more DDT than those at the higher organism density. In contrast to Kukkonen and
Landrum (1994), these authors suggested that an increase in bioturbation under higher
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worm density may have increased exchange between overlying water and pore water,
decreasing the exposure to pore water DDT.
In the present study, a significant difference in bioaccumulation was only
observed between the highest and lowest densities in Hexagenia spp. exposed to
sediment from Site 2; and only when tissue concentrations were expressed on the basis of
wet weight. This difference in accumulation of PCBs may be influenced by the increased
competition for low resources of TOC in the standard volume treatment, which resulted
in reduced survival in two of the three tests and minimal growth in the case where
survival was not adversely impacted. Growth of Hexagenia spp. increased with the
amount of TOC provided and growth-dilution of contaminants may have occurred.
However, differences in growth between organism densities were not significant for
either of the PCB-contaminated sediments. In two of the three experiments in which
Hexagenia spp. were exposed to sediment from Site 2, the concentration of PCBs in the
overlying water was ~1.8 times higher in the standard volume treatment than the other
two treatments (although measured at trace amounts, Appendix – Table 3.3). In part, this
supports the explanation for differential accumulation offered by Lotufo et al. (2000), in
that a higher organism density may have caused increased bioturbation and movement of
contaminant from the sediment and/or pore water into the overlying water. However,
concentrations of PCBs in the overlying water of the 50:1 and 27:1 treatments in the
present study were not different from each other (Appendix – Table 3.3).
Lipid-normalized concentrations of PCB were up to 60% lower in P. promelas
compared to the other tests species and bioaccumulation was not affected by the
proportion of sediment TOC, both of which may be expected from an organism that

85

resides in the water column. It is possible that the surface area, rather than volume, of
sediment may affect bioaccumulation in this species, by influencing partitioning of the
contaminant from sediment to overlying water and the amount of sediment available for
the fish to interact with. It should be noted that the 27:1 and 50:1 treatments were split
between test vessels for P. promelas due to the requirement for large volumes of
sediment and overlying water. Although this resulted in fewer numbers of fish per vessel
in the split treatments, it had no effect on bioaccumulation in this species.

3.5.2. Standardizing to sediment TOC
It has been suggested that density of organisms in bioaccumulation tests should be
standardized relative to sediment organic carbon (Kukkonen and Landrum 1994). Based
on our observations with the invertebrate species in the present study, we agree that
density should be standardized relative to TOC instead of a fixed volume of sediment.
Survival of Hexagenia spp. was below acceptable levels and more variable in the
standard volume treatment when the concentration of TOC was low, including the control
sediment. This impact on organism health has the potential to influence bioaccumulation
and may have been a confounding factor that contributed to the significant difference in
bioaccumulation between the highest and lowest density (= lowest and highest ratios of
TOC:organism dw) treatments. Bioaccumulation by L. variegatus in sediment from Site
2 was also extremely variable in the standard volume treatment. Since organic carbon is
a food source for benthic organisms and varies in both quantity and composition between
sediments, providing a sufficient amount in a long-term test is a means of meeting the
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nutritional needs of the organism, while assessing bioaccumulation through this particular
route of exposure.

3.5.3. Selection of a loading density
The selection of a loading density of organisms for a standard bioaccumulation
method should take into account the conclusions of the present study or that of Kukkonen
and Landrum (1994), but should also consider the practicality of the method. Therefore,
for the following reasons we suggest that a ~27:1 ratio of TOC to organism dw is
sufficient as a standard loading density for the OMOE bioaccumulation method. When
provided with a 50:1 ratio of TOC to organism dw, which is suggested in the ASTM
(2000) and U.S. EPA (2000b) methods, L. variegatus did not grow or bioaccumulate
higher concentrations of PCBs than at the 27:1 density. However, the greater volume of
sediment required to meet the former ratio resulted in a much greater effort to recover
organisms. There was also no significant difference in tissue concentrations of PCBs
between the 50:1 and 27:1 treatments for Hexagenia spp. or P. promelas. Coefficients of
variation for tissue concentrations (wet weight or lipid-normalized) of organisms in the
27:1 treatment were not consistently higher or lower than those for the 50:1 treatment,
indicating that biological variability is likely greater than any variability associated with
these two treatments. Further, in the 27:1 treatment, survival of Hexagenia spp. was not
affected in any of the sediments and growth was not excessive, which is known to be a
potentially important confounding factor (i.e., growth dilution of contaminants or
emergence of the adults) in bioaccumulation assessments.
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3.6.

Summary and conclusions
Density of organisms did not significantly affect growth, lipid content, or

bioaccumulation in L. variegatus, despite organisms in the high-density treatments
having slightly higher concentrations of PCBs. Survival of Hexagenia spp. was not
significantly affected by organism density, but was more variable and sometimes
impacted when the amount of TOC was low (≤ 16:1). Growth of nymphs was highest at
the low organism density (high TOC), but a significant difference between treatments
was only observed in the control sediment. In cases where the ratio of TOC to organism
dw was low and survival of nymphs was not impacted, the lipid content was relatively
low compared to the other density treatments, due to competition for limited TOC
resources. Density of organisms significantly affected bioaccumulation in nymphs only
in sediment from Site 2 and only with tissue concentrations expressed on a ww basis.
Density did not significantly affect survival, growth, lipid content, or bioaccumulation in
P. promelas.
Standardizing the loading density of organisms relative to sediment organic
carbon is important to achieve good survival and growth of organisms that burrow into
and ingest sediment, particularly when a method may be applied to a broad range of
sediments (that vary in their physical characteristics). These measures of organism
performance in a test can indicate whether the health of organisms has been
compromised, which may influence exposure and therefore bioaccumulation results. A
27:1 ratio of TOC to organism dw did not impact bioaccumulation relative to the 50:1
ratio that is recommended in existing bioaccumulation methods, and is therefore
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recommended as an appropriate ratio for sediment bioaccumulation assessments in
general.
The present study only examined the effect of organism density (standardized to
sediment volume or TOC and different ratios of TOC to organism dw) on
bioaccumulation with two sediments and PCBs as the contaminant of concern. However,
we think that the results of this study are sufficient to demonstrate the importance of
standardizing to sediment organic carbon and provide a basis for the selection of a
loading density to use in bioaccumulation method development. This will facilitate a
more consistent approach to the assessment of bioaccumulation from sediment and the
pursuit of other research hypotheses.
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Appendix - Table 3.1 Physicochemical characteristics of control and test sediments
TOC PCB total congeners
% particle sizea
mg/g ng/g dw ng/g TOC sand silt clay
Control A
18
<T
11
73
16
Control B
110
<T
24
70
6
Site 1
120
1300
11000
18
71
11
Site 2
11
340
31000
67
13
4
a
sand 62-1000μm, silt 2.63-62μm, clay <2.63μm
<T trace levels
Sediment

density
g dw/ml
0.88
0.41
0.19
1.63

Appendix - Table 3.2 Resulting volumes of sediment (ml) and ratios of TOC to organism
dry weight for three loading densities (50:1 and 27:1 TOC:organism dry weight, and
standard volume (140 ml sediment/g wet weight of tissue)) based on sediment- and
organism-specific characteristics.
Standard volume
Ratio
Lumbriculus variegatus
Control B 700
47:1
Site 1
700
24:1
Site 2
700
19:1
Hexagenia spp.
Control A 700
14:1
Site 1
700
21:1
Site 2
700
16:1
Pimephales promelas
Control A 700
12:1
Site 1
700
17:1
Site 2
700
14:1

27:1

50:1

Dry/wet
weight
0.13

400 750
800 1500
1000 1900
0.15
1300 2400
900 1700
1200 2200
0.18
1600 2300
1100 2000
1400 2600

90

Appendix - Table 3.3 Water quality characteristics of overlying water from tests
examining the effect of organism density on survival, growth, and bioaccumulation in
three species. Data are range of values for all sediment-density treatments.
Conductivity
DO
Total
Unionized
Total PCBs (ng/L) a
(μS/cm)
(mg/L)
Ammonia (mg/L)
Site 1
Site 2
Day 0 all species and tests
8.0-8.2
350-450
7.9-8.8 0.2-1.8
≤0.1-0.2
Not measured b
Day 28
Lumbriculus variegatus
Test 1 7.2-8.1
500-750
7.3-8.1
≤0.1
<0.1
20 <=W
20<=W
Test 2 7.0-8.2
500-700
6.3-8.1
≤0.1
<0.1
20 <=W
20,20,30<T
Test 3 7.4-8.2
500-700
7.3-8.2
≤0.1
<0.1
20 <=W
20<=W
Hexagenia spp.
Test 1 7.6-8.0
450-650
6.7-7.8
≤0.1
<0.1
31,40,47<T 56,52,97<T
Test 2 7.7-8.1
450-650
6.7-8.0
<0.1
<0.1
30,25,29<T 40,47,75<T
Test 3 7.6-8.2
450-700
6.2-8.4 <0.1-0.2
<0.1
20 <=W
20 <=W
Pimephales promelas
Test 1 7.6-8.2
500-600
5.7-7.6
≤0.1
<0.1
20,25,27<T
20<=W
Test 2 7.8-8.4
450-600
5.9-8.3
<0.1
<0.1
20<=W
20<=W
Test 3 7.7-8.3
400-600
6.8-8.2
<0.1
<0.1
20<=W
20<=W
a
multiple values indicate treatments (50:1, 27:1, 140ml/g)
b
routine measurement in laboratory water = 20 (<=W)
<=W no measurable response (zero): <reported value
<T trace levels
pH
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4.

A COMPARISON OF THE BIOACCUMULATION POTENTIAL OF
THREE FRESHWATER ORGANISMS EXPOSED TO SEDIMENTASSOCIATED CONTAMINANTS UNDER LABORATORY CONDITIONS

4.1.

Abstract
In the field of sediment quality assessment, there has been increased support for

using multiple species that represent different taxa, trophic levels, and potential routes of
exposure. However, few studies have compared the bioaccumulation potential of various
test species over a range of sediment contaminants. As part of the development and
standardization of a laboratory bioaccumulation method for the Ontario Ministry of the
Environment, the oligochaete Lumbriculus variegatus, mayfly nymph Hexagenia spp.,
and juvenile fathead minnow Pimephales promelas, were exposed to a variety of fieldcontaminated sediments (n = 10) to evaluate their relative effectiveness for accumulating
different contaminants (e.g., DDT, PCBs, PAHs, PCDD/Fs, and heavy metals).
Bioaccumulation was usually highest in L. variegatus, but also most variable within and
between sediments. Bioaccumulation was similar between L. variegatus and Hexagenia
spp. in most of the sediments tested. Significant differences in bioaccumulation between
species were observed for DDT, DDD, PAHs, and PCDD/Fs. The present study indicates
that species-specific differences in bioaccumulation may, but do not always, exist, and
can vary with contaminant and sediment type. The choice of test species (or combination
thereof) to use in a standard test method may depend on the objectives and stage of the
sediment quality assessment. The present study provides both a basis for these decisions
and robust laboratory methods for assessing bioaccumulation with these species.
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4.2.

Introduction
The potential for certain compounds to bioaccumulate in the tissue of aquatic

organisms has been known and studied for many years and bioaccumulation assessments
are now becoming an important and routine component of ecological risk assessment of
sediments. A wide range of test organisms have been used to assess bioaccumulation of a
variety of contaminants from both field and laboratory-spiked sediments (e.g., Mac et al.
1984; Schuytema et al. 1990; Carlson et al. 1991; Drouillard et al. 1996; Egeler et al.
1997; Harrahy and Clements 1997). The success, ecological significance, and
interpretation of a bioaccumulation test can be greatly influenced by the choice of test
species (ASTM 2000), but it is also noted that no one species is best suited to assess all
possible conditions encountered in routine testing. Thus, the need for continued
development of standardized test methods and evaluation of various test species to
provide bioaccumulation data for ecological risk assessments. Many of the selection
criteria for organisms used in sediment toxicity tests also apply to organisms used in
bioaccumulation tests (see e.g., Giesy and Hoke 1989; Burton 1991). Both required and
desirable characteristics for determining the bioaccumulation of sediment-associated
contaminants in benthic invertebrates have been discussed in detail (ASTM 2000). In
addition to characteristics such as sediment ingestion and contaminant resistance (to
survive exposure), it has also been recommended to select invertebrate species that are
tolerant of a range of sediment and water quality characteristics and have a minimal
ability to metabolize compounds (ASTM 2000; U.S. EPA 2000a). Importantly, however,
it has also been recognized that an insufficient number of multi-species comparative
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studies have been conducted to adequately compare the bioaccumulation potential of a
variety of species across a range of contaminants (ASTM 2000).
Different species will inherently vary in their bioaccumulation potential, and this
may be influenced by contaminant and sediment type. It has been suggested that the
most comprehensive assessment of bioaccumulation includes both benthic invertebrates
and fish species that have some association with sediment (Mac and Schmidt 1992). The
use of two or more species from different major taxa increases the probability of
measuring maximum tissue residues and has been recommended for assessing moderate
to large discharges or dredging operations (ASTM 2000) and in regulatory testing (U.S.
EPA 2000a). A variety of freshwater species have been rated for bioaccumulation testing
by Ingersoll et al. (1995) and the ASTM (2000); and their use in bioaccumulation studies
has been reviewed in Chapter 2. Currently, only bioaccumulation methods with the
oligochaete Lumbriculus variegatus are standardized (i.e., ASTM 2000; U.S. EPA
2000b) and many researchers have used this species based on these protocols. However,
identification of additional species to use in bioaccumulation tests and development of
standardized protocols with these species has been identified as a research need (U.S.
EPA 2000a). This, in addition to a comparison of bioaccumulation potential between
appropriate test species, is an important issue that should be addressed, since both
toxicity and bioaccumulation data from multi-species comparative testing may be
essential to provide more thorough and ecologically relevant assessments of sediment
quality.
The preceding chapters of this thesis describe work that has been completed on
the development and standardization of an OMOE protocol for measuring
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bioaccumulation under laboratory conditions. The purpose of the present study was to
validate this method through testing of environmental samples and to assess the relative
effectiveness of three freshwater species for accumulating different contaminants (e.g.,
PCBs, PAHs, dioxins and furans, organochlorine pesticides, and selected metals) from a
variety of field-contaminated sediments (n = 10). This is the first study of this magnitude
to compare the bioaccumulation potential of three different, but ecologically relevant
species, under standard conditions.

4.3.

Methods

4.3.1. Test organisms
The three freshwater organisms selected for this research were the oligochaete L.
variegatus, the mayfly Hexagenia spp., and the juvenile fathead minnow Pimephales
promelas; each represents a different trophic level and potential for bioaccumulation
(e.g., route of exposure, metabolic capabilities). Oligochaetes and fish were raised at the
OMOE laboratory from in-house cultures according to standard operating procedures
(based on U.S. EPA 1987; Bedard et al. 1992; U.S. EPA 2000b). Mayfly eggs were
obtained in the field from emerged adults (by J. Ciborowski, University of Windsor),
stored, then hatched and reared in the OMOE laboratory (based on Hanes et al. 1990;
Bedard et al. 1992). All water used in culturing and testing was dechlorinated city of
Toronto tap water.
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4.3.2. Sediment collection and preparation
Test sediments were collected from a variety of locations throughout Ontario and
sites were chosen based on OMOE knowledge of historical contamination, access to the
site, and previous field studies assessing bioaccumulation (e.g., young-of-the-year
collections or caged-mussel studies). Sites were also chosen to represent a range of
contaminants, levels of contamination, and physical properties of sediment. Since
OMOE investigations have resulted in court action/remediation, site names and locations
are not divulged in the present study, but are shortened to a 2-4 character code (Table
4.1). Sites with codes ending in “C” are from a riverine/creek system and all others are
from lake environments. The contaminants of concern (COCs; listed in Table 4.1) for
each site are those previously identified to be of concern based on historical data and/or
are present in sediment at a concentration high enough potentially to be of concern.
Other contaminants were measured in the sediments, but were not measured in the tissue
analyses of laboratory-exposed organisms.
Sediments were collected between May 2007 and July 2008, using a petite ponar
dredge or shovel, and brought to the OMOE laboratory in pails lined with food-grade
polyethylene bags. Sediment samples were composited, homogenized, and sub-sampled
for detailed physicochemical characterization (particle size, moisture, TOC, bulk density,
nutrients, metals, and major classes of organic contaminants) and stored at ~4°C, in the
dark, until tested (max. 12 months). Sediment from one site (UC) was passed through a
sieve (2 mm mesh) to remove large gravel and other debris; no other sediment samples
were sieved in accordance with standard procedures (EC 1994). The relevant physical
characteristics and COCs of the sediments tested are presented in Table 4.1.

96

Table 4.1 Physical characteristics and contaminants of concern of sediments collected for
bioaccumulation testing from contaminated sites throughout Ontario (2007-2008).
Particle size distributiond
Density
Contaminant Concentrationb
TOCc
Site
of concern
(ng/g dry)
(%)
% sand % silt
% clay
(g dry/ml)
DDT &
BC
1,200
2.7
10
70
20
1.07
metabolites
DDT &
CC
340
1.6
68
26
6
1.31
metabolites
CL
Hg
920
4.8
0
40
60
0.41
dl-PCB
3.0
PCDD/F
0.8
COB3 As
450,000
1.8
9
73
18
0.92
Hg
680
K4
Hg
2,000
4.1
13
63
25
0.53
PCB
400
LC
PAH
5,500
7.4
23
67
10
0.64
PCB
6,400
LSJ
PCB
1,300
12
18
71
11
0.19
dl-PCB
190
PC
PCDD/F
2.5
3.1
46
46
8
1.02
SC
PAH
2,100
1.1
67
13
4
1.63
PCB
340
dl-PCB
56
UC
PAH
9,400 (8,800)e 2.1 (1.7) 68 (20) 7 (65)
2 (15)
1.77 (1.41)
(60%)e PCB
4,800 (3,500)
dl-PCB
550 (240)
PCDD/F
0.95 (0.66)
a
sites names ending with “C” are from a riverine/creek system and all others are from
lake environments
b
sum of DDT & metabolites, congeners of PAHs, PCBs, dioxin-like (dl-)PCBs, and
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)
c
total organic carbon
d
sand 62-1000 µm, silt 2.63-62 µm, clay <2.63 µm
e
values in brackets are for UC sediment diluted to 60% for testing with Hexagenia spp.
a

All sediments were screened for acute toxicity using the three species in smallscale, 4-day tests prior to use in bioaccumulation tests (recommended in U.S. EPA
2000b). Due to toxicity to both invertebrates in the screening test, sediments from sites
COB3 and LC were diluted to 25 and 10%, respectively, on a dry weight basis with
control sediment, and rescreened for toxicity. Sediment from site UC was not acutely
toxic, but in the 28-day bioaccumulation test, toxicity to Hexagenia was observed. This
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sediment was then diluted to 60%, on a dry weight basis with control sediment, and
retested only with Hexagenia spp. The physicochemical characteristics of the diluted
COB3, LC, and UC sediments are presented in Table 4.1. These diluted sediments were
aged for at least two weeks prior to bioaccumulation tests.

4.3.3. Bioaccumulation test method
After a review of bioaccumulation methods in the literature, selection of test
species, and testing of data gaps regarding exposure techniques, a standardized laboratory
test method was developed for the OMOE to be used for routine, investigative purposes.
Various aspects of the exposure techniques used for this method were based on those
published by the ASTM (2000), the U.S. EPA (2000b), and Bedard et al. (1992). Each
species was exposed to 10 different sediments and experiments were conducted between
February and September 2008 in the OMOE laboratory.
Organisms were exposed to sediment for 28 days, under static conditions with
aeration of overlying water (static exposure based on Bedard et al. 1992; EC 1997a).
Tests were conducted at 23 ± 2°C, under a 16 h light, 8 h dark photoperiod with an
intensity of 500 – 1000 lux. Based on previous research evaluating the effect of loading
density on organism survival, growth, and bioaccumulation, a ratio of ~27:1 total organic
carbon (TOC) to organism dry weight (dw) was selected as a standard loading density of
organisms (Chapter 3).
The volume of sediment required for each species-sediment combination was
calculated based on the required biomass for chemical analyses (5 g wet weight (ww) for
organics and 1.5 g ww for metals/replicate), using sediment- and organism-specific
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parameters. Sediment and water were added to 2- or 4- L glass jars (height 1.5x
diameter), as required based on total volume, in a ratio of 1:4 (v/v, Bedard et al. 1992)
one day prior to test initiation. If the total volume of sediment and overlying water
calculated for a treatment exceeded the capacity of a 4-L jar (i.e., due to range in volumes
associated with the 27:1 ratio TOC:organism dw), then sediment, water, and organisms
were equally split between test containers to maintain the same loading density and the
1:4 sediment to water ratio. Organisms from the split treatments were pooled at the end
of the test. Each container was loosely fitted with a lid with a hole through which the
overlying water was aerated with filtered air supplied via a Pasteur pipette.
Three replicates per test sediment were used in each experiment. Controls were
relatively uncontaminated, field-collected sediments, which had previously been
demonstrated to be suitable for culturing/testing with these species. Only one control
replicate was included in each experiment because previous testing indicated that
accumulation of any contaminants of concern (COC) from the control sediment was
negligible. The purpose of the control was to assess the integrity of the test system and
the general health of the organisms. During the tests no food was added to the exposures
containing worms or nymphs, and fish were fed a maintenance diet of ground fish food
flakes at a rate of ~1 % wet body weight/d (Bedard et al. 1992).
At initiation of the test approximately the same number of organisms, weighing
~1.5 or 5 g total ww/replicate, were added to each test container. Approximately 1.3
times the required amount of worm tissue was added to account for excess water (U.S.
EPA 2000b). A sample of organisms for each species was collected for pre-exposure
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analysis. The average wet weight of mayfly nymphs was between 20 and 30 mg and for
fish was between 250 and 500 mg.
At termination of the test, overlying water from each vessel was collected for
chemical analyses. Organisms were sieved from the sediment (243 µm and 1 mm mesh
size for worms and nymphs, respectively), rinsed, euthanized in CO2-charged water
(accepted method; Drs. W. Holley and D. McGrogan, DVM, personal communication),
weighed, and then frozen. Survival was recorded for nymphs and fish. Water quality
(pH, conductivity, temperature, dissolved oxygen, and ammonia) was measured at the
beginning and end of the tests using ion-specific meters, following OMOE standard
operating procedures. All pre-exposure, control, and test organisms within each
experiment were analyzed for the same COCs and lipid content (for organic
contaminants).
Additional replicates (n = 3) were included in a number of experiments to
examine the effect of purging on the estimate of tissue concentrations. Organisms
recovered from these exposures after 28 d were held in ~1.5 L of fresh water for 24 h to
allow them to purge sediment from their guts. All other conditions were the same as in
the test. To reduce stress associated with continual swimming, mayflies were provided
with a mesh substrate and overhead lights were turned off.

4.3.4. Physicochemical analysis
All physical and chemical analyses of sediment and tissue samples were
conducted by the OMOE Laboratory Services Branch, following their standard operating
procedures. Only those procedures for which data are reported in the present study, are
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included below. Sediment density was determined by measuring 100 ml aliquots of
sediment into pre-weighed beakers (n = 5). Each sample was weighed before and after
drying in an oven (~60°C for ~5 d). Wet-to-dry-weight conversion factors for each
species were also determined by weighing organisms (n = 20) before and after drying in
an oven (~60°C for 24-48 h).
Total organic carbon was determined by subtracting the total inorganic carbon
from the amount of total carbon. Total carbon was measured by combustion using a
LECO C-632 Carbon Determinator (OMOE 2008h). Inorganic carbon was determined
by measurement of CO2 produced by the reaction of carbonate with 2 N perchloric acid,
using a coulometer (OMOE 2008i). Particle size composition in the sediment samples
was measured with a Coulter LS230 Particle Size Analyzer (OMOE 2008c) and
expressed as percent sand, silt, and clay (see Table 4.1).
All chemical analyses included the use of quality control procedures such as
internal standards, laboratory blanks and spikes, duplicates, matrix spikes, and certified
reference materials, as appropriate. The analytical procedures and method detection
limits (MDL) for the major classes of compounds in the contaminated sediments and
tissue are briefly described below.
For the analysis of PAHs, organochlorine pesticides (OCs), and congener-specific
PCBs, sediment samples were air-dried, coarsely ground, and extracted twice with
acetone and 25 % (v/v) dichloromethane in hexane, using an ultrasonic bath followed by
the use of a vortex shaker. Thawed tissue samples were acid-digested using concentrated
hydrochloric acid, then extracted using 25 % (v/v) dichloromethane in hexane. An
aliquot of each extract (sediment or tissue) was passed through a silica Sep-PakTM
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cartridge to isolate PAHs, which were analyzed by gas chromatography-mass
spectrometry (MDL 2-4.5 ng/g dw sediment, 4-13 ng/g ww tissue OMOE 2007b, c). For
the analysis of OCs and PCBs, an aliquot of each extract was cleaned up using preconditioned Florisil®, which separates these groups of compounds. Analysis was
conducted using gas-liquid chromatography with electron capture detection (MDL for
DDT and metabolites 1.7-4.2 ng/g dw sediment, 2.1-3.5 ng/g ww tissue, MDL for PCB
congeners 0.6-11 ng/g dw sediment, 0.39-22 ng/g ww tissue OMOE 2007a, 2008d, e, f).
Lipid content was determined gravimetrically using an aliquot of the extract from each
tissue sample.
Dioxin-like (dl-)PCBs and polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) were measured in both matrices using isotope dilution with mass
spectrometric detection. Sediment samples were air-dried, coarsely ground, and
extracted using Soxhlet extraction with Toluene. Extracts were cleaned up using a silica
column (1st stage). Thawed tissue samples were acid-digested using concentrated
hydrochloric acid. The digested mixture was extracted three times with hexane and
passed through a column containing anhydrous sodium sulphate and sulphuric acidmodified silica to remove excess water and lipids. An aliquot of each extract (sediment
or tissue) was further cleaned up using an alumina (2nd stage) and PX21-Amoco carbon
column (3rd stage). Final extracts were analyzed by gas chromatography-high resolution
mass spectrometry (MDL for dl-PCBs 1.01-4.01 ng/g dw sediment, 0.19-5 ng/g ww
tissue, MDL for PCDD/Fs 0.98-13 ng/g dw sediment, 0.3-3.1 ng/g ww tissue OMOE
2008g).
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For arsenic analysis, sediment and biota samples were digested in oxidizing acid
mixtures to convert all forms of arsenic to arsenate, which was then reduced by sodium
borohydride to arsine and analyzed by conventional atomic absorption techniques (MDL
0.9 μg/g OMOE 2008a). Mercury in the samples was converted to the inorganic form by
a 4:1 (v/v) sulphuric:nitric acid digestion procedure. The inorganic mercury was reduced
in aqueous solution with stannous chloride and analyzed using a cold vapor-atomic
absorption technique (MDL 0.05 μg/g OMOE 2008b, 2009).

4.3.5. Data and statistical analyses
Unless specified, all data reported are the sum of DDT and metabolites, or total
congeners for PAHs, PCBs, dl-PCBs, and PCDD/Fs. For PAHs and PCBs, data are the
sum of total congeners measured in the method, with congener values below reporting
limits treated as zero. For dl-PCBs and PCDD/Fs, data are the sum of total congeners
measured in the method with congener values below the within-run detection limit set
equal to the within-run detection limit. Contaminants of concern were measured at trace
levels or below detection limits in pre-exposure (d-0) organisms; therefore corrections
did not need to be made to d-28 tissue concentrations. Biota-sediment accumulation
factors (BSAFs), which is a ratio of the concentration of a contaminant in tissue relative
to that in the sediment, were calculated for each species-COC-sediment combination. For
organic contaminants, concentrations in tissues and sediment were normalized to lipid
and TOC content, respectively. BSAFs for metals were not normalized to these
parameters and were calculated based on dw concentrations. Tissue concentrations of Hg
were measured on a ww basis and converted to dw using a correction factor previously
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determined in the OMOE laboratory for each organism (L. variegatus 0.13, Hexagenia
spp. 0.15, P. promelas 0.18 dw/ww).
A one-way analysis of variance (ANOVA; with Tukey multiple comparison) was
used to compare mean BSAFs between species, for each COC in each sediment. Tests
for normality (Kolmogorov-Smirnov) and equal variance (Leven median) were
incorporated into the ANOVA (SigmaStat v. 3.5). When necessary, data were log
transformed to meet the assumptions of normality and equal variance. Student‟s t-test
was used to compare mean tissue concentrations (lipid-normalized) between purged and
unpurged organisms in those experiments that included this treatment. Differences in all
tests were considered significant at p ≤ 0.05.

4.4.

Results and discussion

4.4.1. Survival and growth
Few studies have compared bioaccumulation between two or more freshwater
species exposed to field-contaminated sediments or under standard conditions. In the
present study, since the sediments were previously screened for acute toxicity in 4-d tests,
adequate survival was expected in each species. Bioaccumulation is typically the only
ecologically significant endpoint investigated in bioaccumulation tests, because other test
methods with more sensitive species and endpoints have been developed to assess the
toxicity of sediments (e.g., EC 1997a; 1997b; U.S. EPA 2000b), but survival and growth
are still essential measures with regard to quality control and may assist in the
interpretation of bioaccumulation data. However, these endpoints are not measured in
many bioaccumulation studies (see review in Chapter 2). Mortality and/or loss of
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biomass may suggest that organisms have entered a starvation mode due to avoidance or
reduced ingestion of contaminated sediment, which may indicate altered exposure.
Survival and growth endpoints for L. variegatus cannot be reasonably separated in
bioaccumulation tests due to their asexual mode of reproduction and the large number of
worms required to achieve sufficient biomass for chemical analyses. Therefore, total
biomass (ww) was measured as an endpoint for this species. Over the 28-d exposure
period, the change in total biomass of worms ranged from -3 to +50% in the controls,
except in two cases in which a decrease of ~30% in biomass was recorded. In the test
sediments, the change in total biomass ranged from -36 to +8%, with little change or a
decrease in biomass observed in most cases. Other bioaccumulation studies with L.
variegatus have also noted a decrease in biomass in control and test treatments of 14 to
28-d tests (Kukkonen and Landrum 1994; Harkey et al. 1995; Ciparis and Hale 2005).
No changes or an increase in biomass have also been observed (Harkey et al. 1995; Fisk
et al. 1998; Ingersoll et al. 2003; Ciparis and Hale 2005). These endpoints appear to be
quite variable in this species and it is still uncertain whether and how these changes affect
the interpretation of bioaccumulation results.
Mean survival of Hexagenia spp. was ≥ 80% in all but three instances. Even
though all sediments passed the 4-d screening test, almost complete mortality of nymphs
was observed in the diluted LC sediment and the undiluted UC sediment during the 28-d
exposure. In addition, only 64% survival was observed in the 28-d exposure to 60% UC
sediment, despite no toxicity being observed in the screening test with this sediment,
which was extended to 12 d. In the bioaccumulation tests, nymphs had difficulty
burrowing into the UC sediments due to the coarse physical structure, which likely
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stressed the organisms; and delayed burrowing into the LC sediment was observed
despite its finer texture. Surprisingly, this behaviour was not observed in the screening
tests with these sediments, possibly due to the smaller size of organisms that were used.
Nymphs with partially empty guts were observed in the screening test with diluted LC
sediment, which was the only indication that these sediments may not have been suitable
for testing with this species. These sediments had extremely high concentrations of
PAHs and PCBs (Table 4.1), which likely contributed to the toxic response observed in
the longer exposures. Hexagenia spp. grew in all 28-d exposures and increased in
average ww between 10 and 90%, which was acceptable organism performance
regardless of the variability in this response. Mean survival of P. promelas was ≥ 94% in
all experiments and average biomass of fish increased up to 40%, which was also
acceptable performance.

4.4.2. Bioaccumulation of organic compounds between three species
In most of the exposures, P. promelas had the highest ww concentrations of
contaminants in their tissue and accumulated 2 to 16 times more than the invertebrates
(Table 4.2). The exception to this was PCDD/F accumulation from PC and UC sediment
in which the fish had the lowest concentrations. Increased accumulation in P. promelas
is expected due to their greater lipid content. When tissue concentrations of contaminants
are expressed on a lipid basis, these differences are typically reduced, which reiterates the
importance of normalizing to lipid when making comparisons between different species.
Thus, all comparisons of the bioaccumulation of organic contaminants between the three
species herein is based on data normalized to lipid content and is grouped by COC.
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Table 4.2 Bioaccumulation of contaminants of concern in three test species exposed to
sediment for 28 days. Data are mean tissue concentrations (± standard error; n = 3)
expressed on a wet weight (ww), dry weight (dw), or lipid basis.
Contaminant
of concerna
DDT &
metabolites
(ng/g)

Lumbriculus variegatus Hexagenia spp. Pimephales promelas
ww
lipid wt
ww
lipid wt
ww
lipid wt
BC
330
46,000
160
25,000
2,500
80,000
(32)
(7,600)
(13)
(5,000)
(560)
(20,000)
CC
110
17,000
140
13,000
510
25,000
(11)
(3,500)
(3)
(330)
(110)
(7,100)
PAH
LC
1,700
270,000
≤W
(ng/g)
(280)
(77,000)
SC
<T
<T
≤W
UCb
5,500
390,000
<T
<T
(1,400)
(100,000)
PCB
K4
99
20,000
92
16,000
320
9,700
(ng/g)
(5.6)
(2,700)
(3.9) (1,700)
(36)
(1,300)
LC
2,000
340,000
4,700
130,000
(150)
(110,000)
(370)
(11,000)
LSJ
220
24,000
130
25,000
420
19,000
(15)
(3,200)
(12)
(6,500)
(100)
(2,800)
SC
800
130,000
590
100,000
1,700
50,000
(110)
(37,000)
(82) (17,000)
(300)
(6,200)
UCb
4,900
340,000
1,400 190,000 10,000
330,000
(700)
(40,000)
(220) (34,000) (1,300)
(28,000)
dl-PCB
CL
1.0
110
0.55
90
4.7
64
(ng/g)
(0.06)
(6.9)
(0.02)
(2.5)
(0.22)
(3.0)
LSJ
27
4,900
26
1,000
57
2,700
(2.0)
(360)
(2.9)
(150)
(3.5)
(170)
SC
99
22,000
81
3,400
170
4,300
(21)
(4,700)
(8.4)
(350)
(10)
(250)
UCb
170
18,000
81
11,000
430
15,000
(8.8)
(930)
(7.5) (1,000)
(30)
(1,100)
PCDD/Fs
CL
37
4,100
18
3,000
87
1,200
(pg/g)
(0.33)
(37)
(1.0)
(160)
(4.1)
(56)
PCc
240
45,000
390
53,000
150
6,300
(24)
(4,500)
(80) (11,000)
(5.8)
(240)
UCb
130
13,000
51
7,000
38
1,400
(15)
(1,500)
(2.3)
(320)
(2.3)
(83)
As
COB3
82
35
6.4
(µg/g dw)
(22)
(6.2)
(1.6)
Hg
CL
<T
<T
<T
(µg/g dw)
COB3
<T
<T
<T
K4
2.0
1.6
1.4
(1.46)
(0.34)
(0.48)
≤W no measurable response, <T trace levels
a
see notes a and b in Table 4.1
b
Hexagenia spp. exposed to 60% UC sediment
c
n = 2 for Hexagenia spp.
Site
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Pimephales promelas accumulated a greater amount of DDT and metabolites than
the invertebrates from both DDT-contaminated sediments (BC and CC; Table 4.2).
BSAFs for P. promelas and L. variegatus were close to or within the theoretical range of
equilibrium partitioning (EqP), which predicts that BSAFs for organic contaminants
should be between 1 and 2 (Morrison et al. 1996). The EqP model assumes that BSAFs
should be constant and independent of chemical, sediment, and organism properties
(Lake et al. 1990; Di Toro et al. 1991). BSAFs outside of the theoretical range may result
from chemical disequilibrium, or metabolic processes such as active uptake,
biotransformation, or differential uptake and elimination rates. The BSAFs for
Hexagenia spp. were less than 1.0, suggesting that the nymphs were accumulating this
COC to a lesser degree (Figure 4.1); however, mean BSAFs were not significantly
different between the three species. This measurement of DDT and metabolites
represents the sum of four analytes including the parent compound (op- and pp-DDT) and
the metabolites pp-DDD and pp-DDE. When the bioaccumulation of these analytes was
examined separately, large differences between species were observed that were not
apparent when expressed on a total basis. For example, DDT parent compound was only
accumulated by the fish, mostly in the op-DDT form (Figure 4.1), and bioaccumulation
of DDD in Hexagenia spp. was significantly lower than in the other two species.
Bioaccumulation of DDE was much more similar between species. DDT (op- and pp-)
and DDE accumulation in P. promelas were highly variable, which is why a significant
difference between species may not have been observed even though the fish appeared to
accumulate these compounds to a greater extent. Expressing bioaccumulation as the sum
of DDT and metabolites underestimates the bioavailability of individual analytes as
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demonstrated by the differences in the BSAF values. This is particularly a concern for
the invertebrates and would misrepresent their ability to bioaccumulate these
contaminants from the sediment.
5
Lumbriculus variegatus
Hexagenia spp.
Pimephales promelas

4

BSAF

3
a

a
2

a

a
1
b
b
0
DDT +
metabolites

op-DDT

pp-DDT

pp-DDD

pp-DDE DDT +
op-DDT pp-DDT
metabolites

site BC

pp-DDD

pp-DDE

site CC

Figure 4.1 Biota-sediment accumulation factors (BSAF; normalized to lipid and organic
carbon) of DDT and metabolites for three species exposed to two sediments for 28 days
under laboratory conditions. Data are mean (n = 3) and standard errors. Means with
different letters indicate significant difference between species within each sedimentcontaminant (ANOVA p ≤ 0.05). Dashed lines indicate theoretical range (1-2) of BSAFs
based on equilibrium-partitioning theory.
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Lumbriculus variegatus
Hexagenia spp.
Pimephales promelas

5

4

BSAF

a

3
a
a

2

c

ab
b
b

c

1

bb
a

b

a
a

a
b

c

b

b
c

0
LC

SC

PAH

UC

K4

LC*

LSJ

PCB

SC

UC*

Site

CL

LSJ

SC

UC* CL

dioxin-like PCB

PC** UC*

PCDD/F

Figure 4.2 Biota-sediment accumulation factors (BSAF; normalized to lipid and organic
carbon) of various contaminants of concern for three species exposed to a variety of
sediments for 28 days under laboratory conditions. Data are mean (n = 3) and standard
errors. Means with different letters indicate significant difference between species within
each sediment-contaminant (ANOVA p ≤ 0.05). Dashed lines indicate theoretical range
(1-2) of BSAFs based on equilibrium-partitioning theory. *Hexagenia spp. survival was
impacted **n = 2 for Hexagenia spp.
Polycyclic aromatic hydrocarbons (PAHs) were accumulated by L. variegatus
from two of the three sediments in which it was a COC (Table 4.2). Bioaccumulation of
PAHs above trace levels did not occur in Hexagenia spp. or P. promelas. Fish have been
shown to metabolize PAHs (Varanasi et al. 1989), and typically do not accumulate these
compounds to levels which reflect their exposure (van der Oost et al. 2003).
Oligochaetes, however, are often selected to assess the bioavailability of PAHs since they
have a limited ability to metabolize these compounds compared to other invertebrates
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(Schuler et al. 2003). PAHs in LC sediment were readily accumulated by L. variegatus
as indicated by a BSAF of 3.7 (Table 4.2). This high BSAF suggests that
bioaccumulation in excess of EqP concentrations may result from active gut uptake,
which can change fugacity gradients within the gut and organism (Lee 1992; Morrison et
al. 1996; Wong et al. 2001).
Polychlorinated biphenyls (PCBs), including dioxin-like (dl-)PCBs, were the
COC in the majority of the test sediments. BSAFs for total PCB congeners in each
species were equal to or greater than the theoretical range of EqP (1-2). Accumulation of
PCBs was usually lowest in P. promelas, and highest, but also more variable in L.
variegatus. There was only a significant difference in mean BSAFs between species in
one of the five sediments tested (Figure 4.2). This occurred with K4 sediment, from
which the minnows accumulated significantly lower concentrations of PCBs than L.
variegatus. PCB accumulation was similar between species in experiments with LSJ and
UC sediment. Although the UC sediment was diluted to retest with Hexagenia spp., and
survival of nymphs was still impacted, the relative bioaccumulation (BSAF) by each
species remained similar. Complete mortality of mayfly nymphs in the LC sediment,
precluded their comparison of PCB accumulation from this sediment. Lumbriculus
variegatus accumulated a relatively high concentration of PCBs from this sediment, with
a BSAF of 3.9, compared to 1.5 for the minnows. Relative bioaccumulation from SC
sediment was also very high in L. variegatus and Hexagenia spp. (BSAF = 4.2 and 3.2,
respectively) compared to P. promelas (BSAF = 1.6). These differences still were not
significant due to the high variability in measurements for the oligochaetes, which was
largely due to variability in lipid content between replicates. BSAFs for minnows were
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most consistent between sediments and were always within the 1-2 range suggesting that
the EqP model accurately predicts the bioaccumulation of total PCBs in this species.
This was not always the case with L. variegatus and Hexagenia spp.
Three of the sediments tested for total PCBs, were further assessed for dl-PCB
accumulation. The three species did not accumulate dl-PCBs to nearly the same
concentrations as the total PCBs (Table 4.2), indicating that dl-PCBs were only a fraction
of the total PCBs accumulated. In three of the four sediments that were tested,
accumulation of dl-PCBs in L. variegatus was significantly greater than in the other
species (Figure 4.2). In particular, bioaccumulation by L. variegatus was very high in
LSJ and SC experiments (BSAF = 3.1 and 4.3, respectively), while quite low in
Hexagenia spp. (BSAF = 0.63 and 0.67, respectively). This large relative difference
between the two invertebrates was not observed in the other two sediments or with the
bioaccumulation of total PCBs from LSJ and SC sediment. On the contrary, ww tissue
concentrations of dl-PCBs were very similar between the two species (Table 4.2).
However, in this LSJ and SC experiment, the lipid content of Hexagenia spp. was higher
than usual (in pre-exposure, control, and test samples), creating the large difference on a
lipid-normalized basis. This also resulted in Hexagenia spp. accumulating lipid-based
concentrations that were significantly less than or equal to that in P. promelas, for LSJ
and SC sediments, respectively. Relative bioaccumulation of dl-PCBs from UC sediment
was similar to that observed for total PCBs, in that the BSAFs for each species were
similar despite the dilution of sediment for Hexagenia spp.
Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans
(PCDF) can be produced as by-products of chemical manufacturing and are often found
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in areas that are highly contaminated with PCBs, as is the case with the UC site. In the
present study, PCDD/Fs were not accumulated to the same extent as other organic
compounds, as indicated by the very low BSAFs for the three sediments that were tested
(Figure 4.2). This may be related to factors affecting bioavailability such as steric
hindrance or increased sorption to organic components of sediment such as black carbon.
Bioaccumulation of PCDD/Fs in P. promelas was significantly lower than in the
invertebrates for all sediments. It has been demonstrated that fish possess the ability to
metabolize these compounds (Kleeman et al. 1988; Opperhuizen and Sijm 1990).
Bioaccumulation between the two invertebrates was significantly different in the CL and
UC experiments, but since relative bioaccumulation was low these differences may have
little influence with respect to trophic transfer of contaminants. Variability between
replicates was also quite low for the sediments tested, with one exception.
Bioaccumulation of total PCDD/Fs from PC sediment in Hexagenia spp. was an order of
magnitude higher in one replicate than in the other two and the resulting BSAF was more
than five times higher. The disparities in this replicate were due to some of the higherchlorinated congeners, which partially reflected patterns in the sediment. Despite reexamination of the analytical data, the reason for the higher concentrations of certain
congeners in the one replicate remains uncertain. For the purpose of comparing
bioaccumulation between the three species, data from this replicate was not included in
the calculation of mean tissue concentrations or BSAFs.
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4.4.3. Bioaccumulation of As and Hg between three species
Accumulation of arsenic from COB3 sediment was highest in L. variegatus,
followed by Hexagenia spp., then P. promelas (Table 4.2), with (dry weight) BSAFs
equal to 0.18, 0.08, and 0.01, respectively. These measures of relative bioaccumulation
are within the range observed in tests of similar duration with Hyalella azteca (Ingersoll
et al. 1994), but lower than observed in L. variegatus (Besser et al. 2008). Mean BSAFs
were significantly different between the oligochaetes and fish.
Accumulation of mercury from CL and COB3 sediment was not different from
the range of values detected in pre-exposure and control organisms. Mercury was
accumulated from K4 sediment above pre-exposure and control concentrations. Again,
on a dw basis, tissue concentrations were highest in L. variegatus and lowest in P.
promelas (Table 4.2). Mean BSAFs were 1.0, 0.81, and 0.71 for L. variegatus,
Hexagenia spp., and P. promelas, respectively, but differences were not statistically
significant.

4.4.4. The effect of gut purging
Additional replicates were included in experiments with BC, CL (Hg), LSJ (dlPCBs), and UC (PCBs and PAHs) sediments to examine the effect of gut purging on the
estimate of tissue concentrations. As mentioned, Hg was not accumulated from CL
sediment above concentrations found in pre-exposure and control organisms negating
comparisons between purged and unpurged organisms. The ratio of concentrations of
contaminants in the tissue of unpurged to that of purged organisms ranged from 0.9 to 1.9
(Table 4.3). Ratios in excess of 1.0 are consistent with the concern that contaminants
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associated with sediment in the gut may lead to an overestimate of the concentration in
tissue. No one species consistently had the highest ratios across the sediments tested,
suggesting that the presence of sediment in the gut did not affect comparison of tissue
residues between species. A significant difference in tissue concentrations between
unpurged and purged organisms was only observed with PCB accumulation from UC
sediment in L. variegatus, which could mostly be attributed to a few congeners. Purging
of the organisms reduced the variability (% coefficient of variation) of estimates of tissue
concentration in Hexagenia spp., but this was not the case with L. variegatus or P.
promelas. These results suggest that since variability is not always reduced, there is no
advantage to purging these organisms for the intended use of this bioaccumulation
method (i.e., risk assessment and food web modeling).
Table 4.3 The effect of a 24 h, water-only purge on the estimate of (lipid-normalized)
tissue concentrations of contaminants of concern in three freshwater species.
Coefficient of variation (%)
Contaminant
Significant
Unpurged/
Speciesa
b
of concern
difference
purged ratio
unpurged
purged
BC DDT &
Lv
n
0.9
29
52
metabolites
Hx
n
1.3
35
28
Pp
n
1.5
43
18
LSJ dl-PCB
Lv
n
1.1
13
14
Hx
n
0.9
25
5
Pp
n
1.1
11
33
UC PCB
Lv
y
1.9
21
21
Hx
n
1.4
30
19
Pp
n
0.9
15
23
PAH
Lv
n
1.8
46
91
Hx
n
<T
<T
<T
Pp
n
<T
<T
<T
a
Lv - Lumbriculus variegatus, Hx - Hexagenia spp. Pp - Pimephales promelas
b
p ≤ 0.05, Student‟s t-test
<T PAHs detected only at trace levels
Site
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4.4.5. Overall trends between species, COCs, and sediments
In the present study, three organisms were exposed to 10 sediments contaminated
with a variety of compounds to compare the bioaccumulation potential between species.
Of the experiments in which the COC was accumulated by at least two of the species
(i.e., excluding PAHs, parent DDT), a significant difference in BSAFs was observed in 4
of 18 comparisons between all three species and in 6 of 18 comparisons for only two of
the species. In cases where there was a significant difference between L. variegatus and
either of the other two species (7 of 17 with Hexagenia spp. and 8 of 18 with P.
promelas), bioaccumulation was always greatest in L. variegatus. In contrast to this,
bioaccumulation in Hexagenia spp. was significantly greater than in P. promelas in only
4 of 17 comparisons. Significant differences in bioaccumulation between species were
more frequently observed for dl-PCBs and PCDD/Fs, some of which may be attributed to
the lower variability between replicates observed with these measurements.
Differences between species are likely not related to sediment in guts since the
purging experiments did not indicate that gut sediments were contributing to the estimate
of tissue concentration in any of the test species. Differential bioaccumulation may be
attributed to differences in feeding rates, both between species and sediment types, in that
faster gut clearance maintains a larger chemical activity gradient between tissue and
organic carbon (Leppänen and Kukkonen 2004). In addition, species-specific differences
in the uptake and elimination of certain congeners could be occurring. Van der Oost et
al. (1988) observed differences in the (absolute and relative) bioaccumulation of six PCB
congeners both within and between field-collected organisms (plankton, mollusks,
crustaceans, eels). Examination of PCB, dl-PCB, and PCDD/F congener data in the

116

present study indicated that where differences in bioaccumulation existed between the
three species, the relative difference was fairly consistent across all congeners (or at least
those of significant contribution; Appendix A – Figures 9.1-12). The exception was PC
sediment, in that the lower bioaccumulation of PCDD/Fs in P. promelas was also due to
relatively lower accumulation of the hepta- and octa-homologues compared to the
invertebrates. As earlier discussed, there was evidence of species-specific differences in
bioaccumulation of both DDT (fish) and DDD (mayfly nymphs). While important to
consider, examination of the congener data in the present study suggests that differences
in bioaccumulation between the three species were not due to species-specific
accumulation of certain congeners.
Most of the BSAFs calculated in the present study were within or bracketed the
theoretical range (1-2) of the EqP model. BSAFs for PCDD/Fs were much lower than for
other organic compounds with comparable octanol/water partition coefficients. It may be
that the assumptions of the EqP model have not been met, in that the contaminant has not
reached steady-state in the organisms. However, studies by Loonen et al. (1997) and
Lyytikäinen et al. (2003b) using L. variegatus have shown that 28-d laboratory tests
provide ecologically relevant data that approximates steady-state conditions for most
dioxin and furan congeners. Opperhuizen and Sijm (1990) and Lyytikäinen et al. (2003a)
have suggested that hydrophobicity alone does not predict the bioaccumulation potential
of PCDD/Fs, but that steric factors, such as molecular size and conformation (e.g.
planarity), as well as sediment characteristics influence bioavailability.
It has been observed that BSAFs are sometimes higher in sediments with lower
concentrations of contaminants and organic carbon (Lake et al. 1990). BSAFs for PCBs
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(in the invertebrates) and dl-PCBs (in L. variegatus) from SC sediment were higher than
those for LSJ sediment. The SC sediment had a lower concentration of TOC and
contaminants, but when concentrations of contaminant were normalized to TOC, they
were higher in SC than LSJ sediment. In contrast to this, PCB BSAFs were similar
between LC and SC sediment for L. variegatus despite SC sediment having lower
concentrations on both an absolute and TOC basis. In addition, concentrations of PAHs
in SC sediment, on a TOC basis, were much higher than in LC sediment, yet were not
accumulated by L. variegatus. This suggests that BSAFs are not completely independent
of the concentration of contaminant or TOC in the sediment.
Variation in BSAFs across sediments may be due to different congener profiles
and it has been suggested that it is no longer sufficient to only measure total PCBs or
Aroclor equivalents, but that congener-specific analysis is necessary (van der Oost et al.
1988; McFarland and Clarke 1989; ASTM 2000). There was great variation in the
profiles of PCBs in the different sediments tested in the present study (and part of the
reason for the selection of sites). However, even when bioaccumulation was examined
on a congener basis, BSAFs between different sediments differed by a factor of up to 29
(4.5 on average) for the invertebrates and 17 (3.2 on average) for the fish (Appendix A –
Figures 9.13-21). PCBs 105 and 118 were the dominant congeners in tests assessing
bioaccumulation of dl-PCBs, but BSAFs still varied across sediments by as much as a
factor of 7 in L. variegatus (Appendix A – Figures 9.16-18). This too suggests that
BSAFs are not independent of site/sediment and perhaps other sediment properties (e.g.,
type of organic carbon) may influence contaminant bioavailability.

118

If the assumptions of the EqP model are valid, then BSAFs of organic
contaminants should be constant (= 1.7) and independent of chemical concentration,
organic carbon content, or lipid content (Lake et al. 1990). The present study, and work
by others (e.g., Ferraro et al. 1990; Lake et al. 1990; Ferraro et al. 1991; Lee 1992; Means
and McElroy 1997; Wong et al. 2001), suggests that this is not always the case. Studies
utilizing spiked sediments (e.g., Egeler et al. 1997; Lotufo et al. 2001; Kukkonen et al.
2004; Gaskel et al. 2007) have shown that differences in bioaccumulation may, but do not
always exist between invertebrate species both within and between different groups (e.g.,
amphipods, isopods, and oligochaetes). The EqP model is a simplification of
bioaccumulation and while BSAFs often bracket the theoretical range of 1-2 it is evident
that BSAFs can be both species- and site-specific. Therefore, comparing BSAFs across
studies using different organisms exposed to different sediments and/or conditions may
not be a true reflection of bioaccumulation potential. The use of standard test methods
with standard species facilitates comparisons of bioaccumulation data between sites and
over time, as is often the case in ecological risk assessments.

4.4.6. Appropriateness and use of three species
Lumbriculus variegatus readily accumulated almost all of the COCs encountered
in the test sediments and frequently had the highest tissue concentrations. Although
PAHs are not biomagnified through the food chain, the ability of this species to
accumulate these compounds represents a route of exposure for organisms of higher
trophic levels. In a number of experiments, BSAFs for L. variegatus were well above the
theoretical range of EqP, suggesting their ability to biomagnify contaminants within their
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guts; however, variability between replicates was quite high in these instances. The use
of L. variegatus in a bioaccumulation method may reflect a worse-case exposure
scenario, but our results indicate that, compared to Hexagenia spp. and P. promelas, there
may be greater uncertainty associated with estimates derived using this species.
5

Lumbriculus variegatus BSAF

1:1

4
LSJ and SC dl-PCB

3

2
DDD

1

0
0

1

2

3

4

5

Hexagenia spp. BSAF
Figure 4.3 Comparison of biota-sediment accumulation factors (BSAF; normalized to
lipid and organic carbon for organic compounds only) for Lumbriculus variegatus and
Hexagenia spp. derived from 28-d laboratory exposures in this study.
Differences in metabolism likely exist between the two invertebrates as suggested
by the minimal/lack of DDD and PAH bioaccumulation by Hexagenia spp. Apart from
this and the differences in lipid-normalized concentrations of dl-PCBs from LSJ and SC
already discussed, BSAFs (for metals and organic compounds) were similar for L.
variegatus and Hexagenia spp. in the present study (Figure 4.3). Such minor differences
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in bioaccumulation between these two species will likely have little influence on
ecological risk assessment and modeling of bioaccumulation and biomagnification
through a food chain. Although P. promelas does not have the same close interaction
with the sediment as benthic invertebrates, they can cause a great deal of bioturbation in
relatively confined test exposures due to their behaviour, potentially increasing
contaminant bioavailability. This species readily accumulated contaminants from
sediments in the present study and although somewhat variable, the bioaccumulation of
DDT by P. promelas indicates that, in some cases, fish are capable of mobilizing certain
compounds, which the invertebrates are not.
Differences between species in terms of their use in routine tests can extend
beyond bioaccumulation potential to their sensitivity and practical considerations.
Compared to oligochaetes, mayfly nymphs are less tolerant of sediments with high
content of sand because they cannot construct burrows. Such sediments may be less of
an ecological concern due to typically low amounts of organic carbon and associated
organic contaminants, except at very contaminated sites. Hexagenia spp. appeared to be
more sensitive than L. variegatus to LC and UC sediment, in that they did not burrow
into sediment and survive the exposure. Differences in biomass between control and test
sediments indicate that L. variegatus may also demonstrate some sensitivity to
contaminants. Measures of survival and growth of nymphs and fish appear more robust
than for oligochaetes, with which greater variability and loss in biomass were often
observed. Less time and resources are required to culture L. variegatus due to their
reproductive behavior, while organisms of a specific size range are used for Hexagenia
spp. and P. promelas. Less time is required to initiate a test since oligochaetes are added
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in masses, but much greater effort is necessary to recover organisms at the end of a test
due to their small size.

4.5.

Summary and conclusions
In the present study, bioaccumulation was usually highest in L. variegatus

compared to Hexagenia spp. and P. promelas, but also more variable. Significant
differences in bioaccumulation between species were observed in a number of cases,
particularly with dl-PCBs and PCDD/Fs. Species-specific differences were most evident
with respect to the bioaccumulation of DDT parent compound, DDD, PAHs, and
PCDD/Fs. Apart from a few noted differences, bioaccumulation between L. variegatus
and Hexagenia spp. was similar in most of the sediments tested. Purging of the three
organisms at the end of a test did not improve the estimate of tissue concentrations (i.e.,
reduce associated variability) and is not necessary when bioaccumulation data are used
for ecological risk assessments and food web modeling.
The present study is in agreement with others in that it suggests that speciesspecific differences in bioaccumulation may, but do not always, exist and can vary with
both contaminant and sediment type. Since estimates of bioaccumulation, such as
BSAFs, can be both species- and site-specific this supports the need for and use of
standardized bioaccumulation methods and test species. The use of invertebrates and fish
in a bioaccumulation method facilitates assessment of a broad range of contaminants and
exposure conditions, and application of bioaccumulation data in sediment risk
assessments. The three species used in the present study have not previously been
compared in terms of their bioaccumulation potential. Due to both the number and
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variety of sediments tested, the present study provides a solid foundation for the selection
of test species (or various combinations) and validation of a laboratory method for
assessing bioaccumulation with these species.
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5.

VALIDATION OF ONTARIO’S NEW LABORATORY-BASED
BIOACCUMULATION METHODS WITH IN SITU FIELD DATA

5.1.

Abstract
To validate the standardization of a laboratory protocol for measuring

bioaccumulation, laboratory-derived tissue residues and biota-sediment accumulation
factors (BSAFs) were compared with historical field data from nine sites in Ontario. Due
to temporal discontinuity between the field and laboratory studies, a priori considerations,
such as changes in site conditions or concentrations of contaminants in sediment, were
necessary to assess whether to compare absolute or relative measures of bioaccumulation.
For the majority of sites, BSAFs for field-collected and laboratory-exposed fish were
within a factor of 2. BSAFs for laboratory-exposed oligochaetes were typically greater
than those for mussels caged in the field, by a factor of 2 to 9. Overall, the laboratory
methods for all species generally overestimated the relative bioavailability of
contaminants compared to field conditions by a factor of 1.1 to 9.2. Other than great
disparity observed for PCDD/Fs between field and laboratory studies, on average, the
laboratory-derived BSAFs with Pimephales promelas and Lumbriculus variegatus
respectively overestimated those from field-collected fish and field-exposed mussels by
factors of 1.6 and 3.6. The laboratory method reflects a potentially worst-case exposure
scenario and provides an appropriately conservative estimate of bioaccumulation.
Laboratory-based estimates can be comparable to bioaccumulation data from the field,
but may be confounded by species-specific differences in routes of exposure and
bioaccumulation of certain compounds or other environmental and biological factors that
should be considered in these comparisons.
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5.2.

Introduction
For many years, ecological risk assessment of contaminated sediments was based

on three lines of evidence: sediment chemistry, toxicity testing, and benthic surveys.
However, the assessment of the potential for the bioaccumulation and/or
biomagnification of contaminants has been identified as crucial to this process (Franke et
al. 1994; Feijtel et al. 1997) and is now an important and routine part of environmental
assessments (Grapentine et al. 2002; Chapman and Anderson 2005). A variety of
approaches are available for determining the bioaccumulation of contaminants in biota,
which includes field monitoring, laboratory tests, and the use of models. Each approach
has both applications and limitations based on the stage of the risk assessment, the
questions being addressed, and the level of certainty required.
The most direct and ecologically relevant approach to assessing bioaccumulation
is to measure concentrations of contaminants in the tissue of organisms collected or
exposed in the field (Lee 1992). Collection of young-of-the-year fish and sport fish has
become an integral part of environmental monitoring programs, particularly within
Ontario. However, the use of mobile and long-lived organisms may prove difficult to
delineate zones of contamination or the effectiveness of remediation procedures.
Sampling of benthic organisms, which provides a much clearer understanding of the
bioavailability of contaminants and extent of contamination, is often limited due to the
workload constraints of obtaining sufficient tissue biomass for analytical measurements
(Lee 1992; U.S. EPA 2002b). Caging organisms, such as freshwater mussels, in the field
is one approach to address this issue. While providing a balance between experimental
control and ecological relevance not offered with field collections or laboratory studies,
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in situ studies are still time consuming, labor-intensive, and occasionally prone to
vandalism, predation, or destruction (U.S. EPA 2000a; ASTM 2002).
Compared to field studies, laboratory methods offer more flexibility with timing
and typically reduce workload and cost, as well as seasonal and spatial variability (U.S.
EPA 2000a). They allow control of environmental conditions and standardization of
exposure techniques and test species used. They also allow research questions, such as
differences between species, kinetics of uptake, and fate of emerging contaminants of
concern, to be addressed as well as the integration of additional assessment endpoints
such as survival, growth, and reproduction. Since organisms cannot avoid contaminants
in a bioassay system, laboratory methods represent what is potentially a worst-case
exposure scenario. Laboratory methods cannot completely replace or replicate field
exposures, but are intended to support field methods and/or fill data gaps. Although
laboratory or field-based bioaccumulation data are frequently generated and applied on a
site-specific basis, the use of standard methods enables contaminated sites to be
compared to each other on a scientifically defensible basis and accurately ranked with
respect to priority of clean-up and effectiveness of remediation.
In addition to the standardization of methods and approaches for assessing
bioaccumulation, the U.S. EPA (2000a) has also identified field validation of laboratory
methods as a need with respect to sediment quality assessment. Earlier chapters in this
thesis describe the development and standardization of a laboratory protocol for
measuring bioaccumulation of sediment-based contaminants in freshwater organisms.
This included an assessment of the bioaccumulation potential between test species, in
which bioaccumulation from a variety of field-contaminated sediments was measured in
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the juvenile fathead minnow Pimephales promelas, the oligochaete Lumbriculus
variegatus, and the mayfly nymph Hexagenia spp. (Chapter 4). However, fieldvalidation of these laboratory methods is necessary if quantitative estimates of exposure
are to be confidently used in ecological risk assessments and in making regulatory
decisions.
In the present study, we compared both laboratory-derived tissue residues in fish
and invertebrates and biota-sediment accumulation factors (BSAFs) with available field
data (i.e., young-of-the-year fish or caged mussels) from nine sites in Ontario, collected
as part of ongoing OMOE monitoring programs. We discuss the extent to which these
laboratory methods reflect environmental exposures as individual case studies and in a
general context to illustrate how they may be used to corroborate field investigations.

5.3.

Methods

5.3.1. Selection of sites, laboratory bioaccumulation tests, and field studies
Sediments used in laboratory bioaccumulation tests were collected by staff of the
OMOE from a variety of locations throughout Ontario between May 2007 and July 2008.
Sites were chosen based on OMOE knowledge, historical monitoring of contamination
(sediment and biota), and access to the sites. The sites were also chosen to represent a
range in the type and degree of contamination (Table 5.1), and physical properties of
sediment (see Table 4.1 in Chapter 4).
All bioaccumulation tests were conducted between February and September 2008
in the OMOE laboratory. Three test organisms (P. promelas, L. variegatus, and
Hexagenia spp.) were exposed to sediment from each site for 28 d (based on ASTM
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2000; U.S. EPA 2000b) under static conditions, with continual aeration of overlying
water (based on Bedard et al. 1992; EC 1997a; 1997b). Tests for each sediment were
conducted using three replicates; with approximately 5 g wet weight (ww) of biomass per
replicate for analysis of organic contaminants. Tissue residues of specific contaminants
of concern (COCs) were measured in un-purged organisms, as we considered this to be
more ecologically relevant. Samples of control organisms were also analyzed on d-0
(pre-exposure) and d-28 for COCs and lipid content. Further details regarding test
organisms, site codes, sample preparation, bioaccumulation tests, and physicochemical
analyses are found in Chapter 4.
Table 5.1 Concentrations of the contaminants of concern between past and recent
(2007/08) sampling of the sites included in the present study, as well as activities and
changes that have occurred.
Concentration in sedimenta
Activities or changes
Year Historical 2007/08
140
300
Excavation and potential release
2004
260
320
of upstream source in 2004
220
150
Clean-up of source on adjacent
1995
69
93
property
2002
210
400
Dredged in 2005
2005 1,500
1,300
None
2003 58,000
58,000
Industry closed/ceased discharge
2006 3,500
340
Excavation of sediment 2006/07
2006
750
340
None
430 UC PCB
2005
4,800
Variable flow conditions
4,700
PC PCDD/F
2005
1.2
2.5
Variable flow conditions
a
ng/g dw; sum of total congeners of PCBs or polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs)
Contaminant
Site
of concern
pp-DDD
BC
pp-DDE
pp-DDD
CC
pp-DDE
K4 PCB
LSJ PCB
LC PCB
SC PCB
TC PCB

Field studies were conducted as part of independent investigations of the
contaminated sites. This work occurred prior to the development and standardization of
the new laboratory protocols for the OMOE, and was the best available data for
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comparison of bioaccumulation between the laboratory and field. OMOE staff carried
out the collection of sediment, fish, and caging of mussels in these field studies. Youngof-the-year fish were collected in late summer/early fall (August-October) and analyzed
as individuals where possible (n = 3-5 per site). Freshwater mussels (Elliptio
complanata), collected from a reference location (Balsam Lake, Ontario), were caged in
the field for 21 or 28 d. The field studies varied in terms of the number of mussels
deployed, and whether mussels were analyzed as individuals (n = 3 per site) or a
composite (n = 1 per site) of individuals (n = 4 or 10-12). All physicochemical analyses
of samples from field and laboratory studies were conducted by the Laboratory Services
Branch of the OMOE, following their current standard operating procedures at the time
of sample submission (see Chapter 4 for reference to relevant analytical procedures).

5.3.2. Analysis of data
Unless specified, all data reported are the sum of total congeners for PCBs and
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs). For PCBs, data are the
sum of total congeners measured in the method, with congener values below reporting
limits treated as zero. For PCDD/Fs, data are the sum of total congeners measured in the
method with congener values below the within-run detection limit set equal to the withinrun detection limit. Contaminants of concern were measured at trace levels or below
detection limits in pre-exposure (d-0) organisms, therefore corrections were not made to
the d-28 concentrations measured in the tissue of laboratory-exposed organisms.
Concentrations of contaminants in tissue were normalized to lipid due to
differences in lipid content between species, both within and between field and laboratory
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organisms. Biota-sediment accumulation factors (BSAFs) are a ratio of the concentration
of a contaminant in tissue compared to the sediment and represent a relative measure of
bioaccumulation. These factors were calculated for each species-COC-sediment
combination, using concentrations in the tissue and sediment that were normalized to
lipid and organic carbon content, respectively.

5.3.3. Comparisons between laboratory and field
Our conceptual approach to the comparison of field and laboratory assessments
and validation of the laboratory bioaccumulation protocol is outlined in Figure 5.1.
Comparisons were made between similar types of organisms (i.e., fish to fish,
invertebrates to invertebrates). Validation was achieved by comparing 2007/08 sampling
and laboratory data (sediment, tissue, BSAF) to historical field data collected by the
OMOE between 1995 and 2006, depending on the site. In 2007/08, sites were selected
and sediments collected at various times based on sampler availability and laboratory
tests were conducted over 8 months as part of the method development and comparison
between species (Chapter 3 and 4). Our comparisons are therefore not based on samples
collected at the same time or precisely the same place (except for Site K4), although
attempts were made in 2007/08 to resample at the previous sites of the field studies.
Simultaneous field collections or exposures would have required additional labor, site
visits, organisms, and analytical resources. As a result, this approach required a priori
considerations such as what activities had occurred at the site between sampling periods
and whether site and sediment conditions had changed during this time (Table 5.1).
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The laboratory- and field-derived estimates of bioaccumulation of the COCs for
each site were based on analyses of individuals or composites of individuals, providing a
mean estimate where possible. However, these do not represent discrete samples, but are
really subsamples describing the variability within the laboratory exposure (to one
sediment sample) or caged exposure (one cage of mussels per site). For these reasons
and the fact that comparisons are made across different species (for the most part) in
different environments, we believed that statistical comparisons between laboratory- and
field-based tissue residues and BSAFs were not appropriate.

Match sites based on sampling information
Sediment concentrations similar? (dw and TOC basis)
Scenario 1

Yes

No

Tissue
concentrations
similar?

Scenario 2
Potential reasons:
remediation,
site heterogeneity,
hydrological variability,
redistribution or burial

(lipid basis)

No

Yes
Outcome 1

Outcome 3
Potential reasons:
length of exposure,
diet, mobility,
species differences,
environmental
conditions

Lab reflects field
bioaccumulation

No

BSAFs similar?
(lipid/TOC basis)

Yes
Outcome 2

Lab reflects field
1
bioavailability

Figure 5.1 A conceptual approach to the comparison of field and laboratory assessments
of bioaccumulation.
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Due to the number of site-specific comparisons that were possible, three sites
were chosen to be discussed in detail as case studies. The sites were chosen because
there was bioaccumulation data for both fish and invertebrates and are more
representative of the different scenarios and outcomes of the conceptual approach in
Figure 5.1. The two scenarios and three outcomes are: 1) the concentrations of the COCs
in sediment were similar between sampling periods enabling direct comparison of tissue
residues between field- and laboratory-exposed organisms, with the result that tissue
residues were similar, 2) the concentrations in sediment were not similar between
sampling periods, in which case the relative bioaccumulation of the COCs (BSAFs) was
compared between the field and laboratory, with the result that BSAFs were similar, and
3) regardless of whether or not sediment concentrations were similar between sampling
periods, there was no agreement in the tissue residues or BSAFs between the field and
laboratory. Those sites not considered in the case studies are discussed in terms of the
overall trends between the field and laboratory and the general context of which
scenarios/outcomes they fall under.

5.4.

Results and Discussion

5.4.1. Case study #1
The first site-specific example of a comparison between field and laboratory
assessments of bioaccumulation is for Site BC. This site was chosen because the
organochlorine pesticide DDT and its metabolites were the COCs. Only DDD and DDE
(pp-form) are discussed as these metabolites were detected in all field- and laboratoryexposed organisms. On a dry weight (dw) basis, the concentrations of these
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contaminants in the sediment were greater in the 2008 than 2004 samples (~2- and 1.2times for DDD and DDE, respectively; Table 5.1). However, when normalized to
organic carbon, the concentrations of DDD were the same between sampling periods
(scenario 1), while DDE was approximately 1.7-times greater in the 2004 samples (partly
scenario 2; Appendix – Table 5.1). Concentrations of DDD in tissue were similar
between field- and laboratory-exposed organisms (max. difference 23%; Figure 5.2A),
except in Hexagenia spp. nymphs, which accumulated significantly lower concentrations
of DDD than the other laboratory-exposed organisms (also for Site CC; Chapter 3). As a
result of the similar concentrations in tissue and sediment, the BSAFs for DDD were also
similar (within 25%; Figure 5.2B) between the field and laboratory (except for
Hexagenia spp.). Differences in the tissue concentrations of DDE were observed
between field- and laboratory-exposed organisms, even between species with a similar
type of exposure (i.e., highest in field-collected fish, lowest in mussels; Figure 5.2A).
The BSAF for DDE in field-collected fathead minnows (P. promelas) was 1.4-times
higher than for fathead minnows exposed in the laboratory, thus partially accounting for
potential differences in exposure. However, BSAFs for the laboratory-exposed
invertebrates were 2-times higher than the BSAF for mussels. The BSAFs for the fish
were approximately 4- to 5.5-times higher than for the (field or laboratory) invertebrate
species. This case study demonstrates that laboratory methods can reflect
bioaccumulation occurring under field conditions (outcome 1 with DDD, outcome 2 with
DDE for fish), but that species-specific differences in bioaccumulation may exist, and can
vary between compounds.
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Figure 5.2 Concentrations in tissue and biota-sediment accumulation factors (BSAFs) of
contaminants of concern in field- (F) and laboratory- (L) exposed organisms for sites BC,
UC, and SC. BSAFs are normalized to lipid and organic carbon content of sediment.
Data are mean and standard error (see Appendix - Table 5.1 for n).

5.4.2. Case study #2
Polychlorinated biphenyls (PCBs) were the COCs at Site UC. Sampling of
sediment throughout this site in 2005 found concentrations of PCBs of approximately
4,700 ng/g dw, which is similar to the sediment concentration in the 2007/08 sample.
However, the location in Site UC where organisms were caged and collected in 2005 had
a lower concentration in the sediment (only 430 ng/g dw) than the surrounding area. This
demonstrates the potential for heterogeneity in contaminant distribution within a site.
Variable flow conditions occurring at this site have the potential to form distinct
depositional areas resulting in this heterogeneity. In terms of bioaccumulation of PCBs
from UC sediment, tissue concentrations were 7- to 14-times greater in laboratory134

exposed organisms than those from the field (Figure 5.2C), since there was a 10-fold
difference in sediment concentrations (scenario 2). However, BSAFs for field- and
laboratory-exposed organisms were within a similar range (BSAF = 1.4 to 1.9; Figure
5.2C), except for creek chub in which bioaccumulation was slightly lower compared to
the other organisms (BSAF = 0.9). Overall, this suggests that the relative bioavailability
of the PCBs was similar between field and laboratory exposures (outcome 2).

5.4.3. Case study #3
PCBs were also the COCs at Site SC. This site was unique in the present study in
that it had undergone extensive remediation involving excavation of sediment within the
last few years. Between 2006 and 2007, there was a 10-fold reduction in the
concentration of PCBs in the sediment that was sampled (Table 5.1; scenario 2). This
difference in potential for exposure resulted in tissue concentrations of PCBs that were 2to 5-times higher in field-collected or -exposed organisms (2006) than organisms exposed
in the laboratory to the post-remediation (2007) sediment (Figure 5.2D). As a result of
these relative differences being inconsistent, BSAFs were 2-times higher in laboratoryexposed fish and 5-times higher in laboratory-exposed invertebrates (Figure 5.2D). This
contrasts with equilibrium-partitioning theory which assumes that BSAFs are
independent of the concentration of the contaminant in the sediment (Lake et al. 1990; Di
Toro et al. 1991). It may be that there is a threshold to the concentration of contaminants
that can be accumulated, which could explain why the historic, field BSAFs are not as
high as the more recent, laboratory BSAFs. These differences in tissue residues and
BSAFs between the field and laboratory studies cannot be attributed to a change in the
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source of contamination because the profile pattern (% contribution) of PCB congeners
remained fairly similar within sediment and between field and laboratory organisms (data
shown as PCB homologues in Appendix – Figure 5.1). Again, there was evidence of
species-specific differences in the degree of bioaccumulation, but only in the laboratory
organisms with the lower exposure concentrations. The high BSAFs of the laboratoryexposed invertebrates suggests that, despite the remediation efforts, the relative
bioavailability of PCBs remaining at this site is still high. This example demonstrates a
case where, despite there being a major change in the concentration, but not the source, of
contaminant in the sediment between sampling periods, there was a lack of agreement in
even relative measures of bioaccumulation between the field and laboratory (outcome 3).

5.4.4. Bioaccumulation between field and laboratory fish
The comparison of bioaccumulation between field-collected and laboratoryexposed fish is summarized for the nine sites in Figure 5.3A. This plot shows the ratio of
tissue and sediment concentrations, and BSAFs between the field and laboratory studies.
Points above the line (= 1:1 relationship) indicate that values were higher in the 2007/08
laboratory studies and points below that values were higher in the field studies.
Presentation of data in this manner clearly illustrates how the lack of agreement in the
concentration of COCs in the tissue between field and laboratory fish may be associated
with differences in the concentration in sediments. Comparison of BSAFs accounted for
these differences in exposure and for the majority of sites, field- and laboratory-derived
BSAFs were typically within a factor of 2, despite the differences in time between the
laboratory and field studies.
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Figure 5.3 Ratio of tissue and sediment concentrations and biota-sediment accumulation
factors (BSAFs) in laboratory and field studies for various sites/contaminants of concern.
A – Pimephales promelas compared to young-of-the-year fish, B – Lumbriculus
variegatus compared to mussels. Concentrations are normalized to lipid and organic
carbon content for tissue and sediment, respectively, including BSAFs.
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For Site K4, a 21-d laboratory exposure using fathead minnows (based on
(Bedard et al. 1992)) was conducted soon after sampling in the field in 2002 and showed
very good agreement of concentrations in tissue and BSAFs between the laboratory and
field (a factor of ±1.2), despite that field-collected fish were mostly considered yearlings
instead of young-of-the-year. In 2008, young-of-the-year fish were collected at Site K4
within 2 months of collection of the sediment that was used in the 28-d bioaccumulation
test. Again, concentrations in tissue were comparable between the field- and laboratoryexposed fish (field 1.3-times higher than lab). This represents the ideal situation for
validation of laboratory methods since temporal and spatially discontinuity are
eliminated. What is interesting to note is that the bioavailability of PCBs at this site
appears to have been reduced over this time because, although concentrations of PCB
have not declined in the sediment, tissue residues and BSAFs in both field and laboratory
fish had declined by factors of approximately 2 and 6, respectively (Figure 5.4 and
Appendix – Table 5.1).
In terms of the scenarios and outcomes in our approach to field and laboratory
comparisons of the other sites, Site CC fell under scenario 2 and was partially
confounded by older sediment data (1995) and differences in sampling locations.
However, BSAFs for DDD and DDE were only 1.3- to 2-times higher in the laboratory
than field studies (outcome 2). Sites LSJ and LC fell under scenario 1 and Site TC under
scenario 2 in terms of comparability of sediment concentrations of PCBs. Concentrations
in tissue were 1.6-times higher in laboratory-exposed fish than those from the field for
Sites LSJ and LC (outcome 1). The laboratory-derived BSAF for Site TC was 1.3-times
higher than that for the field (outcome 2).
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Figure 5.4 Laboratory- versus field-derived biota-sediment accumulation factors (BSAFs)
for fish (Pimephales promelas compared to young-of-the-year) and invertebrates
(Lumbriculus variegatus compared to mussels) in the present study. BSAFs are
normalized to lipid and organic carbon content. Data are mean and standard error (see
Appendix – Table 5.1 for n).

The assessment of the bioaccumulation of polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs) from Site PC shows greater disparity between field and
laboratory studies. In laboratory-exposed fish, concentrations of PCDD/Fs in tissue were
approximately 3-times higher and BSAFs 8-times higher than for fish in the field. This
disparity between the studies may be attributed to a number of factors, particularly, the
heterogeneity of sediment parameters and variable flow conditions within the site. There
were differences between the sediment sampled in 2005 and 2007/08, in that the earlier
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sample not only had a much lower concentration of PCDD/Fs (~50% lower on a dw
basis), but also a very low content of organic carbon (<1%; scenario 2). When expressed
on an organic carbon basis, this has the potential to skew the relative difference in
concentrations between sediments (Appendix – Table 5.1). The very low content of
organic carbon may not only influence the partitioning and distribution of contaminants,
but also the biological productivity in the area, and therefore the presence and exposure
of fish. Sampling throughout the area in 2005 revealed that the composition of sediment
and concentrations of PCDD/Fs were highly variable within even a small area (OMOE
unpublished data). This heterogeneity of sediment at Site PC and disparity between
estimates of bioaccumulation may be influenced by flow conditions that are highly
variable on an annual and seasonal basis; such that, at any given time, it may alter what
sections of the creek bed are submerged and the access of fish to different areas (S. Petro
personal communication, OMOE, Etobicoke, ON, Canada, 2009). The result was that
measures of bioaccumulation were not comparable between these field and laboratory
studies (outcome 3). Apart from this site, the laboratory estimates of either absolute
(tissue residues) or relative (BSAF) bioaccumulation in fish showed very good agreement
with field estimates despite the potential for major differences such as duration of
exposure, dietary sources, and mobility of fish in the field. Overall, the BSAFs
determined with P. promelas in the laboratory overestimate those for fish collected in the
field, on average, by a factor of 1.6 (2.4 if data from Site PC is included).
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5.4.5. Bioaccumulation between field and laboratory invertebrates
The differences in bioaccumulation between field- and laboratory-exposed
invertebrates was summarized in a similar manner by plotting the ratios of the different
parameters relative to a line equal to a 1:1 relationship (Figure 5.3B). The ratios
represent comparisons between laboratory-exposed oligochaetes (L. variegatus) and
mussels (E. complanata) caged in the field. There are fewer comparisons between
invertebrates because mussels were not caged at Site K4 and the sediment from Sites LC
and TC were toxic to the other invertebrates when tested in the laboratory.
Unlike comparisons for the fish, the frequency and magnitude of differences
between field- and laboratory-derived BSAFs were much greater for the invertebrates.
For Site CC, tissue residues of DDD and DDE were approximately 2- and 5-times higher,
respectively, in L. variegatus than in the mussels, despite much smaller differences in
concentrations between the sediment samples (partly scenario 2 for DDD and scenario 1
for DDE). This resulted in laboratory-derived BSAFs that were 4- to 5-times higher than
field estimates (outcome 3). Lipid was not measured in the mussels caged at this site,
therefore a lipid content of 0.8% was assumed based on typical values measured in the
other field studies examined in the present study. While collection of young-of-the-year
fish from Site CC was more recent (2003), the sediment and mussel data presently
available to the OMOE date back to 1995. This case reflects what is both an atypical and
less than ideal comparison of bioaccumulation over time. For site LSJ, tissue
concentration of PCBs was 1.5-times higher in L. variegatus than field-exposed mussels
(outcome 1). Bioaccumulation of PCDD/Fs from Site PC sediment was much higher in
L. variegatus than in the mussels (outcome 3), with tissue concentrations and BSAFs that
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were approximately 4- and 9-times higher, respectively. Overall, laboratory-derived
BSAFs for L. variegatus were either similar to those field-exposed mussels (20-25%
difference) or then 2- to 9-times higher. On average the laboratory BSAFs overestimated
those from the field by a factor of 3.6 (4.5 if data from Site PC is included).
The potential for relative differences in exposure between these two invertebrates
is much greater than for fish, due to the different feeding strategies and behavior of these
organisms. Elliptio complanta are filter feeders and exposed to contaminants via water
and suspended sediment. Valve closure may also reduce exposure of mussels to
contaminants. In contrast, L. variegatus actively burrow into and ingest sediment, and
are thus likely to have increased exposure to sediment-associated contaminants.
Comparison of bioaccumulation in species with different routes of exposure is not ideal,
but this was the invertebrate data that was available. Collection of benthic invertebrates
for tissue analysis is not a routine component of OMOE field studies. Regardless of this,
there were often few or no invertebrates observed in the collection areas during 2007/08
(D. Poirier personal observation) or in the sediment once processed in the laboratory (J.
Van Geest personal observation), which prevented any direct comparison between
species that were more similar. Early attempts to expose field-collected mussels to
sediments in the laboratory were unsuccessful due to the buildup of metabolic waste
products (ammonia) and, as such, this species was not selected for the development of the
laboratory methods. As previously suggested, species-specific differences in
bioaccumulation may also exist and vary between contaminant and sediment, which can
further complicate this type of laboratory and field comparison between different species.
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5.4.6. Overall comparison and uncertainty in laboratory and field methods
In the present study comparing bioaccumulation between the laboratory and field,
the described laboratory methods generally overestimated the bioavailability of
contaminants compared to field conditions. That is, laboratory-derived BSAFs were
often higher than the field estimates (Figure 5.4). While higher BSAFs from laboratory
studies provide a more conservative estimate of bioaccumulation, it is important to
identify and understand the sources of uncertainty that limit translation of data between
the laboratory and the field.
The best approach for the validation of laboratory methods is to collect sediment
from the contaminated site with the field-collected or -exposed organisms and test in the
laboratory as soon as possible (as with Site K4). However, in many site investigations
and risk assessments, field samples are collected over time as analytical data becomes
available and the focus narrows to zones of contamination and/or „hot spots‟ and
temporal discontinuity of sampling is not uncommon. This potential for temporal
variability was a major source of uncertainty for comparing field and laboratory data in
the present study. Although the sites considered are historically contaminated with
relatively persistent contaminants, the potential for changes at the sites was still
considered by comparing chemical concentrations and congener profiles to assess
whether it was appropriate to compare data between studies and in what manner (absolute
versus relative measures of bioaccumulation). Despite the temporal differences between
field and laboratory-based estimates of bioaccumulation there was good agreement
between these studies for fish. However, reducing the influence of this potentially
confounding factor will better facilitate comparisons between the laboratory and field.
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One source of uncertainty that can be quantified is the biological variability
associated with bioaccumulation. High variability within and between field- and
laboratory- estimates of bioaccumulation can contribute to the disparity between the two
types of studies. Coefficients of variation (CV‟s) for field- and laboratory-exposed
organisms from the present study are shown in Figure 5.5 for the various sites and COCs.
Coefficients of variation of lipid-normalized residues in tissues of fish were typically less
than 30%, which has been considered a reasonable level of biological variation in
laboratory-based toxicity tests (EC 2005). The exception to this was CVs for tissue
residues of DDE in laboratory fish (53% for Sites BC and CC) and PCBs in fish collected
from Sites K4 (2002; 37%) and TC (46%). Other than these incidents of higher CVs, the
variability associated with the field and laboratory estimates in fish were fairly similar
within each site. Slightly lower CVs were frequently observed in the laboratory studies
(except Sites BC/CC-DDE and K4 2008) likely due the controlled conditions of rearing,
testing, exposure time, and size of organism. Measurements of bioaccumulation in caged
mussels at Sites CC, UC, and PC were based on one composite of organisms, in which
case the uncertainty associated with these estimates could not be quantified. This further
limits our discussion of the factors contributing to the disparity in bioaccumulation
between mussels and oligochaetes exposed to sediment from Sites CC and PC. In the
case of Site SC, the CVs were very high for estimates of bioaccumulation in field and
laboratory invertebrates (74 and 48%, respectively), which increases the uncertainty of
the relative differences between these estimates. While methods such as narrowing the
size range of organisms used and normalizing concentrations of contaminants in tissue to
lipid content can be used to minimize the variability associated with these estimates of
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bioaccumulation, biological variability often remains the greatest source of uncertainty,
particularly in controlled studies.
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Figure 5.5 Estimate of uncertainty of bioaccumulation between field- and laboratoryexposed organisms, for various sites/contaminants of concern. Data are coefficients of
variation (%) of lipid-normalized tissue residues.
Biota-sediment accumulation factors account for differences in exposure by
comparing the bioaccumulation of a contaminant in an organism relative to the
concentration in the sediment. The sources of uncertainty associated with this type of
estimate not only include the biological variability, but also the exposure concentration in
the sediment. Sediment from field investigations are often collected with the caged
mussels and laboratory organisms are exposed in closed (or semi-closed) systems,
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allowing fairly precise estimates of exposure. There is less certainty, however, associated
with field estimates of exposures for fish. Exposure is dependent on their mobility and
the heterogeneity of contamination of the sediment within a site. Collection of young-ofthe-year fish is somewhat opportunistic and limited to areas that are accessible (by boat
or for seining) and exposure of fish to contaminated sediment or food (i.e., benthos) may
occur elsewhere in the system. Estimates of exposure could potentially be improved by
integrating the range of sediment concentrations over the home range of the fish. This
may be particularly important for those sites that have a heterogeneous distribution of
sediment or lack features that restrict the movement of fish within the system. While
field- and laboratory-derived BSAFs for fish were generally in good agreement for many
of the sites we compared, the uncertainty associated with the estimate of exposure in the
field is another factor potentially contributing to the differences that we observed.
While it is necessary to standardize the duration of exposure under laboratory
conditions, this cannot accurately represent the length of exposure of organisms collected
from the field. A 28-d laboratory exposure has been suggested as a standard as this
typically results in tissue residues within 80% of steady-state (ASTM 2000). This testduration has been validated in a number of studies that found reasonable agreement
between tissue residues of field-collected and laboratory-exposed invertebrates, including
for most PCDD/F congeners (Ankley et al. 1992; Loonen et al. 1997; Brunson et al.
1998; Ingersoll et al. 2003; Lyytikäinen et al. 2003b). This comparative approach
assumes that organisms in both the laboratory and field have reached steady-state
concentrations. Kinetic studies under laboratory conditions have demonstrated that L.
variegatus typically reach steady-state concentrations within 28 d (Loonen et al. 1997;
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Ingersoll et al. 2003; Leppänen and Kukkonen 2004). However, based on elimination
rates of PCBs determined in situ for E. complanata by Raeside et al. (2009), it is possible
that the 21- or 28-d exposures used in the OMOE field studies do not reflect steady-state
concentrations in mussels. Therefore, comparison of bioaccumulation between the field
and laboratory in the present study may be confounded by non-steady-state
concentrations in mussels versus steady-state concentrations in L. variegatus. If the
measured concentrations in mussels in the present study are corrected to steady-state
concentrations using the procedures of Raeside et al. (2009), the disparity in BSAFs
between these invertebrate species is typically reduced (data not shown). With these
corrections the laboratory BSAFs are, on average, only 2.8-times higher than those from
the field (3.1 if data from Site PC is included). Raeside et al. (2009) observed that
elimination rates varied considerably across their field sites, with maximum differences
of 4.9- to 5.5-fold for higher-chlorinated PCB congeners. Therefore, while correction to
steady-state concentrations appears to improve the comparability between these species,
there is uncertainty associated with this approach and extrapolating the relationships
observed by Raeside et al. (2009) to other field sites and compounds.
There may also be uncertainty as to whether tissue residues in fish also represent
steady-state concentrations. Extremely few laboratory studies in the literature have
examined bioaccumulation in fish exposed to sediment. Although 28 d has also been
recommended as the duration for bioconcentration tests with fish (ASTM 2003), it is
uncertain whether 28 d is sufficient for assessing steady-state in fish when sediment is the
source of contaminants. Comparison of bioaccumulation between laboratory-exposed
fish and to those from the field can validate this test duration, but this too relies on the
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assumption that fish collected in the field represent steady-state concentrations. While
steady-state in the field could be inferred due to long-term exposure of the fish, there is
also great potential for the growth dilution of contaminants. This may occur if the growth
rate is much faster than the rate of contaminant uptake, and if exposure is not continuous
due to movement into/out of contaminated areas. Further assessment of how
representative these laboratory and field measurements in fish are of steady-state tissue
residues may improve the ability to make comparisons between these types of studies.
Differences between field and laboratory estimates of bioaccumulation,
particularly for comparisons made years apart, could be due to changes in source of
contamination. Although only total PCBs and PCDD/Fs were reported in the present
study, the congener profiles were compared between past and recent samples of sediment.
For the majority of the sites, the percent contribution of individual congeners matched
almost completely. This suggests that there were no additional sources of these
contaminants and that environmental weathering has had a negligible impact on the
congener patterns between the sampling periods. Differences in bioaccumulation
between field and laboratory studies may also be due to species-specific accumulation of
various congeners. Evidence of this between the three laboratory-exposed species was
not observed for PCBs, but was to a certain extent for PCDD/Fs (Chapter 4). Data from
the field studies indicates that lower-chlorinated congeners had a higher contribution to
total PCBs in mussels than fish in some sites and even slight differences for certain
congeners were observed between different fish species within a site (data not shown).
However, these differences were unlikely to influence the relative comparison of total
PCB accumulation between field and laboratory organisms in the present study.
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Finally, there is also uncertainty concerning comparison of BSAFs across studies.
In the present study, these relative measures of bioaccumulation were primarily used to
facilitate comparisons between different fish and invertebrate species across sediments
with different concentrations of contaminants and organic carbon (i.e., within a site).
This approach relies on the assumption that BSAFs are independent of chemical
concentration, organic carbon content, or lipid content (Lake et al. 1990; Di Toro et al.
1991). BSAFs have also been used to compare bioaccumulation across different species
and sites, which is based on the further assumption that these factors are independent of
species, type of sediment, organic carbon, and contaminant. The present study, and work
by others, suggests that these assumptions are not always valid (Ferraro et al. 1990; Lake
et al. 1990; Ferraro et al. 1991; Lee 1992; Means and McElroy 1997; Wong et al. 2001,
and Chapter 4). However, the use of BSAFs remains a very useful approach for making
these relative comparisons of bioaccumulation. To minimize the associated uncertainty,
it is important to understand and identify any of the assumptions that are made with
respect to these factors and to make comparisons that are duly appropriate.

5.5.

Summary and conclusions
In the present study comparing field and laboratory estimates of bioaccumulation,

a priori considerations were necessary due to the temporal discontinuity of the studies.
Our approach considered changes in site conditions, sediment concentrations, and
contaminant patterns as to whether to compare tissue residues and/or BSAFs between
field- and laboratory-exposed organisms. Despite this potential for temporal variability,
there was good agreement between tissue residues in fish when concentrations in
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sediment were similar. For the majority of sites, BSAFs for field-collected and
laboratory-exposed fish were usually within a factor of 2. BSAFs for L. variegatus in the
laboratory were typically greater (by a factor of 2 to 9) than those for mussels caged in
the field, likely due to differences in the routes of exposure between these species.
Overall, these laboratory methods generally overestimated the relative bioavailability of
contaminants compared to field conditions by a factor of 1.1 to 9.2. Other than the great
disparity observed for PCDD/Fs between field and laboratory studies, on average, the
laboratory-derived BSAFs with P. promelas and L. variegatus respectively overestimated
those from field-collected fish and field-exposed mussels by factors of 1.6 and 3.6.
These laboratory methods reflect a potentially worst-case exposure scenario and thereby
provide a conservative estimate of bioaccumulation and bioavailability of contaminants.
The best answers with respect to laboratory and field comparisons are achieved on
a case by case basis because bioaccumulation is site-specific. A variety of factors may
contribute to the disparity between estimates and should be identified and considered in
these comparisons. This study indicates that the use of fish and invertebratess in the
method enables the laboratory data to be best validated or „field-truthed‟ with the fish
comparison, while both invertebrate and fish data can be used to fill in data gaps for risk
assessment and modeling the trophic transfer of contaminants. Evidence suggests that
BSAFs are not always independent of contaminant concentration, species, or sediment
type and comparisons across (field or laboratory) studies using different organisms
exposed to different sediments or conditions may not be a true reflection of
bioaccumulation potential. This supports the use of laboratory methods with standard
procedures and test species to enable comparisons between sites and over time.
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Appendix - Table 5.1 Field and laboratory assessments of bioaccumulation and sediment data from 9 contaminated sites in Ontario.
Monthyear

Species

Exposure

n

DDD

Sep-03
Jul-04
2008
2008
2008

Pimephales promelas
mussels
Pimephales promelas
Lumbriculus variegatus
Hexagenia spp.

field
field
lab
lab
lab

DDE

Sep-03
Jul-04
2008
2008
2008

Pimephales promelas
mussels
Pimephales promelas
Lumbriculus variegatus
Hexagenia spp.

DDD

1995
Aug-03
2008
2008
2008

Site

COC

BC

CC

DDE

K4

K4

Tissue concentration
ng/g wet weight
μg/g lipid

PCB

PCB

a

BSAF

b

Sediment concentration
ng/g
TOC μg/g
dry
(%)
OC
weight
140
1.3
11
140
1.3
11
300
2.7
11
300
2.7
11
300
2.7
11

mean

SE

%CV

mean

SE

%CV

mean

SE

3
3
3
3
3

700
270
840
170
27

210
28
27
9
2

52
18
6
9
13

23
30
26
23
4.4

2.1
1
0.58
1.9
1.4

16
6
4
14
56

2.1
2.8
2.4
2.1
0.4

0.20
0.09
0.06
0.19
0.13

field
field
lab
lab
lab

3
3
3
3
3

3000
160
1400
160
130

780
24
410
32
13

45
27
51
35
17

99
18
45
23
20

10
1.8
14
6.1
3.8

18
17
53
46
33

5.0
0.9
3.7
1.9
1.7

0.51
0.09
1.10
0.52
0.32

260
260
320
320
320

1.3
1.3
2.7
2.7
2.7

20
20
12
12
12

c

mussels
Common Shiner
Pimephales promelas
Lumbriculus variegatus
Hexagenia spp.

field
field
lab
lab
lab

1
5
3
3
3

35
42
230
56
24

2.7
3
6
2

11
3
18
11

4.4
1.1
11
8.7
1.6

0.07
0.82
1.7
0.72

10
13
34
77

0.2
0.6
1.2
0.9
0.2

0.04
0.09
0.19
0.08

220
50
150
150
150

1.2
2.8
1.6
1.6
1.6

18
1.8
9.4
9.4
9.4

d
e

1995
Aug-03
2008
2008
2008

mussels
Common Shiner
Pimephales promelas
Lumbriculus variegatus
Hexagenia spp.

field
field
lab
lab
lab

1
5
3
3
3

14
79
220
57
110

6
52
5
0

13
41
14
0

1.8
2.1
11
8.6
10

0.17
3.2
1.8
0

15
53
36
0

0.3
1.4
1.8
1.5
1.7

0.12
0.54
0.32
0.00

69
40
93
93
93

1.2
2.8
1.6
1.6
1.6

5.8
1.4
5.8
5.8
5.8

d
e

Aug-00
Sep-02
Sep-02
Sep-08

Yellow Perch
Yellow Perch
Pimephales promelas
Yellow Perch

field
field
lab
field

5
6
1
5

380
660
540
260

27
91

16
33

2.4
3.5

31
37

19

17

0.62

10

na
210
300
400

na
6.5
6.7
4.1

na
2.3
4.5
9.8
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17
23
28
13

nc
7.2
6.2
1.4

1.10
0.1

c

f
g
h

Site

LSJ

LC

COC

PCB

PCB

a

Tissue concentration
ng/g wet weight
μg/g lipid

Monthyear

Species

Exposure

n

2008
2008
2008

Pimephales promelas
Lumbriculus variegatus
Hexagenia spp.

lab
lab
lab

Sep-01
Aug-05
Aug-05
2007/08
2007/08
2007/08

Yellow Perch
Yellow Perch
mussels
Pimephales promelas
Lumbriculus variegatus
Hexagenia spp.

Oct-03
Oct-03
2003
2008

BSAF

b

Sediment concentration
ng/g
TOC μg/g
dry
(%)
OC
weight
400
4.1
9.8
400
4.1
9.8
400
4.1
9.8

mean

SE

%CV

mean

SE

%CV

mean

SE

3
3
3

320
99
92

36
5.6
3.9

20
10
7

9.7
20
16

1.3
2.7
1.7

24
23
19

1.0
2.0
1.6

0.12
0.27
0.17

field
field
field
lab
lab
lab

5
5
3
3
3
3

360
130
59
420
220
130

41
10
10
100
15
12

25
17
28
41
12
16

17
12
16
19
24
25

1.8
1.5
1.6
2.8
3.2
6.5

24
29
17
25
23
45

nc
0.8
1.0
1.7
2.1
2.2

0.10
0.10
0.22
0.28
0.57

na
1500
1500
1300
1300
1300

na
9.7
9.7
12
12
12

na
15
15
10
10
10

Bluntnose Minnow
Golden Shiner
mussels
Pimephales promelas

field
field
field
lab

4
6
3
3

2500
980
42
12000

490
390
4
670

39
97
14
10

170
48
4.9
280

9.9
17
0.88
28

11
87
31
17

0.4
0.1
0.01
0.5

0.02
0.04
0.00
0.05

13000
13000
13000
58000

2.8
2.8
2.8
9.9

460
460
460
590

i
j

TC

PCB

Oct-05
2007/08

Pimephales promelas
Pimephales promelas

field
lab

5
3

260
310

34
20

29
11

12
8

2.4
0.45

46
10

0.6
1.1

0.13
0.06

750
340

4.2
4.5

18
7.6

k

SC

PCB

Aug-06
Aug-06
Aug-06
2007/08
2007/08
2007/08

Stickleback
Creek Chub
mussels
Pimephales promelas
Lumbriculus variegatus
Hexagenia spp.

field
field
field
lab
lab
lab

3
5
3
3
3
3

8400
6000
440
1700
800
590

320
520
49
300
110
82

7
19
19
31
24
24

250
250
260
50
130
100

0.98
1.8
20
6.2
37
17

9
25
74
21
48
30

0.9
0.9
0.9
1.6
4.2
3.2

0.06
0.02
0.19
0.20
1.20
0.52

3500
3500
3500
340
340
340

1.2
1.2
1.2
1.1
1.1
1.1

290
290
290
31
31
31

l

UC
UC

PCB
PCB

Sep-05
Sep-05
Sep-05
2007/08

Common Shiner
Creek Chub
mussels
Pimephales promelas

field
field
field
lab

5
2
1
3

1200
830
200
10000

130
170

26
28

5
1.3

28
8

28

15

430
430
430
4800

1.6
1.6
1.6
2.1

27
27
27
230

m
n
o

23

1.5
0.9
1.9
1.4

0.19
0.05

1300

41
24
50
330
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0.12

Site

PC

COC

a

PCDD/F

Tissue concentration
ng/g wet weight
μg/g lipid

Monthyear

Species

Exposure

n

2007/08

Lumbriculus variegatus

lab

3

BSAF

b

mean

SE

%CV

mean

SE

%CV

mean

SE

4900

700

25

340

40

21

1.5

0.18

pg/g wet weight
41
97
8
17
150
10
7
240
42
17
390
110
29

ng/g lipid

Sediment concentration
ng/g
TOC μg/g
dry
(%)
OC
weight
4800
2.1
230
pg/g
1200
1200
2500
2500
2500

ng/g
170
170
81
81
81

Jul-00
mussels
field
1
11
0.06
0.7
Sep-05
Bluntnose Minnow
field
5
2.2
0.12
12
0.01 0.00
0.7
2007/08 Pimephales promelas
lab
3
6.3
0.42
7
0.08 0.00
3.1
2007/08 Lumbriculus variegatus lab
3
45
7.7
17
0.6
0.05
3.1
2007/08 Hexagenia spp.
lab
2
53
15
29
0.7
0.14
3.1
nc - not calculated, na - not available
a
Contaminant of concern - concentrations are the sum of total congeners of PCBs or polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)
b
biota-sediment accumulation factor normalized to lipid and organic carbon content
c
2004 sediment
d
lipid content of 0.8% assumed, composite of 3 mussels
k surface sediment data
e
1995 sediment d/s of mussel and 2007/08 sampling
l
remediation 2006/07
f
considered yearlings
m cage site = 430 ng/g dw
g
OMOE 21-d test
n other areas = 4700 ng/g dw
h
one sediment sample for chemistry from lab
o composite of 10-12 mussels
i
2002 surface sediment data
p 2005 sediment data, composite of 4 mussels
j
2003 25 cm core average = 58000 ng/g dw
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p

50
2006 sediment
F - Mussels
F - Stickleback
2008 sediment
L - Lumbriculus variegatus
L - Pimephales promelas

Contribution (%)

40

30

20

10

0
Tri-

Tetra-

Penta-

Hexa-

Hepta-

Octa-

Nona-

PCB homologue
Appendix - Figure 5.1. Contribution (%) of PCB homologues in sediment and biota from
2006, field-(F) and 2008, laboratory-(L) studies for site SC.
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6.

ACCUMULATION AND DEPURATION OF POLYCHLORINATED
BIPHENYLS FROM FIELD-COLLECTED SEDIMENT IN THREE
FRESHWATER ORGANISMS

6.1.

Abstract
As laboratory-based bioaccumulation methods are standardized and expanded to

include other test species, kinetic studies assessing the major classes of contaminants
with these species are needed to support and/or improve the selection of standard
duration for bioaccumulation tests. In the present study we measured the uptake (28-d
exposure) of PCBs (total and selected congeners) from field-contaminated sediment in
the oligochaete Lumbriculus variegatus, the mayfly nymph Hexagenia spp., and the
fathead minnow Pimephales promelas. Depuration (25 d) of PCBs was measured in
organisms that had been transferred to clean sediment and water after the 28-d exposure.
Uptake and elimination of PCBs (total and congeners) was rapid in both L. variegatus
and Hexagenia spp. and tissue residues reached steady-state concentrations within 28 d.
Elimination rates and biota-sediment accumulation factors (BSAFs) of the PCB
congeners were not correlated with KOW in these invertebrates. Uptake and elimination
rates of PCBs were slower in P. promelas and it is not clear whether steady-state was
reached in the tissues of fish. Elimination rates of the PCB congeners significantly
decreased with increasing KOW in P. promelas. The present study confirms the
appropriateness of a 28-d exposure for measuring steady-state concentrations in tissue of
the invertebrates, of which data was lacking for Hexagenia spp. There remains
uncertainty as to whether 28-d is sufficient to reach steady-state in fathead minnow and
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thus requires further study due the appropriateness of including fish in bioaccumulation
tests with sediment.

6.2.

Introduction
The exposure duration in bioaccumulation tests with contaminated sediment is

considered a critical aspect of experimental design as estimates of steady-state
concentrations in tissue are necessary for evaluating risks to wildlife and human health
(U.S. EPA 2000a). The time required to achieve steady-state can vary with compound,
sediment quality characteristics (e.g., organic carbon), and the metabolic capacity of the
organism. Steady-state can be assessed through time-series sampling and has been
defined operationally as no significant change in concentration in the tissue for three
successive sampling intervals (ASTM 2000). There have been a number of studies that
used this approach to assess bioaccumulation from field-contaminated or spiked sediment
in a variety of invertebrate species (e.g., Harkey et al. 1995; Drouillard et al. 1996; Means
and McElroy 1997; Ingersoll et al. 2003). Twenty-eight days has been recommended as a
standard exposure period for benthic invertebrates as this typically results in tissue
residues within 80% of steady-state concentrations (ASTM 2000). This duration has also
been recommended in bioconcentration tests with fish and mollusks (ASTM 2003).
However, some uncertainty remains as to how representative a 28-d exposure is of
steady-state conditions, particularly for high KOW compounds and in organisms such as
fish.
A kinetic approach can be used to determine uptake and elimination rates and
predict steady-state concentrations in tissue using a compartment-based model. The
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elimination rate is considered the key factor determining the time to steady-state for a
compound in an organism and is best determined from depuration studies in which tissue
residues in previously exposed organisms are monitored following their transfer to a
clean system (Landrum et al. 1992). Little of this data had been generated for benthic
invertebrates at the time that bioaccumulation methods with the oligochaete Lumbriculus
variegatus were initially standardized (ASTM 2000). Recent studies have added to our
understanding of kinetics by measuring both uptake and depuration for compounds such
as PBDEs (Leppänen and Kukkonen 2004; Ciparis and Hale 2005) and PAHs (Leppänen
and Kukkonen 2000a, b) in L. variegatus, and DDT in amphipods (Lotufo et al. 2001)
from spiked sediments. These types of studies, however, have been limited to a few
species (mostly L. variegatus) and few compounds. As laboratory-based
bioaccumulation methods are standardized and expanded to include other test species
(Chapter 3 and 4) kinetic studies need to be conducted to evaluate the appropriateness of
exposure duration and provide data to improve predictive models.
The Ontario Ministry of the Environment (OMOE) has recently completed
development and standardization of a laboratory protocol for measuring bioaccumulation
of sediment-based contaminants in freshwater organisms. This method is partially based
on those of the ASTM (2000) and U.S. EPA (2000b) and offers the use of two
invertebrate species, the oligochaete L. variegatus and the mayfly nymph Hexagenia spp.
and one fish species, the fathead minnow Pimephales promelas. While there is
considerable information on kinetic uptake and elimination of hydrophobic chemicals
from sediment in L. variegatus (i.e., Leppänen and Kukkonen 2000a, b; Leppänen and
Kukkonen 2004; Ciparis and Hale 2005), there is far less for Hexagenia spp. and almost
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none for P. promelas or other fish species. To address these data gaps, we used the new
OMOE methods (modified as necessary) to measure the kinetic uptake and depuration of
PCBs from field-contaminated sediment in these three species. Our primary objective
was to assess the appropriateness of 28-d as a standard test duration, particularly since
data were lacking for Hexagenia spp. and P. promelas. In addition, examination of the
kinetics of individual PCB congeners provides valuable information on the relationship
between bioaccumulation and chemical-specific properties, such as hydrophobicity.

6.3.

Methods

6.3.1. Bioaccumulation and depuration tests
Oligochaetes and fish were raised at the OMOE laboratory from in-house cultures
according to standard operating procedures (based on U.S. EPA 1987; Bedard et al. 1992;
U.S. EPA 2000b). Mayfly eggs were obtained in the field from emerged adults (by J.
Ciborowski, University of Windsor), stored, then hatched and reared in the OMOE
laboratory (based on Hanes et al. 1990; Bedard et al. 1992). All water used in culturing
and testing was dechlorinated city of Toronto tap water.
Control and two PCB-contaminated sediments were collected from different
locations in southwestern Ontario. Sediment from Site 1 was passed through a sieve (2mm mesh) to remove large gravel and other debris. Other samples were not sieved in
accordance with existing guidelines for sediments testing (i.e., Environment Canada
1994, 1997a, b). Prior to use in any experiments, all control and test sediments were
homogenized and subsampled for full physicochemical characterization (particle size,
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moisture, TOC, bulk density, nutrients, metals, organic contaminants; see Appendix –
Table 6.1 for relevant data). All samples were stored at ~4°C, in the dark, prior to use.
All sediments were screened for acute toxicity using the three species in smallscale, 4-day tests prior to use in bioaccumulation tests (recommended in U.S. EPA
2000b). Sediment from Site 1 was not acutely toxic in the screening tests, but toxicity to
Hexagenia spp. was observed in the bioaccumulation test and uptake and elimination of
PCBs could not therefore be fully characterized. Thus, to obtain kinetic information for
Hexagenia spp., a test was conducted with sediment from Site 2, which was also
contaminated with PCBs. There was a limited volume of this sediment, which restricted
testing to Hexagenia; further, there was one fewer sampling day during the uptake phase
(see below).
One day prior to test initiation, 24 (21 for Hexagenia) 4-L glass jars were filled
with sediment to provide a 27:1 ratio of total organic carbon (TOC) to organism dry
weight (dw) (see Chapter 3 for rationale of 27:1 ratio). Sediment and water were added
to test containers in a ratio of 1:4 (v/v, Bedard et al. 1992). At initiation of the
bioaccumulation test approximately the same number of organisms (only nymphs and
fish were enumerated), weighing approximately 5 g total wet weight (ww) were
randomly added to each test container. Approximately 1.3 times the required amount of
worm tissue was added to account for excess water (U.S. EPA 2000b). The average wet
weight of mayfly nymphs was between 20 and 30 mg and for fish was between 250 and
500 mg. A (5 g) sample of organisms for each species was collected for pre-exposure
analysis. Organisms were exposed to sediment under static conditions with aeration of
overlying water (based on Bedard et al. 1992; EC 1997a; 1997b). Tests were conducted
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at 23 ± 2°C, under a 16 h light, 8 h dark photoperiod of 500 – 1000 lux. Fish were fed a
maintenance diet of ground Nutrafin® fish food flakes at a rate of 1% wet body weight/d
(Bedard et al. 1992). No food was added to the exposures containing worms or
Hexagenia nymphs.
On days 4, 7, 14, 25, and 28 (4, 12, 25, 28 for Hexagenia) of the uptake phase,
organisms were recovered from 3 test containers for analysis of tissue residues. After 28
d of exposure, all organisms were recovered from the remaining test containers and
transferred into containers containing control sediment for the depuration phase of the
study. Organisms were recovered from 3 test containers on days 32, 42, and 53 (equal to
4, 14, and 25 d of depuration). Controls were relatively uncontaminated, field-collected,
sediments which had previously been demonstrated to be suitable for culturing/testing
with these species and shown to result in negligible accumulation of any contaminants of
concern (OMOE and Van Geest unpublished data). One control sediment was used with
Hexagenia spp. and P. promelas, and another with L. variegatus due to physical
differences between sediments (i.e., particle size distribution and density; Appendix –
Table 6.1) that affected performance of the invertebrate species in earlier sediment tests
(OMOE and Van Geest unpublished data). Organisms were recovered from one control
replicate on d-7 (-12 for Hexagenia), -28, and -53. The purpose of the control was to
assess the integrity of the test system and the general health of the organisms. At each
sampling interval, the recovered organisms from each replicate were held in 1.5 L of
fresh water for 24 h to allow them to purge sediment from their guts. All other conditions
were the same as in the uptake phase of the test, but no food was provided to the fish. To
reduce stress associated with continual swimming, mayflies were provided with a mesh
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substrate and overhead lights were turned off. Organisms were rinsed, euthanized in
CO2-charged water, weighed, and then frozen. Survival was recorded for nymphs and
fish. Survival and growth endpoints for L. variegatus could not be reasonably
determined due to the large number of worms; therefore, total biomass (ww) was
measured as an endpoint for this species. All pre-exposure, control, and test organisms
were analyzed for PCBs and lipid content. Water quality (pH, conductivity, temperature,
dissolved oxygen, and ammonia) was measured at the beginning of the tests and at each
sampling interval using ion-specific meters, following OMOE standard operating
procedures.

6.3.2. Physicochemical analysis
Sediment density was determined by measuring 100 ml aliquots of sediment into
pre-weighed beakers (n = 5). Each sample was weighed before and after drying in an
oven (~60°C for ~5 d). Wet-to-dry-weight conversion factors for each species were also
determined by weighing organisms (n = 20) before and after drying in an oven (~60°C
for 24-48 h). All other physical and chemical analyses of sediment and tissue samples
were conducted by the OMOE Laboratory Services Branch, following their standard
operating procedures which have been externally audited (by the Standard Council of
Canada and/or Canadian Association of Laboratory Accreditation) and are accredited to
ISO 17025-2005. Only those procedures for which data are reported in the present study
are included below.
Total organic carbon was determined by subtracting the total inorganic carbon
from the amount of total carbon. Total carbon was measured by combustion using a
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LECO C-632 Carbon Determinator (OMOE 2008h). Inorganic carbon was determined
by measurement of CO2 produced by the reaction of carbonate with 2 N perchloric acid,
using a coulometer (OMOE 2008i). Particle size composition in the sediment samples
was measured with a Coulter LS230 Particle Size Analyzer (OMOE 2008c) and
expressed as percent sand, silt, and clay (see Appendix – Table 6.1).
For the measurement of congener-specific PCBs, sediment samples were airdried, then extracted twice with acetone and 25% (v/v) dichloromethane in hexane, using
an ultrasonic bath followed by the use of a vortex shaker. Thawed tissue samples were
acid-digested using concentrated hydrochloric acid, then extracted using 25% (v/v)
dichloromethane in hexane. Lipid content was determined gravimetrically using an
aliquot of the final extract from each tissue sample. An aliquot of each extract (sediment
or tissue) was cleaned up using pre-conditioned Florisil® prior to analysis by a gas-liquid
chromatograph equipped with electron capture detectors (OMOE 2007a, 2008d). The
method detection limits of the individual PCB congeners ranges from 0.6-11 ng/g dw for
sediment and 0.4-22 ng/g ww for tissue. Quality control data collected over a one-year
period (2007-08) for these methods showed a precision range of 4.6 to 15% for all
congeners (except for 2 rare coplanar compounds) and recoveries from 74 to 98% on
matrix spiked samples (using certified reference materials).

6.3.3. Data and statistical analyses
Data reported as total PCBs are the sum of total PCB congeners measured in the
method, with congener values below reporting limits treated as zero. The concentration
of PCBs in all pre-exposure and control organisms were at or below trace levels,
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therefore no corrections were made to the concentrations measured in test organisms. All
concentrations in tissue were normalized to lipid content to account for variability over
time. As growth of organisms did not vary considerably across sampling intervals
(growth/sampling interval mean ± standard deviation: L. variegatus -32 ± 8%, Hexagenia
spp. 31 ± 13%, P. promelas 9 ± 10%), corrections for growth dilution were not necessary.
Steady-state for total PCBs was assessed statistically by comparing tissue residues
across sampling intervals of the uptake phase using an analysis of variance (ANOVA, α =
0.05). It was also assessed using the kinetic approach by calculating uptake and
elimination rate constants. Apparent steady-state was defined as 95% of the equilibrium
tissue residues (ASTM 2000) and the theoretical time to reach steady-state (t95 in d) was
calculated as t95 = -ln(1-0.95)/k2. Elimination rate constants (k2) were calculated by
fitting data from the depuration phase to a first order decay curve (ln concentration = a k2∙t, where a is a constant). Uptake rate constants (k1) were derived for total PCBs by
fitting all of the data from the uptake phase to a first-order bioaccumulation model using
non-linear regression,
Corg = k1/k2∙Csed∙(1-e-k2t)
where Corg = concentration in tissue (ng/g lipid), Csed is the concentration in the sediment
(ng/g organic carbon - OC) and t is time in days. Although expressing kinetic parameters
on the basis of total PCBs violates the assumption of first order kinetics of the model, this
does provide an initial, albeit generalized, assessment of uptake and elimination of
contaminants in the present study. For the bioaccumulation model to be valid, it was
assumed that the concentration in the sediment remained constant (verified by sampling
on d-28). Data from the uptake phase were transformed (square root for invertebrates,
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cube root for fish) to meet the assumptions of normality and constant variance in the nonlinear regression. Biota-sediment accumulation factors were calculated using kinetic rate
constants (BSAFkin = k1/k2; where k1 was calculated) or concentrations in organisms
measured on d-28 of the exposure (BSAFd-28 = Corg [lipid-normalized wet weight]/Csed
[OC-normalized dry weight]).
To narrow the scope of which PCB congeners to examine, we first excluded those
congeners measured below the method detection limit in both sediment and tissue and
with less than 1% contribution to total PCBs (see Appendix – Figure 6.1 for congener
profiles). We then selected congeners that were common between the two sediments
tested (with some exceptions) with sufficient representation of the different homologue
groups (see Table 6.1 for selected congeners). Rate constants for elimination, half-lives,
time to steady-state and measured BSAFs were calculated for 13 congeners in L.
variegatus and P. promelas and 9 congeners in Hexagenia spp. The relationship between
the logarithms of the elimination rate constant (k2) and the octanol-water partition
coefficient (KOW, from Hawker and Connell 1988) for the selected PCB congeners was
assessed through linear regression. Tests for normality (Kolmogorov-Smirnov) and equal
variance (Leven median) were incorporated in all analyses for total PCBs and selected
congeners, with α = 0.05 (SigmaStat v. 3.5). Errors reported for rate constants are
standard errors.
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6.4.

Results

6.4.1. Survival, growth, and lipid
Total biomass of worms decreased in both control and test sediments by 14 to
46%. Mean survival of Hexagenia spp. was ≥ 82% through 28 d of the test and in the
control treatment on d-53. Survival of nymphs from the test treatments during the
depuration phase was lower (77-79%). Mean survival of P. promelas was ≥ 97% through
32 d of the test and was more variable, but remained ≥ 80% on d-42 and d-52. Growth of
nymphs and fish was minimal and the average wet weight of the recovered organisms
was within the range measured on d-0 (Appendix – Table 6.2). Lipid content of worms
decreased slightly from d-25 to d-32, but remained consistent (0.6-0.8%) during the
remainder of the depuration phase. The lipid content of mayfly nymphs decreased
between d-14 and d-32, and in fish lipid decreased between d-7 and d -25, but remained
consistent thereafter (Hexagenia spp. 0.3-0.5%, P. promelas 3.1-3.4%; Appendix – Table
6.2).

6.4.2. Total PCBs
PCBs in sediment from Site 1 were rapidly accumulated by L. variegatus and
apparent steady-state was reached in approximately 9 d (Figure 6.1). Tissue residues
measured on the first sampling day (d-4) were 66 and 73% of the measured (d-28) and
estimated (modeled) steady-state concentrations, respectively. Tissue residues were not
significantly different between the 5 sampling intervals of the uptake phase. Depuration
of PCBs was also rapid when worms were transferred into control sediment (Figure 6.1).
The elimination rate was calculated with data from d-28 to d-42 only (0-14 of depuration)
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with k2 = 0.3266 ± 0.0333 d-1 (R2 = 0.932). This k2 results in a half-life of 2.1 d, which
corresponds with the observation that approximately 90% of the body burden was lost in
the first 4 d of the depuration phase. The uptake rate was calculated to be k1 = 0.460 ±
0.0108 g OC g lipid-1 d-1 (R2 = 0.946). The BSAF measured on d-28 (BSAFd-28 = 2.1)
was 1.5-times higher than the resulting BSAFkin (= 1.4).
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Figure 6.1. Accumulation and depuration of total PCBs in Lumbriculus variegatus and
Pimephales promelas exposed to sediment from Site 1 and in Hexagenia spp. exposed to
sediment from Site 2. Data are mean (n = 3) and standard errors (vertical bar).

Bioaccumulation of PCBs in Hexagenia spp. was also very rapid, within the first
4 d of exposure to sediment from Site 2. Tissue residues reached a plateau between d-4
and d-25 (no significant difference across sampling intervals), but increased by a factor of
2 from d-25 to d-28 (Figure 6.1). This increase was only significant with data normalized
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to lipid. Time to steady-state was approximately 8 d. Nymphs rapidly depurated PCBs
when transferred into control sediment (Figure 6.1). When data from d-28 to d-42 (0-14
of depuration) was used to calculate k2 the resulting half-life was 4.8 d. However, 74%
of the body burden was lost in the first 4 d. When data from only d-28 and d-32 (d-0 and
d-4 of depuration) were used, k2 = 0.3699 ± 0.0970 d-1 (R2 = 0.784) and the
corresponding half-life was 1.9 d. The resulting uptake rate was k1 = 0.549 ± 0.0397 g
OC g lipid-1 d-1 (R2 = 0.532). The BSAFd-28 (= 3.6) was 2.4-times higher than the
resulting BSAFkin (= 1.5).
Bioaccumulation of PCBs in P. promelas was not as rapid as in the invertebrates
and concentrations in tissue increased significantly up to d-25 (Figure 6.1). Tissue
residues measured on d-28 were significantly lower (30%) than on d-25 and the reason
for this is not clear. Depuration of total PCBs from P. promelas was minimal with almost
no change in tissue residues during the depuration phase (Figure 6.1). Tissue residues on
d-32 (d-4 of depuration) were slightly higher than those measured on d-28. Data from
only d-32 to d-53 (4-25 of depuration) were used to calculate k2 = 0.0143 ± 0.0036 d-1 (R2
= 0.697), which resulted in a half-life of 48 d. The uptake rate k1 was calculated as
0.0567 ± 0.0038 g OC g lipid-1 d-1 (R2 = 0.646). The resulting BSAFkin (= 4.0) was 2.2and 3.4-times higher than the d-25 (= 1.8) and d-28 (= 1.2) BSAFs, respectively. This
suggests that steady-state concentrations in tissue may not have been reached during the
uptake phase. The time to steady-state was estimated to be 209 d, further indicating that
exposure for 28 d may not have been sufficient to observe steady-state.
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6.4.3. PCB congeners
We further investigated the kinetic uptake and elimination of PCBs in the three
test species by examining a number of congeners from the different homologue groups.
In each species, the shape of the uptake curve was similar between the selected congeners
and that for total PCBs (Figures 6.2-6.4). The exception was PCB33 in P. promelas, for
which tissue residues reached a maximum concentration on d-14 and declined thereafter.
In contrast, depuration curves varied across the PCB congeners and did not always follow
the pattern of total PCBs. Elimination rates (k2) for the different congeners were
calculated using data from the sampling intervals that best represented the ln-linear phase
of depuration (reported only when significant, p < 0.05; see Table 6.1). Elimination rates
in L. variegatus ranged from 0.246 to 0.607 d-1 for most of the congeners, but rate
constants as high as 1.586 and 2.091 were calculated for PCB33 and PCB110,
respectively. Half-lives (t1/2) and time to apparent steady-state (t95) were determined for
the different congeners based on k2. Half-lives in L. variegatus ranged from 0.3 to 2.8 d
and time to steady-state ranged from approximately 5 to 12 d for the different congeners,
but was ≤ 2 d for PCB33 and PCB110. Elimination rates in Hexagenia spp. ranged from
0.136 to 0.301 d-1 and were approximately 25 to 90% lower than those for L. variegatus.
Half-lives were between 2.3 and 5.1 d. The time required for the individual congeners to
reach steady-state ranged from 10 to 22 d; longer than the 8 d determined for total PCBs.
In P. promelas, depuration of the selected congeners was minimal, similar to the
observations with total PCBs. The one exception was PCB33, which was depurated
almost completely by d-53. Elimination rates in the fish were, on average, ≥ 90% lower
than in the invertebrates and ranged from 0.0091 to 0.0372 d-1 (except k2 = 0.216 d-1 for
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Figure 6.2. Accumulation and depuration of 13 PCB congeners in Lumbriculus
variegatus exposed to sediment from Site 1. Data are mean (n = 3) and standard errors.
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Figure 6.3. Accumulation and depuration of 9 PCB congeners in Hexagenia spp. exposed
to sediment from Site 2. Data are mean (n = 3) and standard errors.
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Figure 6.4. Accumulation and depuration of 13 PCB congeners in Pimephales promelas
exposed to sediment from Site 1. Data are mean (n = 3) and standard errors.
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Table 6.1. Elimination rate constant (k2; d-1), half-life (t1/2; d), time to apparent steady-state (t95; d) and measured biota-sediment
accumulation factors (BSAF) of select PCB congeners calculated for Lumbriculus variegatus, Hexagenia spp., and Pimephales
promelas.
Lumbriculus variegatus
PCB
homologue/#
Tri
33
Tetra
Penta

Hexa

Hepta

Hexagenia spp.

Pimephales promelas

log
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5.60

k2 b
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Figure 6.5. Relationship between elimination rate constants (log k2) in three test species
versus the octanol-water partition coefficient (log KOW) for the selected PCBs congeners.
Regression between log k2 and log KOW is significant for Pimephales promelas (p =
0.0086).
PCB33). For many of the higher chlorinated congeners in the fish, regression analyses
for elimination data were not significant. With the exception of PCB33, half-lives in P.
promelas were anywhere from 19 d (PCB52) to 76 d (PCB168) and time to steady-state
from 81 d (PCB52) to >320 d (PCB168). A significant correlation between log k2 and
log KOW was observed for P. promelas and was described by the relationship log k2 =
2.2748 – 0.6903∙log KOW (p = 0.0086, R2 = 0.7102; Figure 6.5). There was no correlation
between k2 and KOW for the invertebrates in the present study.
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6.5.

Discussion
Rates of uptake and elimination and the time required to achieve steady-state of

total PCBs were similar for L. variegatus and Hexagenia spp. In contrast, rates of
elimination for individual congeners were slower in Hexagenia spp. than L. variegatus.
These relative differences for total PCBs and the selected congeners may be influenced
by the relative contribution of different congeners to the measure of total PCBs. Halflives of the different congeners in L. variegatus were < 3 d, demonstrating the ability of
this species to rapidly depurate these compounds under uncontaminated conditions. The
BSAF28 for total PCBs in L. variegatus was 1.5-times higher than the estimated BSAFkin.
This suggests that k1 may have been underestimated, which is likely since the linear
uptake phase was not sufficiently represented in the uptake curve. In Hexagenia spp., the
low R2 (= 0.532) of k1 for total PCBs was likely due to the shape of the uptake curve in
which tissue residues were slightly lower (by ~20%) on d-12 than d-4. The higher
BSAFd-28 for total PCBs compared to BSAFkin suggests that k1 for Hexagenia spp. may
also have been underestimated since the linear uptake phase was not captured in the
sampling intervals used. Although k1 for total PCBs may have been underestimated in
both of the invertebrate species, there is clear evidence that these organisms reached
steady-state concentrations during the 28-d exposure, even for PCB congeners with a
high KOW (e.g., PCB199).
Rate of uptake was an order of magnitude lower in P. promelas than in the
invertebrates, as expected due to the differences in their routes of exposure. Fish are not
exposed to contaminants in sediment to the same extent as the invertebrates which
burrow into and actively ingest sediment. Fish may accumulate contaminants dissolved
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in the water (through gills and skin) and through the ingestion of food and suspended
sediment. However, they can cause a great deal of bioturbation in relatively confined test
exposures due to their behaviour, potentially increasing bioavailability of contaminants.
In contrast, the majority of the body burden of organic contaminants accumulated by L.
variegatus and Hexagenia spp. results from the ingestion of sediment rather than
exposure via pore water (Landrum 1988; Leppänen and Kukkonen 1998b). Although the
uptake of PCBs was slower in P. promelas, tissue residues of total PCBs and most
congeners reached concentrations of a similar magnitude to those in L. variegatus by d25 and d-28. This similarly in d-28 tissue residues between these species was observed in
an earlier test with sediment from this site, although concentrations of PCBs were lower
in the previous sample of sediment (Site UC in Chapter 4). This indicates that a
thermodynamic equilibrium may have been achieved between the lipid of both species
and the organic carbon of the sediment. However, this could reflect a pseudo-steadystate in the fish with desorption kinetics controlling uptake, particularly as the fish
interact with the surficial layer of the sediment and suspend buried or resuspend existing
sediment particles. This may, in part, explain the differences in tissue residues observed
between d-25 and d-28 in the fish. It may be that less time is required to achieve steadystate than that predicted by the t95 values that were estimated from the kinetics of
depuration. There may be uncertainty associated with the k2 values determined for both
total PCBs and congeners in P. promelas, since the depuration phase was not of sufficient
duration to observe a significant decline in tissue residues (other than for PCB33).
However, the legitimacy of the uptake curve in depicting steady-state, when not
corroborated by the depuration kinetics remains questionable.
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In the present study, elimination rates (of total PCBs and congeners) were an
order of magnitude or more lower in P. promelas than in the invertebrates, as expected
due to the aforementioned biological differences. Loonen et al. (1997) suggested that the
low lipid content and relatively large surface area to volume ratio of L. variegatus, in
addition to the intensive blood circulation through the skin, enhanced the exchange
processes between the body and environment compared to that in fish, leading to large
differences in uptake and elimination rates between these organisms. Enhanced
depuration in clean sediment versus water-only has been observed in a number of
invertebrates (Lydy et al. 1992; Kukkonen and Landrum 1994; Kukkonen and Landrum
1995; Belfroid and Sijm 1998). This is thought to occur from a change in fugacity as the
organic compound partitions from the organism onto the uncontaminated sediment as it
passes through the gut, although the exact mechanism is unknown (Lydy et al. 1992).
The bioavailability of a compound is related to its hydrophobicity (KOW) and
bioaccumulation typically decreases with increasing KOW because of increased
partitioning to the organic carbon in sediment. Compounds with a low KOW are more
bioavailable because they are not sorbed to sediment as strongly, but are also more
rapidly eliminated, resulting in low BSAFs. Compounds with a very high KOW are less
bioavailable due to slower desorption and lower assimilation efficiency from ingested
sediment, and also result in a low BSAF (Landrum and Robbins 1990). This explains the
parabolic shape that is commonly observed for the relationship between BSAF and KOW.
In the present study, KOW had little effect on the elimination rate (k2) or BSAFd-28 in both
L. variegatus and Hexagenia spp., although the BSAFd-28s for PCB37 and PCB49 were
much higher than for other congeners in Hexagenia spp. Fisk et al. (1998) similarly
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observed that the chlorine content (and resulting KOW) of polychlorinated alkanes with
the same number of carbon atoms had little effect on k2 in L. variegatus that had been
exposed via spiked sediment. These authors commented that this was unexpected as k2
was observed to decrease with increasing KOW in other aquatic invertebrates (Landrum
1988; Lydy et al. 1992). However, these other studies had observed this relationship
across 4 to 6 different compounds (e.g., select PAHs, PCBs, DDE, PCP) in water-only
exposures with the amphipod Diporeia spp. (depurated in sediment) and the midge larvae
Chironomus riparius (depurated in water or sediment). Schuler et al. (2003) observed
that elimination rates of hexachlorobiphenyl were similar in the amphipod Hyalella azeca
and the midge Chironomus tentans, but more rapid than in L. variegatus. In contrast,
they observed that uptake rates of the compound were significantly greater in L.
variegatus than in these other two species. This demonstrates that differential
accumulation and elimination can occur between benthic species, which could be
attributed to different feeding rates, assimilation efficiencies, and contribution of different
routes of exposure (e.g., pore water versus sediment). Landrum and Poore (1988)
projected that the fraction of the body burden (of benzo(a)pyrene) obtained from
sediment would be ≥ 0.9 in Hexagenia spp., 0.34 to 0.67 in oligochaetes and 0.39 in
Diporeia spp., suggesting that the role of sediment as a source depends on the
characteristics of the organism and the sediment. This potential for species-specific
differences may be part of the reason why the relationship between k2 and KOW observed
by Landrum (1988) and Lydy et al. (1992), was not observed in the present study for L.
variegatus or Hexagenia spp.
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In P. promelas, elimination rates of the PCB congeners selected in the present
study were inversely proportional to the KOW. It has been suggested that depuration rates
decrease with increasing KOW if passive diffusion is the dominant mechanism (Ciparis
and Hale 2005). Therefore, thermodynamics may be driving elimination of these
compounds from P. promelas, but not for L. variegatus and Hexagenia spp. The
elimination rate of PCB33 from the fish was much higher than for other congeners; such
that this congener was effectively eliminated from the fish by end of the study (d-53;
Figure 6.4). As a result, the BSAFd-28 for PCB33 was very low (= 0.2). Residues in
tissue of P. promelas on d-25 were higher than on d-28, which resulted in higher BSAFs.
If PCB33 is excluded, the BSAFd-25 for the selected congeners decreased significantly
with increasing KOW (p < 0.0001, R2 = 0.847; Figure 6.6). The same trend was not
observed for BSAFd-28. There was a significant, although weaker, relationship between
BSAFd-28 and KOW only when PCB33 was included (p = 0.021, R2 = 0.538) and it
exhibited a parabolic shape (Figure 6.6). This latter relationship corresponds with the
notion that compounds with low or very high KOW will have lower BSAFs than those
with a mid-range KOW, due to the combination of different desorption rates, assimilation
efficiencies, and elimination rates. However, neither of these trends has been observed
for d-28 BSAFs in bioaccumulation tests with other PCB-contaminated sediments that we
have conducted with P. promelas or the two invertebrates.
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Figure 6.6. Biota-sediment accumulation factors (BSAF; normalized to lipid and organic
carbon) measured in Pimephales promelas for the selected PCB congeners.
Relationships are significant between BSAF and log KOW (d-25, excluding PCB33 p <
0.0001; d-28, including PCB33 p = 0.021).
The rapid uptake and elimination of PCBs in L. variegatus in the present study
has been similarly observed in studies with other organic contaminants (e.g., Fisk et al.
1998; Leppänen and Kukkonen 2000a, b; Leppänen and Kukkonen 2004; Ciparis and
Hale 2005). This species, in particular, has been extensively used in bioaccumulation
tests with both field-contaminated and spiked sediments for purposes of environmental
monitoring and research into the mechanisms of bioaccumulation. There have been
much fewer studies examining bioaccumulation in Hexagenia spp. in general and the
kinetics of uptake and elimination in particular. Landrum and Poore (1988) measured the
kinetic uptake (from spiked water or sediment) and depuration (in clean sediment) of
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benzo(a)pyrene, phenanthrene, and hexachlorobiphenyl (= PCB153) in Hexagenia spp.
nymphs. Elimination rates for hexachlorobiphenyl (measured as h-1 at 20°C) ranged from
0.168 to 0.408 d-1, which encompasses the values for PCB138 and 168 (but not PCB149)
determined for Hexagenia spp. in the present study. Rates of elimination for the two
PAHs were typically much more rapid (0.384-1.608 d-1). This corresponds with our
previous observations that on d-28, PAHs have only been detected at trace levels in
Hexagenia spp. (Chapter 4). Rapid depuration in nymphs was similarly observed for
hexachlorobenzene (0.816-1.848 d-1) by Bedard (1990, M.Sc. thesis University of
Windsor). Drouillard et al. (1996) measured the kinetics of uptake of a variety of organic
compounds from field-contaminated sediment in nymphs, but did not investigate
depuration of these compounds. They too observed that BSAFs (as well as k1) were
relatively independent of KOW (for compounds with log KOW > 5.8). Our studies indicate
that Hexagenia spp. is an appropriate species to characterize the bioaccumulation of
sediment-associated contaminants (Chapters 3 and 4); however, if it is to be used in
routine bioaccumulation testing, similar to L. variegatus, it is necessary to have some
understanding of the kinetic uptake and elimination of various compounds as this
determines how representative 28 d is of steady-state. This is particularly true for
compounds of environmental concern with respect to bioaccumulation and
biomagnification within the food web, such as PCBs, as has been investigated in the
present study, and PCDD/Fs, which have similar or greater hydrophobicity.
Even fewer laboratory studies have measured the bioaccumulation of
contaminants from sediment into fish. Apart from a study by Schuytema et al. (1990)
that examined the kinetic uptake and elimination of hexachlorobenzene in P. promelas
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from water-only and sediment-water tests, and one by Schrap and Opperhuizen (1990)
that examined the kinetic uptake of five chlorobenzenes in guppies from a sediment
suspension, we are not aware of any other studies that have investigated the kinetics of
the bioaccumulation of persistent organic pollutants in fish exposed to sediment. The
question of whether 28 d is sufficient for assessing bioaccumulation in fish seems to have
remained unanswered for a long time, due possibly to the fact that recent research has
tended to focus on benthic invertebrates in bioaccumulation tests with sediment. Indeed,
even results of the present study are not fully conclusive as to the appropriateness of this
test duration for fish. Pimephales promelas has been shown to be an appropriate and
useful test organism in bioaccumulation tests with sediment (Chapters 4 and 5); therefore
it is important to address this issue of how representative these laboratory estimates are of
steady-state.
The present study is the first to describe both the kinetic uptake and elimination of
PCBs (total and congeners) from field-contaminated sediment in any of the three test
organisms. Uptake and elimination of PCBs was rapid in L. variegatus and Hexagenia
spp. and tissue residues reached steady-state concentrations within 28 d. This further
supports the selection of 28 d as a standard duration for bioaccumulation tests, which had
been sufficiently demonstrated for L. variegatus elsewhere in the literature, but not for
Hexagenia spp. The elimination rates and BSAFs of the PCB congeners investigated in
the present study were not correlated with KOW for either invertebrate. This suggests that
bioaccumulation in these organisms may be influenced by active uptake and elimination
(via sediment ingestion) rather than solely thermodynamic processes and the
hydrophobicity of these congeners. Uptake and elimination of PCBs was slower in P.
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promelas, likely due to the routes through which they are exposed to contaminants from
the sediment. There is uncertainty as to the time required to achieve steady-state
concentrations in the fish and the appropriateness of a 28-d test duration. Additional
bioaccumulation tests with sampling before and after 28 d, assessing the operational
definition of steady-state (i.e., no difference between three successive sampling
intervals), should provide the data needed to evaluate the appropriateness of this test
duration. Elimination rates of the selected PCB congeners significantly decreased with
increasing KOW in the fish, suggesting that elimination may be passive and driven by
thermodynamic partitioning due to the hydrophobicity of the compound. An inverse
linear relationship was observed between d-25 BSAFs and KOW, while this relationship
exhibited a parabolic shape for d-28 BSAFs. The reasons for these differences are
unknown and these trends have not been observed in our previous work with these
species.
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Appendix - Table 6.1.Physicochemical characteristics of test sediments used in the
kinetic study.
TOC PCB total congeners % sand
% silt
mg/g ng/g dw ng/g OC
62-1000μm 2.63-62μm
Control A 18
<T
11
73
Control B 110 <T
24
70
Site 1
20
33,000 1,700,000 44
43
Site 2
48
360
7,500
8
73
Control A for Hexagenia spp. and Pimephales promelas
Control B for Lumbriculus variegatus
<T trace levels
Sediment

% clay
<2.63μm
16
6
12
19

density
g dw/ml
0.88
0.41
1.65
0.50

Appendix - Table 6.2. Survival, growth, and lipid content of Lumbriculus variegatus,
Hexagenia spp., and Pimephales promelas during a 53-d kinetic uptake and elimination
study. Data are mean values (± standard deviation; n = 3 for test, n = 1 for control).
Lumbriculus variegatus
Hexagenia spp.
Pimephales promelas
% change
average
average
Day
% lipid
% lipid
% lipid
total biomass
weight (mg)
weight (mg)
0
1.0
24 (15) a
0.9
296 (99) a
5.3
b
uptake phase
4
-21 (12)
1.3 (0.3) 14 (2)
0.8 (0.1) 296 (13)
5.2 (0.9)
7 control -14
1.0
305
5.0
7
-27 (4)
1.1 (0.1) 345 (14)
5.1 (0.9)
12 control 36
0.7
12
29 (2)
0.8(0.03) 14
-32 (9)
1.1 (0.1) 303 (37)
4.3 (0.5)
25
-36 (3)
1.1 (0.2) 32 (4)
0.6 (0.3) 309 (18)
3.1 (0.5)
28 control -24
0.8
28
0.8
313
4.3
28
-46 (8)
0.9 (0.2) 29 (6)
0.4 (0.1) 330 (11)
3.1 (0.6)
depuration phase
32
-30 (9)
0.6 (0.2) 37 (1)
0.3 (0.2) 281 (21)
3.2 (0.1)
42
-28 (6)
0.6 (0.1) 35 (4)
0.4 (0.1) 356 (24)
3.4 (0.4)
53 control -37
0.8
48
0.2
318
6.0
53
-38 (7)
0.8 (0.3) 29 (1)
0.5 (0.2) 366 (56)
3.3 (0.6)
a
average d-0 wet weight based on n = 20 organisms
b
L. variegatus and P. promelas exposed to sediment from Site 1and Hexagenia spp. Site 2
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18
19
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49
52
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74
77
81
87
95
99
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104
105
110
114
118
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128
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167
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178
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Appendix - Figure 6.1. Congener profile of PCBs in sediments from Site 1 and 2 and d28 tissue residues of organisms exposed to sediments under laboratory conditions.
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7.

GENERAL DISCUSSION AND CONCLUSIONS

7.1.

Summary of research objectives and conclusions
At the time that the work in this thesis began, laboratory-based bioaccumulation

methods with sediment had only been standardized with the oligochaete worm
Lumbriculus variegatus. The need to identify additional species to use in
bioaccumulation tests for assessing sediment quality and development of these methods
was considered a high priority with respect to research needs (by both the U.S. EPA and
OMOE). The work in this thesis has contributed to these needs through the development
and standardization of a bioaccumulation method that adds a protocol for the mayfly
nymph Hexagenia spp. and the fathead minnow Pimephales promelas, and a modified
protocol to the previous procedure using L. variegatus.
Prior to the present study, there had not been a review of the current and historical
application of laboratory methods for measuring bioaccumulation of contaminants from
sediment. To properly guide development and standardization of methods, I conducted a
critical review of laboratory methods for measuring bioaccumulation in freshwater
invertebrates and fish exposed to field-contaminated sediment (Chapter 2 of this thesis).
The goal was to identify important similarities and differences in protocols, test
conditions that need to be controlled, and data gaps that need to be addressed, so that the
conditions and exposure techniques of the newly developed methods would be
standardized, properly justified, and based on experimental evidence. Although guidance
documents for conducting bioaccumulation tests were available, the critical review
indicated that there is still great variation among techniques of exposure used in tests,
which may potentially affect the estimation of bioaccumulation.
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From the critical review, it was noted that one of the greatest inconsistencies
between methods and most important conditions that should be standardized is loading
density of the test organisms. In Chapter 3 of this thesis, I examined the effect of density
of test organisms on the bioaccumulation of PCBs from field-contaminated sediment in
the three freshwater organisms. This included examining the impacts and variability
associated with standardizing density to sediment volume or total organic carbon (TOC)
and characterizing the effects of different ratios of TOC to organism dry weight. It was
observed for both of the test sediments that tissue residues in each species did not differ
significantly between the densities tested, when concentrations were normalized for lipid
content. Survival and growth of organisms also were not significantly different between
the densities tested. Therefore, the null hypothesis was not rejected. However, survival
of Hexagenia spp. was more variable and sometimes impacted when there was a low
ratio of TOC to organism dry weight. As a result of this observation, it was concluded
that loading density should be standardized relative to TOC to provide a sufficient
amount of TOC to ensure the survival and growth of burrowing species, which, if
reduced, can be a potentially confounding factor in bioaccumulation tests. This study
demonstrated that a ratio of TOC to organism dry weight of 27:1 was equally as
appropriate as the ratio of 50:1 recommended in the bioaccumulation methods of the
ASTM and U.S. EPA because bioaccumulation was similar and the survival and growth
of organisms was not impacted at the higher loading density (i.e., 27:1). This ratio of
27:1 was selected for the new bioaccumulation method based on these results and that it
also offered practical benefits (i.e., less sediment to collect and process and from which
to recover organisms at the termination of a test). In addition, the decision to use a

186

common loading density for multiple species allows for more direct comparisons of
bioaccumulation between species since loading is independent of organism size.
Although there is support for using multiple species in sediment quality
assessments, there have been an insufficient number of studies that have adequately
compared bioaccumulation potential across different test species. Validation of the new
protocol was necessary since it was essentially new for Hexagenia spp. and to some
extent for P. promelas. This was achieved through testing of environmental samples and
assessing the bioaccumulation of different contaminants from a variety of fieldcontaminated sediments in the three freshwater species (Chapter 4 of this thesis). Testing
with all three species using the standard protocol enabled a comparison of the
bioaccumulation potential between species. In this study, bioaccumulation was usually
highest in L. variegatus compared to Hexagenia spp. and P. promelas, but also more
variable. Significant differences in tissue residues between species were observed in a
number of cases, particularly with dl-PCBs and PCDD/Fs and species-specific
differences were most evident with respect to the bioaccumulation of DDT parent
compound, DDD, PAHs, and PCDD/Fs. The first null hypothesis (i.e., there is no
difference in tissue residues of the contaminants of concern between the three species)
was rejected in a number of the comparisons made with the different sediments, but
significant differences in bioaccumulation between species were not consistently
observed. Results of this study indicate that differences in bioaccumulation between the
three species may, but do not always, exist, and can vary with contaminant and sediment
type. Examination of the data for PCB, dl-PCB, and PCDD/F congeners in Chapter 4
indicated that where significant differences in tissue residues existed between the three
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species, the relative difference was fairly consistent across all congeners, with the
exception of PCDD/Fs in P. promelas. The second null hypothesis, that relative
difference in tissue residues between species do not differ across PCB or PCDD/F
congeners, was not rejected for most of the sediments tested. This demonstrated that
differences in bioaccumulation between the three species typically were not due to
species-specific accumulation of certain congeners. It was also observed that BSAFs for
individual congeners varied considerably across the sediments tested, within each
species, thus the third null hypothesis was rejected. This suggests that BSAFs are not
always independent of the site, lipid content of the organisms, or concentration of
contaminant or TOC in the sediment. Estimates of bioaccumulation can be both speciesand site-specific, hence the need for and use of standardized bioaccumulation methods
and test species to facilitate comparisons across sites or over time. This study provides a
solid foundation for the selection of multiple test species (or various combinations
thereof) to use in bioaccumulation testing and sediment quality assessment and validation
of an appropriate protocol for measuring bioaccumulation in these three species.
To further validate the new bioaccumulation method, laboratory-derived tissue
residues and BSAFs were compared with historical field data from the sites that had been
sampled for testing of sediment in the laboratory (Chapter 5). It was hypothesized that
either absolute or relative estimates of bioaccumulation would be the same between fieldand laboratory-exposed organisms, which would demonstrate the ability of the laboratory
method to accurately represent bioaccumulation that may occur under field conditions. It
was observed that the laboratory-based estimates of bioaccumulation in fish showed very
good agreement (i.e., within a factor of 2) with field estimates, despite the potential
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differences in species, length of exposure, and mobility of organisms in the field.
Therefore, our initial hypothesis that field and laboratory estimates would be the same
was accepted for the comparison between fish. Bioaccumulation in the laboratoryexposed invertebrates was greater than in mussels caged in the field, likely due to
differences in their routes of exposure. The laboratory methods for all species generally
overestimated the relative bioavailability of contaminants compared to field conditions by
factors of 1.6 and 3.6 with P. promelas and L. variegatus, respectively. The methods
represent a potentially worst-case exposure scenario and thus provide a conservative
estimate of bioaccumulation. The results of this study indicate that the use of both fish
and invertebrate species within the method allows the laboratory data to be best validated
or „field-truthed‟ by comparing fish, while both the invertebrate and fish data can be used
to fill in data gaps for risk assessment and modeling the trophic transfer of contaminants.
It was also demonstrated that comparisons across (field or laboratory) studies using
different organisms exposed to different sediments or conditions may not be a true
reflection of bioaccumulation potential, which further supports the use of laboratory
methods with standardized procedures and standard test species to help address the issue
of comparisons between sites and over time.
Kinetic studies with different test species not only evaluate the appropriateness of
exposure duration in a test, but also provide data for use with and improvement of
predictive models. The study in Chapter 6 was the first to measure both the kinetic
uptake and elimination of various PCB congeners from field-contaminated sediment in
any of the three test species. BSAFs for total PCBs measured on d-28 in the invertebrates
were greater than the kinetic-based BSAFs, suggesting the uptake rates may have been
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underestimated or then depuration rates overestimated, in this study. The kinetic BSAF
for total PCBS in P. promelas was higher than the measured values, indicating that
steady-state may not have been reached during the test. The time required to reach
steady-state in the invertebrates was less than 28 d for all PCB congeners that were
investigated, demonstrating the appropriateness of 28 d as a standard duration for
measuring steady-state. Time to steady-state was much greater than 28 d for all
congeners (except PCB33) in P. promelas, indicating that this duration may not be
sufficient for tissue residues to reach steady-state. This contradicts the general
conclusion of the laboratory to field comparison (Chapter 5) that laboratory estimates of
bioaccumulation adequately represent those for fish in the field, if fish in the field are
assumed to be at steady-state. These differences may be due to the much higher
concentration of PCBs in the sediment used in this study, as well as the uncertainty
associated with the estimates of the elimination rates since significant depuration in P.
promelas was not observed over the sampling intervals used during the depuration phase
of this study. There is uncertainty as to the time required to achieve steady-state
concentrations in the fish and the appropriateness of a 28-d test duration for these fish.
Additional laboratory testing with P. promelas is necessary to clarify the issue of the
most appropriate test duration for this species. Kinetic studies may also be required for
PCDD/Fs because the hydrophobicity of these compounds is similar to or greater than the
PCB congeners investigated in this study, and thus greater time may be required to reach
steady-state in both invertebrates and the fish. This would provide valuable information
for both modelers and risk assessors due to the ecological risk associated with
bioaccumulation of PCDD/Fs, in addition to PCBs.
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7.2.

Contributions of the thesis
The studies and research described in this thesis were all critical components in

the development, standardization, and validation of a new laboratory protocol for
measuring the bioaccumulation of sediment-associated contaminants in freshwater
organisms. This method was developed for the Ontario Ministry of the Environment to
be routinely used as another tool in assessments of sediment-quality. The goal was to
provide a method that is robust, practical, and effective, may easily be applied to new and
emerging contaminants of concern, environmental monitoring programs in various
jurisdictions, and adapted as necessary to other test organisms or address questions
related to research. The method has been prepared as a formal document in a manner
similar to the biological test methods of Environment Canada‟s Environmental Protection
Series and has been appended electronically in this thesis. The document provides the
rationale for the selection of exposure conditions and techniques, the three test organisms,
the parameters measured, and the biological endpoints. It includes information on the
test organisms (culturing procedures), test system, procedures for screening the toxicity
of sediments, and conducting a 28-d bioaccumulation test with any of the three species.
It also includes quality assurance and quality control procedures, including the use of
performance-based criteria to assess the validity of a test. The incorporation of quality
assurance and control procedures into the method development from the beginning, in
addition to all work being conducted under the OMOE‟s quality management system
enables the method and its supporting information to meet recognized standards of data
quality for environmental testing. The bioaccumulation method has undergone an
internal review and audit within the OMOE and has been approved as a research method
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for the OMOE‟s own use. The intention is to have the bioaccumulation method peer
reviewed and formally published as an OMOE method, with the possibility that it may
eventually be adopted as a standard method by Environment Canada, which currently
does not have a protocol for measuring bioaccumulation, or even other agencies.
Although the new bioaccumulation method was developed for the OMOE, this
method and the work in this thesis are also of valuable contribution to the overall field of
risk assessment of contaminated sediments. The factors and conditions in a test that
could potentially affect estimation of bioaccumulation have been discussed in the ASTM
guide on bioaccumulation testing, but prior to the critical review in Chapter 2 there had
been no evaluation of the extent to which these varied across different bioaccumulation
studies. The critical review was used to guide some of the research conducted in this
thesis, but can also be used to identify other data gaps and/or areas of inconsistency
between methods, which will further aid the process of standardizing methods to be used
for ecological risk assessments and in monitoring programs. The oligochaete L.
variegatus is a benthic species likely to be exposed to contaminants in the sediment and
thus their use in the ASTM and U.S. EPA bioaccumulation methods is justified.
However, it is uncertain whether it is sufficient to base the risk characterization of
bioaccumulative compounds on measurements in one species, particularly when the
bioaccumulation potential between species had not been sufficiently compared. The
work in this thesis thoroughly assessed the potential for bioaccumulation between three
different, but relevant test species, for a variety of contaminants across a number of
different sediments. It was demonstrated that species-specific differences in
bioaccumulation can occur and vary with contaminant and sediment, and that the use of
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multiple species within a method is justified based on the data requirements of the
sediment quality assessment. The quality and magnitude of these comparisons between
species utilizing a standard protocol can help guide decisions for the recommendation and
standardization of test species and further research needs with respect to these species.
The laboratory to field comparison in this thesis was conducted to validate the new
bioaccumulation method by assessing how representative the laboratory estimates are of
bioaccumulation that may occur in the field. While standard laboratory methods can be
used for ranking data between studies, some understanding of the ecological relevance of
the data is needed if the quantitative estimates of exposure are to be confidently used in
ecological risk assessments and in making regulatory decisions. Although the study in
Chapter 5 demonstrated that comparisons between the laboratory and field are best
answered on a case by case basis because bioaccumulation is so site-specific, it did
provide a conceptual approach for making these types of comparisons. It also identified,
and partly characterized, the sources of uncertainty associated with the extrapolation of
laboratory data to the field. This too, provides valuable information to the process of
ecological risk assessment, and may also guide further studies to investigate, for example,
differences in bioaccumulation between fish species.
The new OMOE bioaccumulation method is, conceptually, not very different
from the methods of the ASTM and U.S. EPA, which were used as a basis for the method
development. However, there have been contributions which may improve the manner in
which these laboratory protocols are applied to assessments of sediment quality. The
major similarities and differences between these protocols have been outlined in Table
7.1 below. First and foremost, is the addition of protocols with the two other species,
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which provides options for test species that were not previously available. The protocols
have the same test duration and temperature, but differ in terms of static versus non-static
conditions. Static conditions were used successfully in the development of the OMOE
method in that the quality of the overlying water was not adversely impacted, and this
allows greater flexibility and control of the set up of a test. The volume of sediment used
in the ASTM and U.S. EPA protocols is described as 1 L or more, but it is also
recommended to provide a minimum of a ratio of TOC to organisms dry weight of 50:1;
and as such loading density of organisms is not entirely clear. Similarly, a ratio of
sediment to overlying water has not been indicated. In contrast, the volume of sediment
used in the OMOE method is based on the amount of biomass required for chemical
analyses and the characteristics of sediment as determined by standard loading density of
a ratio of TOC to organism dry weight of 27:1. Moreover, this higher loading density
used in the OMOE method provides practical benefits by requiring less sediment and is
sufficiently justified based on the experimental evidence in Chapter 3 of this thesis.
There is no supporting information in the literature to indicate that the ratio of 50:1
recommended in the ASTM and U.S. EPA methods is any more appropriate. A
consistent ratio of sediment to overlying water is used in the OMOE method.
Supplemental food is not provided to the invertebrates in either protocol, but is for fish to
maintain organism health. Purging of organisms at the end of the test is not required in
either protocol, but is recommended with L. variegatus by the ASTM and U.S. EPA.
Data from the validation of the OMOE method indicates that there is no practical benefit
of purging gut contents in any of the three organisms, as this did not consistently improve
(i.e., reduce the variability) of estimates of concentrations in tissue. Bioaccumulation is
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the only endpoint assessed in the ASTM and U.S. EPA protocols, but survival and
growth have also been included in the OMOE protocol as these are important with
respect to quality control and assessing the general health of test organisms. These
measures of the performance of test organisms may also assist in the interpretation of
bioaccumulation data. Finally, the criteria for test acceptability in both the 4-d test
screening the toxicity of sediment and the 28-d bioaccumulation test are more definitive
in the OMOE method. The criteria used for the screening test are meant to guide whether
sediments are appropriate to use in a bioaccumulation and with which species. The
criteria for the bioaccumulation test are intended to indicate whether the health of the
organisms may have been compromised. Failure to meet the criteria in a
bioaccumulation test does not completely invalidate the results; rather it prompts an
investigation into the potential causes of these impacts and indicates that these may need
to be considered in the interpretation of bioaccumulation data. Overall, the OMOE
method offers a more standardized approach for assessing bioaccumulation, with the
necessary support for the techniques and conditions used in the protocol, as well as the
necessary procedures for quality control of testing and the data produced. These
contributions to methods for measuring bioaccumulation should greatly improve how
these are used and how the data is applied as part of overall assessments of sediment
quality within contaminated areas.
The usefulness of the work in this thesis extends beyond the development of a
method to measure bioaccumulation that has already been adopted by the OMOE, and is
currently in use. The work provides new data that is of direct value to the OMOE. While
testing of a number of the hypotheses in this thesis could have been accomplished using

195

sediments that had been spiked with the compounds of concern, it was decided at the
beginning of the project to solely use environmental samples to better evaluate the
method to be developed. Samples of historically contaminated sediment that have
undergone natural environmental weathering of the contaminants of concern and have
relatively stable concentrations of these compounds were collected from sites that have
been investigated by the OMOE and/or are included in the OMOE‟s monitoring
programs. The estimates of bioaccumulation presented in this thesis are, for many of
these sites, the first laboratory-based measurements ever made. In addition, these are also
the first measures of bioaccumulation in benthic invertebrates for these sites, other than
mussels caged in situ. The site-specific data has been provided in the form of technical
reports to the OMOE scientists involved with management of these sites. This is
valuable data that provides new information to the process of assessing and managing
these contaminated sediments, including the effectiveness of remediation efforts.
The use of this new bioaccumulation method and application of data to
assessments of sediment quality will certainly raise additional questions with respect to
methods for assessing bioaccumulation and our understanding of the processes and
factors controlling bioaccumulation. However, the standardization of a method and use
under a quality management system leads to continual improvement and the goal is that,
with time, other important research questions will be addressed and thoroughly answered
and improvements will be made to this bioaccumulation method.
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Table 7.1 Summary of recommended test conditions and procedures in the ASTM and
U.S. EPA bioaccumulation methods versus the new OMOE bioaccumulation method.
Details of the test
Test species

Temperature
Toxicity screening
Test duration
Test conditions

Sediment volume

Overlying water volume
Loading density

Biomass/replicate
Feeding

ASTM and U.S. EPA
bioaccumulation methods
L. variegatus - oligochaete

23 ± 1°C
4-d, small-scale test
28 d
Flow-through or renewal,
No aeration unless DO <
2.5 mg/L
1 L or more depending on
TOC

1 L or more depending on
TOC
No less than a 50:1 ratio of
TOC:organism dw,
No rationale provided for
recommendation
Minimum 1 g,
Preferably 5 g
none

Purging

Not required; recommend
6-8 h in water

Test endpoints

Bioaccumulation

Test acceptability:
performance-based
criteria

Numbers of oligochaetes
not reduced in 4-d test,
No avoidance, lack of
burrowing,
Maintenance of water
quality
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New OMOE
bioaccumulation method
L. variegatus
Hexagenia spp. – burrowing mayfly
P. promelas – species of minnow
23 ± 2°C
4-d, small-scale test
28 d
Static
Continual aeration
Depends on required amount of
biomass and characteristics of
sediment as determined by loading
density
4x volume of sediment
27:1 ratio of TOC:organism dw,
Selected based on experimental data

1-5 g depending on type and number
of analytes
Invertebrates: none
Fish : ~1% body ww of fish food
flakes/d
Not required for the intended
purpose of the method,
Up to 24 h in water is suggested as a
practical duration when purging is
necessary
Bioaccumulation
Survival of nymphs and fish
Total growth of oligochaetes,
average growth of nymphs and fish
In 4-d test: ≥ 90% survival, ≤ 10%
loss of biomass, no signs of altered
behavior or stress (lack of
burrowing, empty guts in nymphs)
In 28-d test: Survival ≥ 80% in
nymphs, ≥ 90% in fish, no loss (≤
0% change) in average biomass of
nymphs and fish, ≤ 30% loss in total
biomass of oligochaetes, no signs of
altered behavior of stress
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9.

APPENDIX A: CONGENER DATA FOR PCBS, DL-PCBS, AND PCDD/FS

Table A9.1 Congener numbers for PCBs and PCDD/F
PCB congener
2,2',5-trichlorobiphenyl
2,2',6-trichlorobiphenyl
2,3,4'-trichlorobiphenyl
2,4,4'-trichlorobiphenyl
2',3,4-trichlorobiphenyl
3,4,4'-trichlorobiphenyl
2,2',3,5'-tetrachlorobiphenyl
2,2',4,5'-tetrachlorobiphenyl
2,2',5,5'-tetrachlorobiphenyl
2,2',6,6'-tetrachlorobiphenyl
2,3',4',5-tetrachlorobiphenyl
2,4,4',5-tetrachlorobiphenyl
3,3',4,4'-tetrachlorobiphenyl
3,4,4',5-tetrachlorobiphenyl
2,2'3,4,5'-pentachlorobiphenyl
2,2'3,5',6-pentachlorobiphenyl
2,2'4,4',5-pentachlorobiphenyl
2,2'4,5,5'-pentachlorobiphenyl
2,2'4,6,6'-pentachlorobiphenyl
2,3,3'4,4'-pentachlorobiphenyl
2,3,3'4',6-pentachlorobiphenyl
2,3,4,4',5-pentachlorobiphenyl
2,3'4,4',5-pentachlorobiphenyl
2,3'4,4',6-pentachlorobiphenyl
2'3,4,4',5-pentachlorobiphenyl
3,3'4,4',5-pentachlorobiphenyl
22',33',44'-hexachlorobiphenyl
2,2'3,44'5'-hexachlorobiphenyl
2,2'3,4'5'6-hexachlorobiphenyl
2,2'3,5,5'6-hexachlorobiphenyl
22',44',55'-hexachlorobiphenyl
22',44',66'-hexachlorobiphenyl
2,3,3'4,4'5-hexachlorobiphenyl
2,3,3'44'5'-hexachlorobiphenyl
2,3,3'4,4'6-hexachlorobiphenyl
23',44',55'-hexachlorobiphenyl
23',44',5'6-hexachlorobiphenyl
3,3'4,4'55'-hexachlorobiphenyl

#
18
19
22
28
33
37
44
49
52
54
70
74
77
81
87
95
99
101
104
105
110
114
118
119
123
126
128
138
149
151
153
155
156
157
158
167
168
169

PCB congener
22'33'44'5-heptachlorobiphenyl
22'33'44'6-heptachlorobiphenyl
22'33'4'56-heptachlorobiphenyl
22'33'55'6-heptachlorobiphenyl
22'344'55'-heptachlorobiphenyl
22'344'5'6-heptachlorobiphenyl
22'34'55'6-heptachlorobiphenyl
22'34'566'-heptachlorobiphenyl
233'44'55'-heptachlorobiphenyl
233'44'5'6-heptachlorobiphenyl
22'33'44'55'-octa(Cl)biphenyl
22'33'455'6'-octa(Cl)biphenyl
22'33'45'66'-octa(Cl)biphenyl
22'33'55'66'-octa(Cl)biphenyl
233'44'55'6-octachlorobiphenyl
22'33'44'55'6-nona(Cl)biphenyl
22'33'455'66'-nona(Cl)biphenyl

PCDD/F congener
2378-tetrachlorodioxin
2378-tetrachlorofuran
12378-pentachlorodioxin
12378-pentachlorofuran
23478-pentachlorofuran
123478-hexachlorodioxin
123678-hexachlorodioxin
123789-hexachlorodioxin
234678-hexachlorofuran
123478-hexachlorofuran
123678-hexachlorofuran
123789-hexachlorofuran
1234678-heptachlorodioxin
1234678-heptachlorofuran
1234789-heptachlorofuran
Octachlorodioxin
Octachlorofuran
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#
170
171
177
178
180
183
187
188
189
191
194
199
201
202
205
206
208

#
P4D378
P4F378
P5D378
P5F378
P5F478
P6D478
P6D678
P6D789
P6F234
P6F478
P6F678
P6F789
P7D678
P7F678
P7F789
P98CDD
P98CDF

Figures 9.1 to 9.12 Ratio of BSAFs between the test species Lumbriculus variegatus
(LV), Hexagenia spp. (HX), and Pimephales promelas (PP) for congeners of PCBs, dlPCBs, and PCDD/Fs for the sediments tested. Values are equivalent to the ratio of the
concentration in tissue normalized for lipid.
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Figures 9.13 to 9.21 Biota-sediment accumulation factors (BSAF; normalized to lipid and
organic carbon) of congeners of PCBs, dl-PCBs, and PCDD/Fs for Lumbriculus
variegatus, Hexagenia spp., and Pimephales promelas exposed to a variety of sediments
for 28 days under laboratory conditions. Data are mean values (n = 3, except n = 2 for
Hexagenia spp. for Site PC).
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