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SUMMARY

In this report the assumptions and equations used to determine bioconcentration and
bioaccumulation of substances are reviewed and a possible approach for the integration of these
processes into a risk assessment is discussed. The approach has been evaluated with the use of
different bioaccumulation models for several representative substances with different properties and

use patterns.

A distinction is made between bioconcentration and bioaccumulation. Bioconcentration is defined as
the net result of the uptake, distribution, and elimination of a substance in an organism due to
water-borne exposure, whereas bioaccumulation includes all routes of exposure (i.e. air, water, soil,
food). Biomagnification is defined as accumulation and transfer of substances via the food web. The
report describes the critical mechanisms underlying these processes with a brief description of some
of their implications of on environmental exposure and effects. It also addresses methods for

predicting and determining the potential of substances to bioconcentrate or bioaccumulate.

[t was concluded that bioaccumulation of a substance into an organism is not an adverse effect or
hazard in itself. Bioconcentration and bioaccumulation may lead to an increase in body burden which
may cause toxic effects due to direct (water) and/or indirect (dietary) exposure. Bioaccumulative
substances characterised by high persistence and toxicity, negligible metabolism and a log Kow
between 5 and 8 may represent a concern when widely dispersed in the environment. Therefore,
when appropriate, the potential of a substance to bioaccumulate in the aquatic environment should
be included as an exposure related parameter in risk assessment. Biomagnification, resulting in an
increase of the internal concentration in organisms at succeeding levels in the trophic chain, is not as
widespread as commonly believed; it has only been demonstrated for a very limited number of
substances.

The potential of a substance to bioaccumulate is related primarily to its lipophilicity. A surrogate
measure of lipophilicity is the n-octanol-water partition coefficient (Ko.), which is correlated with
bioconcentration potential. Therefore, K, is often used as predictor in quantitative structure-activity
relationships (QSARs) for bioconcentration factors (BCF) of organic non-polar substances. Such
QSARSs, however, are not universally applicable. While predictions of BCF in aquatic organisms for
lipophilic, nonionic substances undergoing minimal metabolism or biotransformation may be
satisfactory, there are exceptions, and the equations to predict BCF are best used only within the
chemical class for which the QSAR was developed. Substances with a low lipid solubility,
substances with a molecular weight well above 700, or substances which are considered as highly
lipophilic will not be taken up as predicted from simple QSARs for BCFs. Non-linearity of BCF
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versus log Koy for highly lipophilic substances has been demonstrated. Similarly deviations have

been reported also for other chemical classes such as surface-active, ionisable and polar substances.

When biotransformation of the substance by the organism occurs, elimination may increase
significantly thus reducing bioconcentration. The major drawback of the various models proposed for
the prediction of bioconcentration and bioaccumulation is that they assume no active
biotransformation. In addition, specific physico-chemical properties of the substance may reduce
availability and possibly exclude uptake. Therefore, when available, measured BCF values based on

the analysis of parent substance should be used rather than predicted values.

A step-wise approach is recommended to integrate bioaccumulation in an environmental risk
assessment scheme for substances which are widely distributed in the environment due to wide
dispersive use and effective intermedia transfer, and which potentially can be taken up by biota.
Substances which are persistent, bioaccumulative and exhibit negligible metabolism will be selected
by this scheme for a more detailed evaluation.

For those substances which reach a steady-state body burden within the organism during the toxicity
test, direct effects of bioconcentration are included, and thus the PNEC derived from this testing is
appropriate for use in risk assessment. However, for lipophilic substances which are taken up and
depurated very slowly by fish, the steady-state body burden may not have been achieved during the
test. Hence, environmental effects assessments should consider the "time to reach steady-state" in
evaluating PNEC values for these substances. In a preliminary assessment, it is recommended to
evaluate the time to reach 95% of steady-state (Tgs).

It is concluded that dietary uptake by aquatic organisms is significant only if the substance has low
water solubility, high lipid solubility and is slowly metabolised or eliminated by the prey organism.

Initially, the BCF may be estimated as described above. When the predicted BCF value is above
1,000 (corresponding to a log K, of 4.3) a PEC/PNEC assessment for predators is made and refined
as deemed necessary.

The EU Technical Guidance for environmental risk assessment requires that bioaccumulation and
secondary poisoning be assessed when the substance has a log K., of 3 or more. In this scheme,
the approach does not explicitly include the dietary pathway at lower tiers and may underestimate the
body burden of prey organisms for substances with higher lipophilicities. The EU method could be
overconcerned with substances of little relevance for secondary poisoning, while underestimating
actual exposure for substances in the log K,, range of 4.5 to 8 which are potentially the most critical
for dietary exposure.
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Bioconcentration and bioaccumulation models will generally overestimate the potential for
bioaccumulation and therefore may trigger unjustifiable concerns about transfer of substances up the
food web. Additional work is needed to provide further insights into the limitations and uncertainties
of QSARs used at the screening stage in the bioaccumulation assessment. Validation and/or
reformulation of these QSARs for a wider range of chemical classes is needed if these QSARs are to
be used with confidence in the risk assessment process. Furthermore, additional work is needed to
incorporate both knowledge and prediction of metabolic processes to account for its influence on
bioaccumulation. The development of empirical QSARs for metabolism would aid in the prioritisation,

assessment and regulation of apparently persistent and bioaccumulative substances.
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1. INTRODUCTION

The development of environmental risk assessment procedures for substances has received
considerable attention from regulators, academia and industry (EEC, 1992a; EEC 1993a; ECETOC
1993; OECD 1994a). An iterative and tiered approach in data gathering, evaluation, and decision
making has been generally adopted (EEC, 1993b; EEC, 1994; OECD, 1994a). The risk assessment
process essentially consists of a stepwise and iterative comparison of the Predicted Environmental
Concentration (PEC) with the Predicted No Effect Concentration (PNEC) for the substance and

compartment of interest, with each iteration improving the PEC and PNEC estimates.

The environmental exposure can be estimated if it is known how and in what quantity a substance
enters the environment and how it is subsequently distributed and transformed in these receiving
compartments (i.e. air, water, soil). The effect of transport and transformation processes on the
distribution and concentration of substances in the different environmental compartments may be
predicted by using mathematical models (OECD, 1989a; OECD, 1991; Braat et al, 1991; ECETOC,
1992; ECETOC, 1994c; RIVM, VROM, WVC 1994), assessed in experimental laboratory simulation
models, or measured in actual environmental compartments if specific analytical techniques are
developed for the substance of interest. An environmental exposure assessment typically yields
predicted or measured concentrations on the local or regional scale.

The potential for environmental effects due to exposure to a substance can be estimated if the
intrinsic hazardous properties of the substance have been determined, and if it is known how these
effects can be extrapolated to the field, i.e. how populations, communities or ecosystems are
affected (ECETOC, 1993; OECD, 1994a). It is important to account for potential effects on biota
which may be expressed only after some time.

The properties of certain substances - resistance to biotic or abiotic degradation resulting in high
persistence, lack of metabolism by organisms and tendency to accumulate in lipid - have led to their
widespread dispersion in the environment and elevated concentrations in aquatic organisms. Some
substances, such as DDT/DDE (causing egg-shell thinning) and co-planar PCBs (causing mink
reproductive failure) have elicited unexpectedly subtle forms of toxicity. The challenge facing
industry and regulators is to screen for the potential of other substances to bioconcentrate and/or

bioaccumulate and elicit toxic effects after prolonged exposure.

Bioconcentration and bioaccumulation may therefore be of concern for lipophilic substances as both
direct and indirect (secondary poisoning) toxic effects may be observed upon chronic exposure.
Bioconcentration is defined as the net result of the uptake, distribution, and elimination of a
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substance in an organism due to water-borne exposure, whereas bioaccumulation includes all routes
of exposure (i.e. air, water, soil, food). Biomagnification is defined as accumulation and transfer of
substances via food webs, resulting in an increase of the fat-adjusted internal concentration in

organisms at succeeding levels in the trophic chain.

It is generally assumed that the potential to bioaccumulate is related primarily to lipophilicity. A
surrogate measure of lipophilicity is the n-octanol-water partition coefficient (K.y), which can be
correlated with bioconcentration (Mackay, 1982; Chiou, 1985). Therefore K,, is often used as a
predictor in Quantitative Structure Activity Relationships (QSARs) for bioconcentration factors (BCF)
of organic non-polar substances. Since most BCF QSARs are based on K., regulatory trigger
values to determine the potential for bioaccumulation are primarily derived from this single property.
It has been proposed that values of log K, greater than or equal to 3 indicate that a substance has
the potential for significant bioaccumulation (EEC, 1993b), triggering the requirement for a

determination of a so-called secondary poisoning assessment.

The setting of log K.y, BCF and BAF (= bioaccumulation factor) trigger values to determine the
potential for bioconcentration, bioaccumulation and particularly biomagnification must be based on
scientific evidence to ensure that the 'real' problem substances are tackled and unnecessary animal
testing is avoided. Bioconcentration and bioaccumulation have generally been considered in a risk
assessment based on specific "cut-off" values (e.g. log Ko > 3), but were not integrated in an overall
tiered risk assessment scheme. These approaches do not consider factors including actual release
pattern, distribution and fate of substances in the environment and their potential to be metabolised

by aquatic organisms.

To further explore when and how bioaccumulation should be incorporated into a risk assessment, the
European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC) formed a Task Force
with the following Terms of Reference:

(] discuss the processes involved in bioaccumulation and describe the methods for its

measurement and prediction on the basis of physico-chemical properties;

& assess the importance of bioaccumulation in environmental risk assessment of aquatic
ecosystems and recommend possible physico-chemical and bioconcentration trigger values
to be used in consideration of additional work, and

[ recommend alternative approaches to assess bioaccumulation for substances which cannot
be addressed by the generic regulatory approach.
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The objective of the Task Force was to review the assumptions and equations used to determine
bioconcentration and bioaccumulation of substances and to recommend some practical approaches
to the use of this information in risk assessments.

The potential of a substance to bioconcentrate and bioaccumulate should be assessed and, when
appropriate, accounted for in a risk assessment. The critical mechanisms underlying
bioconcentration and bioaccumulation will be summarised in Section 3, with a brief description of
some of the implications of the processes on environmental exposure and effects. Section 4 will
discuss methods for determining the potential to bioconcentrate and bioaccumulate, both from
measurement and prediction. Section 5 will provide guidance and suggestions in the assessment
and interpretation of the Predicted No Effect Concentration (PNEC) when prolonged exposure may
possibly elicit true effects. In addition, guidance is provided in Section 5 for the assessment and
interpretation of the potential increasing Predicted Environmental Concentrations (PEC). Finally,

conclusions and recommendations are summarised in Section 6.
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2. BACKGROUND

On 30th April 1992 the European Council adopted the 7th Amendment of Directive 67/548/EEC
(EEC, 1992a). This came into force on 31st October 1993. Article 3.2. of this Council Directive
requires that risk assessment be carried out in accordance with principles laid down in a Commission
Directive on Risk Assessment of New Substances (93/67/EEC). The specific guidance on how to
conduct an exposure and effect assessment, and risk characterisation is described in Technical
Guidance Documents (EEC, 1993b). This guidance is to be used in conjunction with the Risk
Assessment Directive (93/67/EEC).

The purpose of these Technical Guidance Documents is to assist the notifier and assessor in the risk
characterisation and, if necessary, in deciding on what further testing would be required and its
timing. The Guidance Documents for New Chemicals call for a classification of “Indication of

Bioaccumulation Potential" when a substance:

= has a log Koy > 3; or

| is highly adsorptive; or

5] generates a surface tension of < 50 mN/m at a concentration < 1 g/l in water; or

| belongs to a class of substances known to have a potential to accumulate in living

organisms; or

o there are indications from structural features;

[ and there are no mitigating properties, e.g. hydrolysis or fast biodegradation.

If the K, cannot be experimentally determined, it has been suggested that this value be calculated
from the chemical structure in order to estimate a bioconcentration factor (BCF). The Technical
Guidance documents point out that log K,,, - BCF QSARs do not account for phenomena of active
transport, non-linear uptake and depuration kinetics, metabolism in organisms, changes in the
behaviour of diffusion through cell membranes, affinity due to specific interactions with tissue
components and special structural properties (e.g. amphiphilic substances or dissociating substances
that may lead to multiple equilibrium processes) (EEC, 1993b). In the absence of specific

information on the above processes, the well-established regression equations based on log K, (i.e.
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Mackay, 1982) will be used for conservative estimates of the potential for bioconcentration and

bioaccumulation.

Depending on the intrinsic toxicity of substances classified as exhibiting a bioaccumulation potential,

further testing and evaluation for secondary poisoning will be requested.

Similarly, the EC Council Regulation 793/93/EEC on the evaluation and control of the environmental
risks of existing substances requires competent authorities to evaluate the risks to man and
environment of existing substances (EEC, 1993a). This regulation was adopted on March 23rd 1993,
and came into force on 4th June 1993. It was amended by a Commission Regulation (No. 1488/94)
describing the principles of risk assessment of Existing Substances to man and the environment and by
another set of Technical Guidance documents (EEC, 1994). This Directive refers to a large extent
to the Commission Directive on Risk Assessment of New Substances and its respective Technical

Guidance documents.
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3. PROCESSES INVOLVED IN BIOCONCENTRATION AND
BIOACCUMULATION

3.1. INTRODUCTION

The bioconcentration factor (BCF) is determined as the concentration of parent substance in whole
fish (Cy) at steady-state divided by the mean concentration of the substance during the exposure
period in the water phase (C,); and/or as the ratio between the uptake rate constant (k) and

depuration constant (kz), assuming first order kinetics.

Uptake may occur via passive diffusion, facilitated diffusion or active transport mechanisms
(Schmidt-Nielson, 1979). Uptake of xenobiotics by aquatic organisms occurs via passive diffusion
across the gill membranes (Rand and Petrocelli, 1985) or via uptake from the gut. Factors including
water chemistry, biological variables and chemical properties of the substance may impact uptake.
Distribution throughout the body may lead to different tissue concentrations, although for many
substances these levels may be similar when normalised for lipid content.  For neutral,
poorly-metabolisable substances, elimination will occur predominantly via passive elimination across
surfaces such as the gill.

Aquatic organisms have a variety of metabolic systems which act to remove xenobiotics, such that
elimination is often considerably more rapid than that predicted for passive diffusion of the parent
substance. Phase | and Phase Il enzyme systems are of key importance to the active removal of
lipophilic substances from fish. These enzymes react with, or biotransform, the parent lipophilic
substance, rendering it more hydrophilic and amenable to further metabolism and eventual
elimination from the body. The most frequently studied Phase | enzymes are the P-450 dependent
monooxygenases and the flavin monooxygenases which "activate" xenobiotics. Phase Il enzymes

commonly conjugate such metabolites or substances which do not require activation.

Actual measured BCF or BAF values may be orders of magnitude lower than predicted values
because metabolism is not taken into account in the prediction. Hence, additional work is needed to
incorporate both knowledge and prediction of metabolic processes of lower vertebrates and
invertebrates into models of bioconcentration.

Accumulation of a substance by an organism is not in itself a toxic effect. However, this process
may have an impact on organisms in the environment in two ways. First, the body burden may

increase to toxic levels (e.g. critical body residue, McCarty and Mackay, 1993) due to direct
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exposure. Second, dietary sources may cause food web transfer to be a significant exposure route,
thus adding to direct exposure and increasing the body burden to higher levels. When appropriate,
the potential of a substance to bioconcentrate and bioaccumulate should be assessed and taken into

account.

3.2 UPTAKE OF SUBSTANCES IN AQUATIC ORGANISMS

Uptake may be defined as the process of absorption into an organism which for aquatic species
includes gill uptake, ingestion, and cutaneous absorption. For substances with lipophilicity up to a log
Kow Of about 5, gill uptake is most important for aquatic organisms, whereas cutaneous uptake is
regarded as a minor process, especially for animals with a high volume-to-surface-area ratio (Lien
and McKim, 1993). Additional uptake may occur via the gut which may become significant for
substances with higher lipophilicity. The uptake rate constant (ki) is the mathematically determined
value that is used to define the uptake of a substance by exposed organisms, usually reported in
units of ml/(gxh) (OECD, 1981b). An understanding of substance uptake requires a basic knowledge
of relevant mechanisms of membrane transport, additional barriers regulating gill uptake, and certain
environmental, chemical and biological factors. It must be noted that adsorption onto an organism
may also play a role for dietary uptake (see Section 3.2.4).

3.2.1 Mechanisms of Uptake

Most substances cross membranes by simple diffusion, mainly through the lipid domain of
membranes. However, small hydrophilic substances will diffuse through aqueous pores (Benz et al,
1980). Concentration gradients provide the driving force for diffusion processes. lonised organic
acids and bases usually have low lipid solubility, hence, their passive uptake is mainly restricted to
the aqueous pores and is limited. Other mechanisms of transport have been identified, some of
which are discussed below.

Active transport systems are characterised by four different criteria. Active transport systems:

] move the substance against an electrochemical or concentration gradient;
[ | saturate at high substrate concentration;
| are selective for certain structural features of the substance, hence it has the potential for

competitive inhibition between substances to be transported by the same transporter;
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| require expenditure of energy.

An example of active transport is the ATP-driven uptake of K* by the Na-K ATPase.

Facilitated diffusion is a carrier-mediated transport system process that saturates at high substrate
concentration and is selective for certain chemical structural features. However, this mechanism
does not move substances against an electrochemical or concentration gradient, and it does not

expend energy. An example of facilitated diffusion is glucose uptake in the intestine.

In fish, a receptor-mediated uptake mechanism has been identified for the uptake of vitellogenin

(lipophosphoglycoprotein) by cocytes of coho salmon {Oncorhynchus kisutch) (Stifani et al, 1990).
Pinocytosis is an uptake mechanism in which aggregates of molecules are inserted in the membrane
and are secreted on the opposite side. An example of pinocytosis is the uptake of lipid vesicles or
liposomes.

Charged molecules may combine with lipophilic ligands to form uncharged apolar complexes that
can more readily cross the cell membrane. An example is the increased uptake of Cd* in the
presence of xanthate (Block and Part, 1986).

3.2.2 Uptake Models

Identification of the rate limiting step in the uptake kinetics of substances by fish directly from water is

an area of increasing research which has shown that the uptake of substances by fish is controlled
by:

B water flow through the gills;

m diffusion through aqueous diffusion layers at the gill epithelium;
B permeation through the gill epithelium;

B the rate of blood flow through the gills;

B the binding capacity of blood constituents.
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The uptake rate constant k; for small fish is between 5 and 200 ml/(gxh); the k; increases linearly
with Koy until a plateau is reached (Saarikoski et al, 1986). Plateau values for k, in fathead minnow
are around 60 ml/(gxh) (Sijm et al, 1993a).

Several models have been proposed to describe and explain the biphasic relationship between log
Kow and uptake rate constants. A membrane permeation model, initially described by Flynn and
Yalkowsky (1972), was used by several authors (Gobas et al, 1986; Gobas and Mackay, 1987; Clark
et al, 1990). Gobas et al (1986) suggested that the observed relationship between k; and log K, is
due to a change from membrane-controlled to diffusion layer-controlled kinetics. The
thermodynamically driven model of Gobas and Mackay (1987) indicates that kinetics of uptake and
release of substances with log K., > 3 are primarily controlled by fish aqueous-phase transport,

whereas kinetics for substances with log K, < 1 are primarily controlled by fish lipid-phase transport.

Barber et al (1988) proposed a model which considered both biological attributes of fish and
physico-chemical properties to determine diffusive exchange across gill membranes. This model
could predict excretion rates, gill uptake efficiencies and BCF-values for non-metabolisable organic
substances. The model of Hayton and Barron (1990) indicates that for highly lipophilic substances
blood flow can limit xenobiotic accumulation by controlling absorption, or limiting distribution into
storage tissues. Erickson and McKim (1990a) indicated that water flow through the gill may be an

important rate limiting barrier to xenobiotic uptake.

An alternative to the interpretation of the gill as the main barrier in uptake of substances by fish was
presented by Streit et al (1991). Their modelling of ventilation extraction efficiency of teleost fish
gills showed that the enhancement of mass transfer across the gill barrier is attributed to a rapid and

effective binding of substances with plasma proteins.

All potentially rate limiting barriers were combined in the model of Erickson and McKim (1990b).

Their analysis suggests that gill exchange can be understood and predicted on the basis of
fundamental physiological and morphological variables. Hence, any parameter that influences the
actual rate limiting barrier, either directly or indirectly, may affect the uptake kinetics of a substance.
This may cause deviations from linearity in the relationship between log BCF and log Koy

3.2.3 Factors Influencing Uptake
lonised substances do not readily permeate membranes, hence, aqueous pH can influence

substance uptake. Saarikoski et al (1986) showed that the rate of absorption of phenols in the guppy

was independent of pKa as long as the pH in water was low enough to keep the acid non-ionised.
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Above the Pka, the rate of absorption was exponentially related to pH, as was the degree of
ionisation. These authors concluded that some uptake of ionised substances could take place in fish
and proposed an empirical relationship to correct for ionisation. When corrected for ionization, the
log BCF of eight phenols was highly correlated with log K, (Saarikoski and Viluksela, 1982).

Loss of membrane permeability is expected for substances with a considerable cross-sectional area
(Opperhuizen et al, 1985; Aniiker et al, 1988) or long chain length (> 4.3 nm) (Opperhuizen, 1986a).
Loss of membrane permeability will result in total loss of uptake. Opperhuizen (1986b) identified a
limit on the uptake of substances with an effective cross section > 0.95 nm in guppy (Poecilia
reticulata), whereas Anliker et al (1988) identified a cross-sectional limit of > 1.05 nm in goldfish
(Carassius auratus). The influence of molecular weight (MW) on bioconcentration is due to an
influence on the diffusion coefficient of the substance, thereby reducing uptake rates constants
(Gobas et al, 1986).

Black and McCarthy (1988) showed that substances bound to dissolved organic material (DOM) do
not diffuse across the gill membrane, thus, only unassociated dissolved substance appears to be
available for uptake by fish gills. Hence, presence in water of DOM or particulate matter reduced the
bioavailability of substances (McCarthy and Jimenez, 1985). As shown by Schrap and Opperhuizen
(1990), presence of sediment suspension reduced accumulation of five chlorobenzenes in guppy,
with a larger reduction for the more lipophilic substances. Since binding of lipophilic substances to
organic material increases with increasing log Ko (Karickhoff, 1981), bioconcentration of lipophilic

substances will be affected by the presence of sediment or DOM in water.

Environmental parameters influencing the physiology of the organism may also affect the uptake of
substances. For instance, when the oxygen content of the water is lowered, fish have to pass more
water over the gills in order to meet respiratory demands. Oxygen and endrin uptake efficiencies
across gills of brook trout (Salvelinus fontinalis) decreased at low oxygen content of the water, while
the total uptake rate for endrin increased because ventilation volume increased more than
efficiencies dropped (McKim and Goeden, 1982). There may be a species dependency since
Opperhuizen and Schrap (1987) did not observe an influence of a low oxygen content of the water on

the uptake rate constants of chlorobenzenes in guppy.

Sijm et al (1993a) showed that temperature influenced uptake rate constants of lipophilic substances
as determined by the isolated perfused gills of rainbow trout. The most pronounced effect was
observed for hexabromobenzene. Hence, they concluded that the rate-limiting step in uptake
seemed to be diffusion, either through the aqueous diffusion layer or through the membrane, and
not ventilation or blood flow-rate. In vivo, an increase in water temperature increased accumulation of
substances in rainbow trout (Reinert et al, 1974), guppy (Opperhuizen et al, 1988) and mosquito fish
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(Murphy and Murphy, 1971). In contrast, Black et a/ (1991) did not find any consistent effect on

uptake efficiencies by gills of rainbow trout after an acute reduction in temperature.

Saltwater acclimatisation of guppy resulted in an increase of the BCF of a-hexachlorocyclohexane
(Canton et al, 1975; 1978). This increase was attributed to apparent differences in osmoregulation in
freshwater and seawater teleosts, with fish acclimated to saltwater showing a much higher oral
uptake due to active drinking of water (Canton et al, 1978). In contrast, accumulation of
pentachlorophenol (PCP) in seawater-acclimated Kkillifish (Oryzias latipes) was much lower than in
freshwater Killifish, due to a lower uptake rate and higher elimination rate in the saltwater-acclimated
fish (Tachikawa et al, 1991).

Body size may correlate with variables affecting the limitations on uptake imposed by flows of water
and blood through the gills, diffusion barriers, and substance binding relationships (Barber et al,
1988; Hayton and Schultz, 1991). Indeed, an influence of fish size on uptake rate constants has
been observed (Saarikoski et al, 1986; Sijm et al, 1993b; Clark et al, 1990), and estimates for the
constants of a relationship between uptake rate constant and body weight were obtained (Saarikoski
et al, 1986; Sijm et al, 1993b).

3.2.4 Adsorption

Adsorption of organic substances to outer surfaces may contribute to dietary uptake, particularly if
prey organisms possess a high surface-area to volume ratio (i.e. unicellular organisms). Distinction
between adsorption and absorption (actual uptake into the organism) is difficult in experimental and
field situations. Adsorption is not expected to disturb the linear relationship between BCF and log Kow
significantly since the amount that can adsorb is limited by the surface area available. Without
making a distinction between absorption and adsorption, the logarithm of the BCF of substances for
the green alga (Selenastrum capricornutum) was linearly related with the log K., (Casserly et al,
1983).

3.3 DISTRIBUTION

Distribution of a xenobiotic within the body following uptake is a key determinant in eliciting a toxic
effect: target tissues or organs must receive a certain dose. Diffusion, as described for uptake, is a
fundamental process, but will be physiologically significant over short distances only (e.g. diffusion
across membranes) (Schmidt-Nielsen, 1979). Transport across larger distances will be convective or
via mass movement. Blood circulation, for example, is important and the degree of perfusion of
different tissue types may influence both initial concentrations within individual organs and
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elimination rates once the external exposure has ceased. Thus, for poorly-perfused tissues such as
muscles, concentrations will initially be lower than for other tissues, equilibrium will be reached later
(if at all), and depuration will be slower. Physiologically-Based Pharmacokinetic (PBPK) models
originally developed for biomedical applications may be useful for modelling differences in tissue
concentration in aquatic and terrestrial wildlife species (Barron et al, 1990).

For the persistent, poorly metabolised, lipophilic substances most often studied in relation to
bioaccumulation, tissue distributions appear to reach a "steady-state" in which, on a lipid-adjusted
basis, the concentrations are similar (e.g. Owens et al, 1994). Due to partitioning relationships,
organisms with elevated fat content tend to accumulate higher concentrations of lipophilic substances
at steady-state. Body burdens are therefore often higher for "fatty" fish such as eel. In addition, lipid
"pools" may act as repositories of highly lipophilic substances. Starvation or other physiological
changes may change the lipid balance and release such substance, perhaps resulting in some cases
in delayed impacts (NERC, 1971). On the other hand, for substances subject to active metabolism,
great differences in tissue distribution may be evident even during the period of "steady-state"
exposure. Thus, the concentration of parent substance may be greater in less metabolically-active
tissues, while concentrations of metabolites increase due to biotransformation at the site of action
(e.g. liver) or in the organs involved in the elimination process (kidney, gall bladder) (e.g. Oikari and
Holmbom, 1986).

3.4 ELIMINATION

3.4.1 Introduction

The rates of uptake and elimination determine the net accumulation of a substance in the organism
(Spacie and Hamelink, 1982). The elimination rate constant k, is defined as the rate of loss per unit
time. Elimination may occur via passive mechanisms or via active routes. Removal of parent
substance by biotransformation with subsequent elimination of metabolites can also be considered an
active elimination process. In the latter case, enzymatic detoxification systems biotransform
lipophilic substances which would otherwise accumulate in the body, generally into more
water-soluble substance which may be further metabolised prior to elimination. The impact of
metabolism is quite clear for some substances, such as some polycyclic aromatic hydrocarbons
(PAH), where despite high exposures, only trace levels can be observed in fish tissue due to rapid
metabolism and excretion (Varanasi, 1989). It is less well known that even relatively slow metabolic
activity can dramatically shift the balance towards elimination (e.g. of dioxins, De Wolf et al, 1992).

Despite a lack of sophisticated models to predict metabolism by lower vertebrates and invertebrates,
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the potential for metabolism should be considered whenever assessing the potential of an organism
to bioaccumulate a substance.

Additional modes of elimination, less commonly considered, include molting processes (e.g.
arthropods) and egg deposition (Rand and Petrocelli, 1985). These may be important processes for
the removal of contaminant for the individual; in the case of maternal transfer, it can lead to

questions of toxicity to early life stages.

3.4.2 Passive Elimination

Passive elimination processes are the mirror-image of uptake processes by passive transport (see
Section 3.2.1) and again will occur via externally-exposed surfaces such as the gut or gill. As with

uptake, simple diffusion may be the rate limiting step, however, blood flow may also be limiting.

Substances will accumulate in organisms if the rate constants for the processes of uptake are larger
than those for the processes which control the elimination. During steady-state or equilibrium the
concentration of this substance in the organism will then be higher than that in the surrounding

environment.

Opperhuizen (1991) has shown that log k; is in an inversely proportional relationship with log K., up
to a value of about 6, within approximately one order of magnitude. The rate constant for elimination
tends to decrease with increasing lipophilicity for organic substances which are not significantly
biotransformed. Above a log K, of 6, log k. approaches a plateau.

3.4.3 Biotransformation (Metabolism)

When biotransformation occurs, k, increases significantly.

Fish are able to metabolise many different classes of xenobiotics and some of the enzymes
catalysing these reactions have been identified and characterised. A metabolite, which is the product
of a biotransformation reaction, has different physical and chemical properties than its parent
substance. Bioaccumulation can be decreased by altering a substance to a more hydrophilic
derivative. For instance, pentachlorophenol is excreted from goldfish predominantly as the

glucuronide conjugate, reducing the BCF of pentachlorophenol significantly.

In general, two types of biotransformation reactions are observed in aquatic organisms, these have
been classified as phase | and phase Il reactions.
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Phase | reactions are the first phase of metabolism, which unmasks or adds reactive functional
groups, and involves oxidation, reduction or hydrolysis. Phase Il reactions are referred to as
conjugation. In these reactions xenobiotics or their metabolites are conjugated to other substances

such as sulphate or glucuronic acid (Sijm and Opperhuizen, 1989).

Some xenobiotic substances possess the requisite functional groups for direct metabolism by the
conjugative or Phase Il enzyme systems, while others are metabolised by an integrated process

involving prior action of the so termed Phase | enzymes (Appendix B).

3.4.4 Role of Metabolism and the Effect on Bioaccumulation

Several cases of the influence of metabolism on the measured BCF have been reported in the
literature. Some examples of measured bioconcentration factors for a range of substances are given in
Table 1 where they are compared with those derived from their calculated log K,y and the Mackay
(1982) equation.

A combination of enzyme systems known to interact with endogenous substances (e.g. -oxidation of
fatty acids and synthetic surfactants) and enzyme systems thought to have evolved to deal primarily
with xenobiotics (e.g. hydroxylation of PAHs) may be employed. With rare exceptions, the resulting
metabolites are more hydrophilic, such that they are excreted more rapidly than parent substance.
Therefore, biotransformation is a crucial mechanism for reducing the bioconcentration and
bioaccumulation of substances within aquatic organisms.

From Table 1 it is apparent that significant discrepancies exist between measured and calculated
BCF values which become more pronounced with increasing log K,.. As described previously
(Section 3.4.3 and Appendix B) a large number of biotransformation enzymes/pathways have
evolved which allow lower vertebrates such as fish and to a lesser extent invertebrates to metabolise
a wide range of substances. For such substances physico-chemical parameters such as log Koy
cannot reliably be used to predict the actual potential to bioconcentrate and bioaccumulate. In the
tiered risk assessment scheme this prediction represents a conservative upper limit at the screening
level. Caution is required for substances with a high predicted potential to bicaccumulate since
biotransformation may substantially decrease actual bioconcentration factors. Further details on the
prediction and measurement of BCF are given in Section 4, whereas the tiered use of predicted

versus measured BCF is described in Section 5.
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Table 1: Some Examples of the Influence of Biotransformation on the
Bioconcentration Factor (BCF) of Substances in Fish (references below)

Biotrans-
Substance Species log Kow” BCF exp.” BCF calc.”  formation®
Bromacil Pimephalis promelas 2.11 <3 [1] 6 A [1]
Diuron Pimephalis promelas 2.86 2 [1] 35 A [1]
Fenitrothion Mugil cephalus 3.01 30 [2] 49 A [2]
Diazinon Pimephalis promelas 3.41 39 [3] 123 A [3]
Diazinon Brachydanio rerio 3.41 302 [3] 123 A [3]
2,4-D butoxyethyl Channel catfish 3.5 2-14 [4] 162 A [5]
ester Bluegill sunfish 6-21
4-Chloroaniline Poecilia reticulata 1.93 13 [6] 4 A (6]
2,3,4-Trichloroaniline Poecilia reticulata 3.58 45 (7] 182 A [7]
3,4,5-Trichloroaniline Poecilia reticulata 3.58 93 {7] 182 A [7]
Benz[alacridine Pimephales promelas  4.61 107 [8] 1,950 A [9]
Dibenz[a, hlacridine Pimephales promelas  5.78 79 [9] 28,800 A [98]
Pentachlorophenol Oncorhynchus mykiss  5.06 195 [10] 5500 A [11]

B [12]
Benzo[a]pyrene Lepomis macrochirus  6.12 490 [13] 63,100 A [13]
Deltamethrin Oncorhynchus mykiss 6.2 203 [14] 75900 A -
2,8-Dichlorodibenzo-p-  Carassius auratus 6.23 670 [15] 81,300 B [15]
dioxin
Di-2-ethylhexyl- Cyprinodon variegatus  8.71 630 [16] 24,547,000 B [17]
phthalate
Dodecylbenzene Lepomis macrochirus  8.33 25 [18] 10,232,930 - -

a Values calculated with CLOGP version 3.54 (Streit et al, 1991)

Experimentally determined bioconcentration factor based on wet weight

¢ Bioconcentration factor (on a wet weight basis) calculated with the equation given by Mackay: log BCF = log
Kow - 1.32 (Erickson and McKim, 1990b).

d Experimental evidence for biotransformation of a substance is either by the identification of biotransformation
products (A) or by an increase of the bioconcentration factor upon inhibition of biotransformation processes (B).

o
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3.4.5 Extrapolation of Biotransformation Data

A wealth of information is available on the potential of different types of organisms to eliminate
xenobiotics. The following discussion provides some information on the utility and potential
limitations of such data for the study of biotransformation in fish and the implications of

biotransformation on bioconcentration or bioaccumulation.

Extrapolation from Microbial Activity to Eukaryotic Metabolic Activity

Vertebrate metabolism has several fundamental biochemical pathways in common with those of
bacteria (Lehninger, 1976). Thus, if a substance plays a role in the natural biochemical cycles, it
may be incorporated into energy cycles in both bacteria and higher organisms. However, while
bacterial consortia may completely metabolise or co-metabolise many substances back to biomass,
CO,, methane, etc., vertebrates generally only biotransform xenobiotics and eliminate their
metabolites. Complete mineralisation of xenobiotics is rare for eukaryotes. However, complex
detoxification systems unique to eukaryotes have evolved, some apparently as the result of gene
duplication (Nebert and Gonzalez, 1985; Nelson and Strobel, 1987; Heilmann et al, 1988), to
metabolise lipophilic xenobiotics. Thus, extrapolation from microbial activity alone may
underestimate the potential of eukaryotes, particularly vertebrates, to biotransform and thus eliminate
xenobiotics.

Extrapolation from Mammalian Activity to Lower Vertebrates

As summarised in Appendix B, lower vertebrates and invertebrates maintain many of the same
systems to biotransform xenobiotics which are present (and more thoroughly studied) in mammals.
These range from similar basic intermediary processes for fatty acid metabolism which may come
into play in the breakdown of surfactant materials, to the Phase | and Phase Il enzyme systems
(George, 1994; Stegeman and Hahn, 1994). In fact, results from mammalian safety studies which
are generally more detailed concerning metabolic capacity could be used as a first indication of the
potential of fish to metabolise a substance, especially if the pathways have been elucidated. A list of
known enzyme systems present in lower vertebrates and in invertebrates can be made, and major
chemical classes identified. It is interesting to note that the reverse exercise - use of fish
experimental data to extrapolate to mammals - has been suggested for more effective screening of
the carcinogenic potential of substances (NTP, 1992).



20 ECETOC Technical Report No. 67

Extrapolation from In Vitro Studies

Finally, extrapolation from in vitro information may be useful prior to full bioconcentration testing.
Because the liver is a key organ involved in biotransformation, use of fish hepatic preparations to
screen for activity could be useful. Such in vitro screening systems could be easily adapted from

investigational use to examine the potential for aquatic organisms to biotransform xenobiotics.

3.5 BIOCONCENTRATION AND BIOACCUMULATION

3.5.1 Bioconcentration and Body Burden and an Introduction to Critical Body Residue

The body burden is the total amount of substance an animal has taken up from all sources over time
and retained in the body. Critical Body Residues (CBR) can be defined as the concentration of a
substance in an organism at the time of death (or any other biological endpoint). They have been
advocated as suitable replacements for exposure-based toxicity criteria, e.g. LCsy, NOEC, ECsg
(Landrum et al, 1992; McCarty and Mackay, 1993).

With exposure-based toxicity criteria the aqueous concentration is regarded as a surrogate for the
concentration at the receptor or target site in the organism. Before equilibrium between exposure
concentration and target-site concentration is reached, an increase in exposure-time will result in a
decrease of the exposure-based toxicity criterion. After reaching the equilibrium, the exposure-based
toxicity criterion will not change further. In the case of LCs; values the equilibrium value is defined as
the incipient LCsq (Sprague, 1969). Using the incipient LCso, the CBR can be calculated from
Equation 1:

CBR = BCFx LCs (Eq.l)

where BCF=C{/C,, LCs, = C,, and C; = CBR (McCarty and Mackay, 1993).

A calculated value of approximately 2 mmol/kg for the CBR of substances with a lethal narcosis
effect was obtained by combining empirical relationships (QSARs) between BCF and K., and
between LCso and Koy (McCarty et al, 1985; McCarty, 1986). This calculated value was independent
of log Kow. Measured data for acute exposures indicate that tissue residues between 2 to 6 mmol/kg
yield 50% mortality for small fish and invertebrates. Tissue residue at death of less than 0.5 mmol/kg
indicate a specific mechanism of action, whereas a residue between 0.5 and 2 mmol/kg is

indeterminate with respect to mechanism of action (McCarty and Mackay, 1993).
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For non-lethal endpoints lower values can be expected. For instance, using scope for growth in
mussels as the endpoint gave a measured CBR value of 4 umol/kg (Donkin et al, 1989).

Some factors may influence the determination of the CBR. An influence of exposure concentration on
CBR has been demonstrated for several substances, including substances with a lethal narcosis
effect (De Bruijn et al, 1991; Pawlisz and Peters, 1993; De Wolf et al, 1994). Pawlisz and Peters also
showed an influence of body weight on CBR and an apparently higher CBR for very hydrophilic
substances. Using model calculations, Lassiter and Hallam (1990) predicted that increasing body fat

is a variable influencing the toxic response.

Some of the present limitations to CBR use were discussed by Landrum et al/ (1992) and can be

summarised as:

] the need for research to establish threshold tissue concentrations;

m the need to expose a range of taxa to ensure that sensitive species are included;

m  data requirements to handle proportionality issues between whole-body and target

concentrations.

The CBR concept has a potential for future use in environmental risk assessment since it relates
external exposure to internal exposure through the bioconcentration or bioaccumulation factor. This
has been further elaborated in Appendix C.

3.5.2 Bioaccumulation and the Aquatic Food Web

Numerous laboratory and field studies indicate that food web transfer in the aquatic environment is
significant at higher trophic levels (secondary, tertiary consumers) only when poorly metabolised,
nonpolar substances have a lipophilicity above a log K,, of 4.5 to 5.0 (e.g. Bruggemann et al, 1982;
Thomann, 1988; Barber et al, 1991; Thomann et al, 1992; McCarty and Mackay, 1993). Thus, it is not
surprising that the substances of major environmental concern are usually persistent, poorly
metabolisable, often highly toxic, and have calculated/measured BCF values in fish of tens of

thousands.

Examples include polychlorinated biphenyls (PCB) as one of the major classes of substances of
concern. Many PCB congeners have calculated and experimentally determined log K, values in the
range of 6 to 8. Calculations using standard QSARs would result in very high BCF. For 2,2'5,5'-
tetrachlorobiphenyl, with an experimentally determined log K, of 6.1 (Bruggeman et al, 1982), such
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calculations result in BCFs of 63,000 (Mackay) or 26,000 (Veith and Kosian)’. For comparison, some
measured BCF values for 2,2',5,5'-tetrachlorobiphenyl and biphenyl are 18,200 and 440, respectively
(Hawker and Connell, 1989). 'Environment Canada' has concluded that biphenyl is not of concern,
while the PCB would be (Environment Canada, 1994). Similarly, the US-EPA has derived so-called
"food chain multipliers" which account for bioaccumulation starting at log K, of 4.0; a table with such
multipliers is based on the experience gained in the Great Lake Studies for the protection of wildlife
(US-EPA, 1993a-d).

It is very unlikely that dietary exposure is important for nonpolar substances having a lipophilicity
below log K., of 4.5 or 5.0. On the basis of these observations, a conservative value for
examination of dietary contributions would correspond to a BCF of 1,000, or a log Kow 0f 4.3. Below
this range, substances are unlikely to contribute significantly to dietary exposure (e.g. Bruggemann et
al, 1982; Thomann, 1989; Barber et al, 1991; Thomann et al, 1992; McCarty and Mackay, 1993) in
the aquatic environment, even for top predators, and they should reach steady-state rapidly, as well
as depurate quickly from the organism once exposure has ceased. For poorly metabolisable
substances characterised by a log K, of 4.3, the time needed to eliminate 95% of the substance
(CTgs) is calculated at 6 days and the half-life to eliminate 50% (CTs, is calculated at 1.4 days
(OECD, 1994b). Thus, for such substances bioaccumulation should not be an environmental
problem.

Transfer in the Food Web

Early observations of a stepwise increase in biota residues of persistent chlorohydrocarbons with
increasing trophic level (Hunt and Bischoff 1960, Woodwell et al, 1967) resulted in concern on
transfer and magnification of hazardous substances within the food web. Although frequently cited
these observations were later shown to be based on data of unclear quality, neglected the direct
uptake from water and were based on some biological misinterpretations (Streit, 1992).

Later research showed that magnification within the aquatic food web is not a general rule. But there
is a continuing debate in the literature on the relative contribution of water and food to contaminant
residues in aquatic organisms.

Note that the resulting predicted BCF diverge for elevated Ko, values.
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Uptake and Accumulation Mechanism

Two models have been proposed to explain biomagnification of persistent organic substances
(Gobas et al, 1993): the first model assumes that intestinal absorption of lipophilic organic
substances from the gastrointestinal tract into the organism's tissues is predominantly through
passive diffusion. The second model assumes that biomagnification occurs in the organism's tissues
by metabolisation of lipids into energy, causing the absorbed and non-metabolisable substances to
be "left behind" but at a higher concentration and fugacity. From their experimental data obtained
with goldfish the authors concluded that passive diffusion is the predominant driving force for
gastrointestinal uptake of lipophilic organic substances, and that magnification occurs in the
gastrointestinal tract as a result of food digestion. They also concluded that for very lipophilic (log
Kow>6) non-metabolisable substances with insignificant gill elimination this will lead to
biomagnification factors ranging typically from three to five. If elimination through metabolic
transformation and/or gill excretion is much faster than faecal elimination (usually log K,y <6),

biomagnification factors are <<1 resulting in no significant biomagnification.

Uptake of substances via food is influenced by the growth efficiency (body weight gain per weight of
food consumed) and the uptake efficiency of contaminants (Hamelink and Spacie, 1977). With
growth efficiencies of fish being around 8 % any dietary uptake efficiency which is greater than 8 %
will result in an accumulation of residues in the absence of metabolism and elimination. A large
range of dietary uptake efficiencies have been reported: for various chlorinated hydrocarbons,
Hamelink and Spacie (1977) reviewed values ranging from 9 to 68%; Opperhuizen (1991) reported
values of approximately 50% and being mainly determined by the digestibility of the food; Gobas et
al (1993) analysed dietary uptake rates for several organochlorines in goldfish and reported values
ranging from 26 to 66%. Gobas et al (1986) showed after a compilation of available literature that,
for substances with a log K, up to approximately 7, the uptake efficiency from food seems to be
constant (between 35 and 55%). For substances with a log K. exceeding 7, they noted that uptake

efficiency from food fell with increasing log K.

A large number of feeding experiments were reviewed by Connell (1988). He reported transfer
efficiencies and biomagnification factors for several one-step experimental food webs resulting in
biomagnification factors being usually below 1 (ranging from 0.007 to 1.7). He concluded that both
mechanisms (direct uptake from water and uptake from food) vary in importance with organisms in
various groups (e.g. trophic levels) depending on a variety of factors (e.g. age of organisms, feeding
rates, metabolic rates, other chemical components in the food), but in general bioconcentration is of

greater significance. Furthermore he summarised that biomagnification is most likely to occur with
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persistent substances having log K, values > 5 and with organisms having long lives as in the case

of top predators.

Compared to the ventilation rate of fish (2,000 ml/(gxd)) feeding rate is very low (0.02 g/(gxd)). Thus
uptake from food contributes significantly if the concentration of the pollutant in food is five orders of
magnitude higher than the concentration in water (Opperhuizen, 1991). The often reported fact that
biomagnification is more important for large aquatic predators was explained by this author mainly due

to the decrease of ventilation volumes and not due to a food web effect.

Since uptake of substances in the gut mainly occurs by diffusion, biological membranes must be
crossed. Uptake from food may therefore also be strongly reduced due to hindered membrane
permeation for very large molecules (see Sections 3.2.3 and 4.5.1).

Modelling Food Web Transfer

Given the potential importance of food web transfer to accumulation and impacts of contaminants at
higher levels of the food web, much effort has been expended to model available data and predict
future trends. Models range from single-compartment, no growth, first-order depuration models
(Spacie and Hamelink, 1985) to complex assemblages of proposed trophic levels with increased
detail within each level. Some of these models focus predominantly on the chemical's properties
(e.g. Mackay, 1992; Gobas et al, 1993), although growth dilution and other biological processes may
be incorporated. A recent US-EPA model called the Food and Gill Exchange of Toxic Substances
model (FGETS) provides a breakdown of the contribution from food and water, and a summed BAF.
Within this model, several scenarios can be examined, from simple laboratory water and/or dietary
exposures to simulated food webs. For example, it predicts that for a low molecular weight
substance with a log K,,, of 5.5, the diet would comprise only 6% of the source for a small plankton
feeder (final BAF of 29,000), while it would comprise a majority of the source (56%) for a larger
predator of the plankton feeder (final BAF also higher, 48,000). Although metabolism has not yet
been included, this example illustrates that not only substance properties, but also the position of an
organism in the food web, will influence the importance of dietary pathways. FGETS incorporates
species-specific information on factors such as growth, ventilation and feeding rates as well as
environmental variables such as temperature (Barber et al, 1991). Thus, adaptations of the model! to

fit the ecological or environmental variables at a specific target site are possible.

Thomann (1989) developed a model for calculating the concentration of organic substances in a
simple generic aquatic food web. He concluded that food web effects are not significant up to log

Kow Of around 5. For log K, of 5-7, observed field concentration factors in top predators indicate
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significantly (1-2 orders of magnitude) increased levels above calculated values. In addition, he
observed that for log K, > 7, food web effects are sensitive to the substance assimilation efficiency
and phytoplankton BCF. Some aspects of Thomann's model have been incorporated into the US-
EPA's Food Web Multiplier method in the Great Lakes Water Quality Initiative (US-EPA, 1993a-c).

Most of the data used to generate hypotheses and design and validate bioconcentration and food web
transfer models were generated for poorly-metabolised, persistent, nonpolar organic substances.

While these substances deserve special scrutiny, this does not indicate that all other substances with
similar lipophilic characteristics pose a similar environmental concern. It is important to also

evaluate the persistency, uptake and biotransformation.

Appendix E provides a comparison of results of the bioaccumulation models from Thomann (1989),
Clark et al (1990) and Barber et al (1991). A significant contribution of biomagnification to the
bioaccumulation factor only occurs at log K,y greater than 5. At the highest trophic level
bioaccumulation through biomagnification according to the presented models is smaller than one
order of magnitude, if the lipid content of fish and its feed is similar. If the lipid content of the feed is
3 times lower than that of the fish, biomagnification occurs. This is in line with the findings of Clark et
al (1988).

It should be noted that the models tend to overestimate the potential of substances to bioconcentrate
and to transfer up the food web. Thus, attempts to understand, predict, and incorporate processes

such as volume exclusion, metabolism, and others into these models should continue.

Effect of Biotransformation on Food Web Transfer

Movement of xenobiotics through aquatic ecosystems is affected by a number of processes which
include biodegradation/biotransformation, bioaccumulation and trophic transfer (Reynoldson,- 1987
and references therein). Trophic transfer can be defined as the movement of contaminants through

the food web which may result in biomagnification.

As discussed previously (Section 3.4.4), metabolism of lipophilic substances will strongly influence
the degree to which they may bioconcentrate. Similarly biomagnification will depend on the extent
the substance in question is biotransformed as it moves through the food web. The importance of
metabolism in biomagnification can be illustrated by a comparison of two classes of lipophilic
xenobiotics, polycyclic aromatic hydrocarbons (PAH) and polychlorinated biphenyls (PCB). Porte
and Albaigés (1993) analysed the bioaccumulation patterns of PAH and PCB in invertebrates and
fish in the Western Mediterranean. They observed that PAH were metabolised along the food web
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unlike PCB which exhibited higher bioaccumulation in fish. Clements et al (1994) also found that
although Chironomus riparius accumulated fluoranthene and benzo[alpyrene, the levels of these
contaminants were generally low in bluegill (Lepomis macrochirus) that were fed contaminated
chironomids. Van der Oost et al (1991) demonstrated that PCB residues increased from roach — eel

- pike obtained from Dutch lakes, but levels of PAH were similar in all three species.

It is recognised that metabolism of substances such as PAH is generally slower in invertebrates than
in vertebrates (James, 1989a; 1989b, see also Appendix B). Within the former, higher invertebrates
(Arthropods, Echinoderms and Annelids) have greater metabolic capacity than lower invertebrates
such as molluscs. Molluscs are known to accumulate PCB, PAH and pesticides (Hawker and
Connell, 1986 and references therein) and consumption by man in certain instances may cause
health effects.

Most food webs whether marine or fresh water, pelagic or benthic terminate in vertebrates which
comprise the upper portions of the pyramids of production and consumption. Therefore in most food
webs xenobiotics that can be metabolised by fish (or other aquatic vertebrates) will generally not be
biomagnified during trophic transfer. However, biomagnification of recalcitrant substances such as
chlorinated organics can occur. Rowan and Rasmussen (1992) showed that variation in residues of
PCB and DDT in Great Lakes fish (Canada) did not reflect environmental concentrations of these
contaminants. They demonstrated that in certain lakes which possessed shorter and more direct
food webs, fish acquired lower body residues of these substances. These authors concluded that the
important factors which appeared to determine the partitioning of persistent xenobiotics included fish

lipid content, trophic position and trophic structure of the food web.

Finally, although it is established that certain classes of substances (i.e. PCB, polychlorinated
dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF)) are generally extremely lipophilic and
persistent, some members within these groups can be metabolised by higher vertebrates. Elskus et
al (1994) found that in the Winter flounder (Pleuronectes americanus) PCB congeners with adjacent
meta, para-unsubstituted carbon atoms (i.e. 2,2',5,5'-tetrachlorobiphenyl) could be biotransformed.

Similarly Opperhuizen and Sijm (1990) and Sijm et al (1993b) observed that several congeners of
PCDD and PCDF were rapidly eliminated by fish and concluded that bioconcentration and
biomagnification could not be described or predicted from the octanol/water partition coefficients.

This again underlines the importance of biotransformation on the bioaccumulation of contaminants.
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Field Data on Transfer in the Food Web (Examples)

The latest and probably most comprehensive review of biomagnification potential of contaminants in
aquatic ecosystems was published by Suedel et al (1994). They summarised literature on
contaminant trophic transfer (or lack thereof) from laboratory and field experiments. Whenever
possible results were expressed quantitatively in terms of trophic transfer coefficient (concentration of
a contaminant in consumer tissue divided by the concentration of contaminant in food). In a second
step they compared these values and estimates of overall potential contaminant trophic transfer
through aquatic food webs with data from aquatic food web models. They analysed data on metals
(arsenic, cadmium, chromium, copper, lead, mercury, methyl mercury, nickel, selenium, tin,
vanadium, zinc) and organic substances (atrazine, DDT/DDE, dieldrin, hexachlorocyclohexane,
kepone, PCB, PAH, TCDD and its derivatives, toxaphene). For other organic substances, lack of
information precluded assessing the relative importance of biomagnification for these contaminants.
Results do not allow a clear decision on the general importance of food web transfer. But some
general conclusions were drawn by these authors:

m  the majority of substances evaluated (both organic and metals) do not biomagnify in aquatic
food webs;

m  for many of the substances examined, trophic transfer does occur but does not lead to

biomagnification in aquatic food webs;

| DDT, DDE, PCB, toxaphene, methyl mercury, total mercury and arsenic have the potential to
biomagnify in aquatic systems;

m the lipid fraction of predators directly influences biomagnification potential of lipophilic
substances;

m the food web model reviewed (Thomann, 1989) provided similar estimates for most of the
organic substances examined (log K, values between 5 and 7) with model predictions falling
within the range of values of all substances except dieldrin;

B even those substances for which evidence for biomagnification is strongest show considerable
variability and uncertainty regarding the magnitude and existence of food web biomagnification
in aquatic systems.
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These conclusions are in agreement with other literature not reviewed above:

Thomann et al (1992) investigated an amphipod-sculpin food web in Lake Ontario. They reported
that the observed BAF for amphipod and sculpin was about one order of magnitude higher than
calculated, and almost entirely due to transfer from the sediment, as opposed to uptake from the
water route.

Owens et al (1994) found a large difference in lipid-adjusted levels of TCDD/TCDF between fish
species inhabiting the same river each. Direct water-column bioconcentration alone could not
account for lipid-adjusted differences between species. They hypothesised that body burdens are
determined by food uptake and that different dietary niches provide different uptake routes and

exposures. This hypothesis was supported by stomach analyses of the different fish species.

Clements et al (1994) investigated the accumulation of polycyclic aromatic hydrocarbons by the
sediment dweller Chironomus riparius from sediments and transfer of these contaminants to fish
(bluegill sunfish). In experiments where bluegill were exposed to Benzo[a]pyrene from water, direct
contact with sediments and chironomids, each source contributed to total body burden. But the
authors concluded that transfer from chironomids to bluegill sunfish was highly inefficient probably
due to metabolism of these substances within the fish.

Porte and Albaigés (1993) determined hydrocarbons and polychlorinated biphenyls in tissues of
marine organisms (mussels, crabs, benthic and pelagic fishes). They found clear evidence that
PCBs were magnified through the trophic level whereas, on the contrary, hydrocarbons were
increasingly metabolised.

Several studies have shown good agreement between laboratory BCF and field BAF values. For
‘example, Romijn et al (1991) compared laboratory BCFs of lindane, dieldrin, Cd, Hg, PCB153,
PCB118 with measured field residues in fish and observed a good fit between the calculated and
measured concentrations in fish. Gunkel (1981) showed for the pesticide atrazine that transfer of the
contaminant in the aquatic food web is of no importance and residues in the aquatic biota did not
increase with their trophic levels. The mechanism of lipophilic pesticide bioaccumulation in aquatic
environments is no longer considered to be primarily the result of food web effects, at least not in

aquatic communities and for trophic levels below mammals and birds (Streit, 1992).
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Conclusions

It can be concluded that significant food web transfer and subsequent biomagnification is not a
general phenomenon in the field. However, food web transfer may significantly contribute to the
body burden of aquatic organisms in the case of highly persistent, non-metabolisable and highly
lipophilic substances. For this group of substances secondary poisoning should be assessed if
chronic exposure of aquatic biota is likely to occur.
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4. DETERMINATION OF BIOCONCENTRATION AND
BIOACCUMULATION

4.1 INTRODUCTION

In the previous section the importance of bioconcentration and bioaccumulation has been outlined.
This section will focus on the determination of these by measurement and prediction. As originally
the bioconcentration factors (BCF) were actually measured, this will be dealt with first. Then
attention will be paid to the prediction of BCF based on more easily accessible physico-chemical or

structural parameters.

On the basis of the information provided a general appraisal will be given for the determination of
BCF of substances that can be performed by the methods described. However, there are substances
that exhibit physical or chemical properties that complicate the determination or estimation of the
BCF using the methods described. These so called "Problematic Properties" are the subject of the

final part of this section.

4.2 MEASUREMENT OF BIOCONCENTRATION AND BIOACCUMULATION

4.2.1 Outline of Methodology

A number of test guidelines for the experimental determination of bioconcentration in fish have been
documented and adopted; the most generally applied being the OECD test guidelines (OECD, 1981)
and the ASTM standard guide (ASTM, 1993). This section will therefore focus mainly on accepted
methods within the regulatory context, and discuss the proposed new OECD guideline on
bioconcentration.

There are no internationally recognised guidelines on the experimental determination of
bioaccumulation and biomagnification.

Bioconcentration

The objectives of the OECD and ASTM test guidelines are similar. The bioconcentration of a
substance in fish or bivalve mollusc (ASTM, 1985) is measured during a period of exposure to this

substance dissolved in water. The bioconcentration factor (BCF) is then determined as the
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concentration of parent substance in whole fish (Cf) at steady-state divided by the mean
concentration of the substance during the exposure period in the water phase (C,); and/or as the ratio
between the uptake rate constant (k;) and depuration rate constant (kz), assuming first order kinetics.

Kristensen and Tyle (1991) reported that the OECD test guideline 305E or the flow-through test
method has been most widely applied. The revised draft OECD (1994b) guideline 305
"Bioconcentration: flow-through fish test" consolidates and will replace previous Guidelines 305 A to
E. The new guideline describes a procedure for characterising the bioconcentration potential of
substances in fish under flow-through conditions. Although flow-through test regimes are preferred,
semi-static regimes are allowed, provided that the validity criteria on mortality and maintenance of
test conditions are met. The "validity of the test" in general has now been captured in the revised
guideline as specified in a number of test conditions (OECD, 1994b), which include that:

[l the concentration of the test substance in the chambers was maintained within + 20% of nominal

values during the exposure phase;

®  the concentration of total organic carbon in water was less than 10 mg C/l (x 20%) and lipid

variation, if determined, less than + 20% (1 standard deviation) of the mean;

m  the concentration of dissolved oxygen did not fall below 60% saturation:

m  the temperature variation was less than + 1°C;

®  the pH value did not vary by more than + 0.5 pH units within each test chamber (especially
important for test substances which ionise).

Further, mortality or other adverse effects/disease in both control and treated fish should normally be
<10% at the end of the test. When the test is extended over several weeks or months, death or other

adverse effects in both sets of fish should be less than 5% per month and not exceed 30% overall.

The test consists of two phases: the exposure and post-exposure phases. During the exposure
phase, separate groups of fish of one species are exposed to at least two different concentrations of
the test substance. They are then transferred to a medium free of the test substance for the post-
exposure or depuration phase. A post-exposure phase is necessary unless uptake of the substance
during the exposure phase has been insignificant (i.e. there is no statistical difference between the
concentration of test substance in test and control fish). The concentration of the test substance
in/on the fish (or specified tissue thereof) is followed through both phases of the test. In addition to

the two test concentrations prescribed in the revised OECD test guideline, a control group of fish is
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held under identical conditions in the absence of the test substance, to relate possible adverse
effects observed in the bioconcentration test to a matching control group and to obtain background

concentrations of test substance.

A 28-day exposure phase is obligatory unless a steady-state has been reached within this period.
The test guideline details an approach for estimating the time to steady-state for lipophilic non-
metabolisable substances. The time to reach 95% of the steady-state concentration is
approximated by:

3.0
Tos = — (Eq.2)
2
where kg, the depuration rate which can be predicted using the log K,,, according to:
k: = (-0.414xlogK,,)+ 1.47 (Eq.3)

This Tgs value is less than 5 days for substances with a log K., of < 4. Normally, measurements are
continued during the exposure phase until a plateau or steady-state of the concentration of test
substance in fish has been established. Only for very lipophilic substances the time to reach steady-
state could be greater than 28 days. If a steady-state is not achieved within 28 days, the first option
is to initiate the post-exposure phase and to calculate the kinetic bioconcentration factor, BCF as the
ratio of ki and k, assuming first order kinetics. Alternatively, the exposure period may be extended,
taking further measurements until equilibrium is reached, up to a maximum period of 60 days. After
this the post-exposure period begins. The post-exposure period consists of transferring the fish to the
same medium but without the test substance, in a clean vessel. The duration of the post exposure
period should allow a 85% reduction of the body burden. Normally this is achieved when a post
exposure period twice the duration of the exposure period is applied. However, this period may be
adjusted when appropriate.

The bioconcentration factor (BCF,;) is calculated as the ratio of concentration in the fish (C;) and in
the water (C,) at equilibrium.

The BCF is expressed as a function of the total wet weight of the fish. However, for special
purposes, specified tissues or organs (e.g. muscle, liver), may be used if the fish are sufficiently large
and an appropriate analytical method is available. Since, for many organic substances, there is a
clear relationship between the potential for bioconcentration and lipophilicity, there is also a
corresponding relationship between the lipid content of the test fish and the observed
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bioconcentration of such substances. Thus, to reduce this source of variability in test results,
particularly for those substances with high lipophilicity, it is recommended that bioconcentration be
expressed in relation to lipid content in addition to the whole body weight BCF. When possible, the
lipid content should be determined on the same biological material as is used to determine the
concentration of the test substance.

Bioaccumulation and Biomagnification

Internationally recognised guidelines for the measurement of bioaccumulation and biomagnification
are lacking. The objective of a bioaccumulation study is to determine the concentration of parent
substance in whole organism at "near" steady-state when exposed to all possible routes of exposure
(i.e. air, water, soil, food). Dietary uptake can be determined experimentally by properly designed
feeding studies; uptake rates as well as body burdens can be measured. Studies which incorporate
food-only and food plus water-borne exposures can be utilised to determine the relative contribution
of the different exposure pathways in the final BAF for fish.

Micro- and mesocosm systems are used to validate extrapolations of laboratory single species
toxicity data to the real environment. The systems can also be used to provide some information on
exposure or accumulation and transfer of substances via the food web. Defining a mesocosm study
requires a fundamental understanding of adequate structure and function, knowledge of spatial and
temporal variability, and the influence of external environmental factors (such as storm events,
changes in weather patterns, etc.) on system stability. The mesocosm should be structurally
complex to include relevant aspects of ecosystems such as trophic interactions, nutrient cycling, and
primary production. Under these conditions and within the limitations of the test, mesocosms can
allow direct measurement of the fate and effect of the substance upon prolonged exposure to the

ecosystem.

Finally, field monitoring studies can be used to derive a "field BAF". The US-EPA has suggested
such values should supersede BCF predictions or laboratory BCF determinations. Field results will
take into account such crucial factors as bioavailability, kinetics, and absorption; but such studies
must be carefully designed and executed to obtain useful results (US-EPA, 1993d).
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4.2.2 Appraisal

Parent Substance

An appropriate analytical method, of known accuracy, precision and sensitivity, for the quantification
of the substance in the test solutions and in biological material must be available, together with
details of sample preparation and storage. If these are lacking it becomes impossible to determine a
true BCF. The use of radio-labelled test substances can facilitate the analysis of water and fish
samples. However, unless combined with a specific analytical method, the total radioactivity
measurements potentially reflect the presence of both parent substance and possible metabolite(s).
For the determination of a true BCF it is essential to clearly discriminate the parent substance from
possible metabolites. This can be accomplished using selective clean-up procedures, and/or specific
determination of the parent substance.

Methods

Experimental conditions of the individual test guidelines (OECD 1981; ASTM 1993; OECD 1994b)
are different in respect to the dynamics of the test (static, semi-static or flow-through method),
calculation of BCF, need for a depuration phase, medium/feeding requirements, number of test
substance concentrations, chemical sampling requirements (type and frequency) and minimum
duration of the uptake phase (vide supra).

The validity of the first order kinetic model to (i) predict the duration of the uptake phase and (ii)
calculate the kinetic bioconcentration factor (BCFy) is an issue. In addition, questions about the
bioavailability of the test substance in relation to partitioning to suspended organic and inorganic
matter have not yet been fully addressed.

The experience from the ring test of the OECD test guideline 305E (OECD 1981b) between 13
different laboratories showed relatively small deviations between BCFy and BCF,, (Kristensen and
Nyholm, 1987). For example, the results for lindane indicate a BCF = 450 + 170 based on whole
body weight, and BCF = 11,000 + 250 based on lipid content. Kristensen and Tyle (1991) concluded
that the selection of either BCF4; or BCFx based on 1st order or 2nd order kinetics as the preferred
calculation method would not affect data quality or precision. It is more important to improve the
reproducibility of the test results by specifying the type and frequency of sample analyses and to
account for the fraction of the substance which is actually bioavailable for direct uptake by the

organism.
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Resources

Decision-making on the need to proceed in risk assessment from screening to confirmatory to
investigative research programmes is based on a stepwise or tiered evaluation of the value of
PEC/PNEC (e.g. ECETOC, 1993). The initial evaluation of bioconcentration in fish (and possibly
other animals) needs to be made before proceeding to more investigative test systems, such as
feeding studies, microcosms, mesocosms and field testing. Dietary exposure only becomes relevant
at log Koy > 4.5 - 5 (e.g. Bruggemann et al, 1982; Thomann, 1989; Barber et al, 1991; Thomann et al,
1992, McCarty and Mackay, 1993), which clearly reduces the need for such test systems.

The introduction of overly conservative trigger factors for the assessment of the potential for
bioconcentration, bioaccumulation, and possibly biomagnification can lead to unjustified animal
testing contradictory to the spirit of Council Directive 86/609/EEC. It is therefore important to
recognise the different aspects which determine the economics and number of animals in
bioconcentration and bioaccumulation testing. The development of screening tests such as use of
semi-permeable membranes to establish maximal bioconcentration of substances should be further

explored in this context as an intermediate step between K., and BCF measurement.

The primary advantages of the steady-state plateau method are its conceptual simplicity and the fact
that the BCF is experimentally determined based on measured concentration data. However, since
some extremely lipophilic substances may require a long exposure phase and because of the
complicating factors of bioenergetics, growth and lipid deposition, it may not be feasible to
demonstrate steady-state or 'near' steady-state. The advantages of the kinetic approach are that it
requires less test material, shorter exposure time, less animals and is generally less expensive. The
validity of the simple first order kinetic model has been demonstrated (e.g. Bishop and Maki, 1980),
and it is generally accepted that adequate information can be obtained using short-term exposures.

However, there may be classes of substances for which first order kinetics do not apply.

[t is only necessary to proceed to more investigative test systems such as feeding studies,
microcosm, mesocosm and field testing when (i) aquatic exposure and bioconcentration factors
indicate some level of concern in the secondary poisoning assessment, and (ii) bioaccumulation
through food is thought to be relevant (e.g. log Koy > 5). The number of animals, analyses, and costs

need to be carefully evaluated in the experimental design of the study.
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4.3 PREDICTION OF BIOCONCENTRATION AND BIOACCUMULATION

4.3.1 Introduction

The experimental determination of some substance properties like BCF and BAF is a time
consuming and costly exercise (see Section 4.2). Therefore, in the past methods have been
developed that correlate easily obtainable physical or chemical parameters with the BCF. Such
Quantitative Structure-Activity Relationships (QSARs) are normally developed on the basis of
measured BCF of a number of similar substances (Suter 11, 1993).

QSAR estimates often are the first step in evaluating the properties of substances. However, in the
assessment of BCF the use of a QSAR is often the only step taken in its determination. Besides
QSARs there are also qualitative relationships. The latter looks at the substance under consideration
in a qualitative manner and can provide essential information for the selection or the availability of
appropriate QSARs.

Generally, QSARs can be developed on the basis of measured physical properties or on the structure
of the substance. The properties on which the QSARs are based are called the descriptors, as these
have the capacity of describing the property that is to be calculated. Examples of both types of
QSARs will be discussed in this section.

Firstly, QSARs for the determination of BCF based on experimentally derived descriptors will be
discussed. Many of these have been reported in the literature. The descriptors will be discussed with
respect to their nature, their derivation, the range of practicality and possible other restrictions.

Secondly, descriptors that are calculated will be discussed in a similar manner.

4.3.2 Descriptors

Experimentally Derived Descriptors

The following discussion summarises those descriptors more frequently used or cited, for estimating

bioconcentration. Of these, the octanol-water partition coefficient, water solubility and surface

tension are required in the base set in support of the notification of new substances (EEC, 1992b).
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Octanol-water Partition Coefficient

The octanol-water partition (K,,) of a substance is widely used for estimating its potential for
bioconcentration. This arises from the ability of octanol to act as a satisfactory surrogate for lipid in
fish tissue. Highly significant relationships between log K, and the solubility of substances in cod
liver oil and triolein exist (Niimi, 1991). Triolein (1,2,3,-tri[cis-9-octadecenoyl]glycerol) is one of the

most abundant triacylglycerols found in freshwater fish lipids (Henderson and Tocher, 1987).

There are a number of methods available for the measurement of K,,. The classical method is the
shake-flask approach (OECD, 1981a), which is often used as a reference. This involves shaking the
substance in water and octanol, and after equilibration, determining the concentrations of the

substance in the two immiscible phases (Niimi, 1991).

The method is restricted to log K., values up to 5. This is caused by limitations of the sampling

methodology and/or the sensitivity of the analytical method.

Alternatives to this method include the generator column approach (DeVoe et al, 1981) or the slow
stirring method (Brooke et al, 1986). The former method involves coating an inert material, normally
chromosorb-W or glass beads, with the substance in octanol, and packing a glass column with this
mixture. Water is then pumped through the column, and the concentration of the substance in the
water determined. The range of this method is considerably wider than the shake-flask method, and
has been applied to substances with log K,,, values as high as 8.5 (Woodburn et al, 1984; Doucette
and Andren, 1987). The slow-stirring method as described by Brooke et al (1986), and applied by
De Bruijn et al (1989), involves the equilibration of the substance between octanol and water held in
a large flask, with a large area of surface contact between the phases, and slowly stirring the water,
ensuring no emulsions are formed. The water is then sampled via a tap in the bottom of the flask
thus preventing octanol contamination. Using this method values of log K., over 8 have been
measured.

A general criticism of these methods is that they are not applicable to surface-active or ionisable

substances and are also restricted to single pure substances.

Another technique for experimentally estimating the log K. of substances is based on reverse-phase
high performance liquid chromatography (RP-HPLC). HPLC columns packed with C4g hydrocarbons
bound onto silica are used, with a mobile solvent phase of methanol and water (OECD, 1989b). The
test substance partitions between the solvent and hydrocarbon phases, and elute from the column in
proportion to their log K, water soluble substances first.
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The partition coefficient may be correlated with the capacity factor (k), calculated from Equation 4:

k= 1o (Eq.4)
to
where t, is the average retention time of the substance and 1, is the dead time, i.e. the average time a
solvent or unretained molecule needs to pass through the column. By injecting reference substances
of known log Ky, a correlation between k and log K, is obtained, and from this the log K,,, of the
unknown substance is derived. An advantage of the method is that more than one substance can be

run at the same time, i.e. mixtures, as long as separation on the HPLC column is achieved.

Practical limitations restrict the method to substances with a log K, within the range of 1-6. As
written the OECD (1989b) method has an accuracy, compared to the shake-flask technique of + 0.5.

However, this accuracy may be improved through the use of structurally similar substances.

A technique for measuring the log K, of ionisable substances, based on potentiometric titration has
been described by Avdeef (1991). This technique relies on the changes to the Pka of a substance in

water when octanol is added.

A number of relationships correlating log K, to bioconcentration have been developed, and some of

these are given in Table 2.

Table 2: Regression Equations for Estimating BCF in Fish from log Koy
(Equation of the form log BCF = a + b log Koy)

a b n log Kow range Chemical class r Reference

0.12 0.54 8 26-7.6 Various 0.95  Neely etal (1974)
-0.7 0.85 55 1.0-55 Various 0.95  Veith etal (1979)
-1.32  1.00 44 0.03-4.7 Various 0.97  Mackay (1982) *
-063 1.02 11 34-55 Chlorobenzenes 0.99 Oliver and Niimi (1983)
-0.4 079 122 1.0-6.9 Various 0.93  Veith and Kosian (1983) *
0.61 0.89 18 09-6.7 Aromatics 0.95 Chiou (1985)

* most frequently encountered relationships
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Water Solubility

Water solubility (S) is an alternative to K,,, for predicting bioconcentration in that it is inversely
correlated to a substance's solubility in octanol. Thus substances with high solubilities are less likely

to partition into lipids, and hence have a low bioconcentration potential.

As with log Koy, there are a number of alternative approaches available for the measurement of the
solubility of a substance in water. The most frequently used methods will probably be based on the
OECD 105 method (OECD, 1981), and the generator column approach as described by DeVoe et al
(1981). Within the OECD method both approaches are described, and a brief description is given
below. Neither of these methods are particularly suited for volatile substances, and the flask method

is probably unsuitable for surface-active substances.

In the flask method, an excess of the substance is stirred slowly in water at a temperature higher than
that at which the determination is required. After a suitable period of time, the flask is transferred to
a water bath at the required temperature, and after 24 hours samples of the water are analysed for
the substance after centrifugation. It is usual for a number of flasks to be used, and they are
sequentially transferred to the test temperature after 24, 48 and 72 hours. The method is normally

limited to solubilities in excess of 1 mg/l due to sampling and analytical limitations.

The generator column method is basically as described above for log K,,. The main difference being
that the substance is dissolved in a volatile solvent, e.g. hexane, mixed with the support, and the
solvent is then evaporated. Water is then pumped through the column, and normally after an initial
surge of substance, an equilibrium is set up at the saturated concentration. It is also normal with this
method to run the experiment a number of times at differing flow rates. In this way the contact time
of the water with the substance is varied, and it may be established if a true equilibrium has been set

up. The method is suitable for substances with solubilities less than 1 mg/l.

Although not as extensively used as log Ky, correlations of log S with bioconcentration factors have

been developed. Three such are given below in Table 3.
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Table 3: Regression Equations for Estimating BCF in Fish from Water Solubility (S)
(Equation of the form log BCF =a + b log S)

a b n S (mg/l) Chemical class r Reference

2.79 -0.564 36 0.001 - 50,000 Various 0.7 Kenega and Goring (1980)
3.03 -044 29 0.002 - 210,000 Various 0.8 Davies and Dobbs (1984)
2.02 -0.47 107 0.0002 - 36,000 Various 0.87  Isnard and Lambert (1988)

Interfacial Tension

The possible use of interfacial tension to act as a predictor of the potential for a substance to
bioconcentrate, arises from the tendency of some molecules to concentrate at the interface between
phases, e.g. water and lipid, or onto surfaces.

When two immiscible phases are in contact with each other, the interface possess free surface
energy. This surface energy is equal to the interfacial tension and arises due to the attraction of
unlike molecules at the boundary between the two liquids. The unit is N/m. If one of the liquids
contains a substance that will partition between the two phases, it may also concentrate at the
surface between the phases. This is particularly true for surface active substances. Such behaviour

would lead to a change in the interfacial tension, which could be measured.

The method is prone to a number of problems, mainly due to the need to keep the apparatus used
scrupulously clean. The interfacial tension of a mixture will be extremely dependent on the presence
of other substances and parameters such as pH. The interfacial tension changes with temperature,
and so it is important that it be determined at a constant temperature. It is normal to determine the
interfacial tension several times, and only to take the result obtained when equilibrium appears to
have been reached.

Other than for surface tension (see below), there is little data available on the interfacial tension of
many substances. Therefore, it is not surprising that there are no published data on correlations of
this property with bioconcentration. However, there are some data suggesting that interfacial tension
may be related to lipophilicity, as reported by Hoffman (1990).

In the absence of any such clearly developed empirical relationships, the use of this criterion for the
prediction of the potential bioconcentration is questionable.
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Surface Tension

The surface tension of a substance is a special sub-set of the general property of interfacial tension,
with the two phases being air and water.

When a pure substance is dissolved in water, the reduction in surface tension is a measure of the
surface activity of that substance. The surface tension of a solution of the substance at a particular
concentration is normally expressed in N/m. The method as described in OECD test guideline 115
(OECD, 1981) involves the measurement of the surface tension of pure water and solutions of the
substance. The surface tension is determined by measuring the force required to pull a platinum ring

of known diameter, held horizontally in the water, free of the surface film.

As dust and other airborne substances affect the measurements it is important to cover the test
apparatus during the course of the study. As with interfacial tension (see above) it will be extremely

dependent on the presence of other substances and on parameters such as pH.

EEC (1993b) suggests that surface active molecules may have a potential for bioconcentration.
However, to date there have been no published correlations linking surface activity with

bioconcentration.

As with interfacial tension, in the absence of such correlations, it is recommended that this property

should not be used for assessing the potential of substances to bioconcentrate.

Critical Micelle Concentration

The critical micelle concentration (CMC) is the concentration of a substance at which micelles are
formed. As such, the CMC of a substance may provide an alternative method of expressing that
substance's lipophilicity. Hence it may also be able to indicate the potential of a substance to

bioconcentrate.

It is measured by monitoring the change in surface tension of an increasing concentration of the
substance in water (Mukerjee, 1979). Above the CMC the surface tension will no longer alter.

As may be seen in Table 4 the CMC decreases with increasing alkyl chain length in nonionic

surfactants, and there is also a slight decrease with decreasing ethylene oxide chain length.
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Table 4: Critical Micelle Concentration of Nonionic Surfactants

Alkyl chain length Ethylene oxide chain length CMC (mol/l)
C9 EOS8 3x10?
Cc10 EO8 1x10°
C11 EOS8 3x10*
c12 EOS8 7.2x10°
C13 EO8 27x10°
C14 EO8 9x10°
C15 EOS8 3.5x10°
c12 EO5 6.5x10°
c12 EO6 6.8x10°
c12 EO7 6.9x10°
c12 EO8 7.2x10°

A good review of the effect of the structure of surfactants on CMC is given by Rosen (1978). The
data presented confirm that the CMC decreases with increasing alkane chain lengths, although care

in interpretation of the data is needed, even within homologous series.

As with both interfacial tension and surface tension, this property is dependent on the presence of
other substances in water, pH and temperature. This is particularly true for ionic surfactants for

which the CMC decreases with increasing water hardness and/or ionic strength.

A review by Tolls and Sijm (1993) on the bioconcentration of surfactants showed that there was some
evidence of increasing bioconcentration with decreasing CMC. However, the data set used included
non-steady-state studies, and the authors were unable to conclude that a clear relationship did in fact
exist.

QSARs Based on Calculated Descriptors

Octanol/Water Partition Coefficient

The octanol-water partition coefficient K,,, was discussed in Section 4.3.2 together with some QSARs

that relate this physico-chemical property with the BCF. However, there are reliable computerised
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systems available that estimate log K, values on the basis of the molecular structure (CLOGP,
release 3.51; LOGKOW, 1994; Suter Il, 1993).

The principal method is the Fragment Constant Method developed by Hansch and Leo (Leo et al,
1971; Hansch and Leo, 1979). The detail of this method is clearly outlined in Lyman et al (1982,
Ch.1). The log K., sometimes referred to as log P, is calculated according to Equation 5 by the
addition of atomic or group fragment factors (f;) and structural factors (F;).

log Kow = D(fi+F)) (Eq.5)

Fragment factors describe the contribution of a single atom or group of atoms, and structural factors
provide the correction for the influences that the individual fragment factors have on each other. The
algorithm used has been shown to be reliable up to a log K,y value of about 5 (CLOGP; Banerjee and
Howard, 1988). The verification of the algorithm above this value is hampered by the lack of reliable

measured data.

The primary information required to calculate a log K, by applying this method is the knowledge of
the exact molecular structure of the substance under consideration. When the exact molecular
structure is not used an incorrect value will be estimated (Nabholz et a/, 1993). To calculate reliably
the log Ko for a substance the values for f and F must be known. These constants are normally
derived empirically by comparing substances with measured log K., values. Where a substance

contains fragments that have no reliable values for the factors, this method cannot be used.

The method also gives an incorrect log K, when a group fragment value is not equal to the sum of
its atomic fragment values. A good example of this is the ethoxy-moiety. When its contribution to a
log Kow value is calculated on the basis of the atoms, a value of approximately +0.25 is obtained.
Treating this fragment as a group, the contribution to the calculated log Ko, turns out to be -0.2
(Lodge et al, 1992). Roberts (1991) derived a log K,y-increment value of -0.10 for this moiety in non-
ionic surfactants.

Before applying this method a qualitative assessment should take place to confirm that the calculated
log Kew has any real meaning for environmental risk assessment. The first question to be answered
is whether a substance will exist as such in the aquatic environment. Isocyanates, for example, will
not be present in the aquatic environment because they hydrolyse easily forming polyureas and CO,
(Brockhagen and Grievesson, 1983). Therefore, whilst a log K., can be calculated, neither
bioconcentration nor accumulation can occur.
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Secondly the calculated log Ko, of a substance should not be used when either the physico-chemical
properties make it inappropriate (see Section 4.5) or when this property cannot be measured,
because one never can be certain that the constants used are correct (Nabholz et al, 1993). For
these substances the calculated log Ko, has no real physical meaning. Examples of these are
surface active substances and substance that ionise in water. However, the number that is
generated using this methodology may provide a new empirical descriptor for a QSAR that calculates
other properties of the substance (Roberts, 1991).

In 1988, Banerjee and Howard published a method in which log K,, was derived from the activity
coefficients (y) of the substance under consideration. These are calculated for an octanol solution, ,,
and a water solution, y,, by means of the UNIFAC-approach. In this approach the solute and the
solvent are dissected into their functional groups and the activity coefficient for each group is
calculated (Fredenslund et al, 1975). A description of the UNIFAC method is given in Lyman et a/
(1982, Ch. 2).

The relation between log K., and the activity coefficients, vy, and vy, was empirically derived and is
expressed in Equation 6 (Banerjee and Howard, 1988). For a set of 75 substances the correlation
coefficient (r) for this equation is 0.98.

logKow = -0.40+0.73xlogy - 0.39xlogy, (Eq.6)

The main advantage of the activity coefficient method over the Hansch and Leo algorithms is that it

provides more reliable estimates for log K, values > 5.
The third method for calculating K, described here is based on the parachor (P).

The simplest explanation of the parachor is that it is a measure of the molecular volume. lts relation
to solubility is found in the "Hole-Theory" (Briggs, 1981). In this theory it is assumed that to dissolve
a molecule must make a hole in the solvent matrix. Thus the larger the molecule the lower the
solubility unless there are interactions between the solute and the solvent. An example of these
interactions is the hydrogen bond. The parachor which can be established precisely based on the
molecular weight, the liquid density, the vapour density and the surface tension, is often used for the

calculation of the solubility of a substance in various solvents.

The empirical derivation of P based on the molecular structure is comprehensively described by
Quayle (1953).
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Briggs (1981) derived a relationship between the parachor and log Kow based on a set of 26
substances (Equation 7). The correlation coefficient (r) is 0.95.

logK,» = 0.011P-1.2n-0.18 (Eq.T)

where P is the parachor and n represents a correction value for each hetero-atom or functional group

present.

Water Solubility

In this section methods will be mentioned by which the water solubility (S) can be calculated.

The method most frequently applied uses log K., as the descriptor (Lyman et al, 1982, Ch. 11).

These methods will not be discussed here, because when the log K,,, is available this should be
used for the calculation of the BCF.

Also the activity coefficients derived by the UNIFAC approach (Fredenslund et al, 1975) provide a
reliable algorithm for the calculation of S (Banerjee, 1985). However, as log K,, also may be

calculated by this approach, this is preferred in the estimation of the BCF.

As described above the parachor is a convenient descriptor for the estimation of the solubility of a

substance in various solvents including water.

McGowan (1954) derived the following empirical relation between log S and P:

log§ = 1-0.0135P-1.2n-(0.01T,,-0.25) (Eq.8)

where T, is the melting point. The other variables are similar to those in Eq. 7.
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Molecular Connectivity Index

The molecular connectivity index (y) is a non-empirical parameter that is derived from the molecular
structure only (Gutman and Trinajstic, 1973). As a non-empirical parameter, it is by definition more
accurate, having zero intrinsic error (Sablic, 1987). ‘

Although x is a non-empirical parameter, the relationship that correlates it to the BCF is an empirical
one. Sablic and Protic (1982) published a non-linear QSAR derived from 20 measured BCF (Eq. 9).
The correlation coefficient (r) for this set was 0.971.

log BCF = -0.171(*¢" ) +2.253(*y")-2.392 (Eq.9)

In this equation %" is the second order valence molecular connectivity index. Later Sablic (1987)
published a refined QSAR derived from a data set of 84 substances of various classes, e.g.
chlorinated hydrocarbons, substituted phenols and alkyl and alkenyl benzenes (Eq. 10). The
correlation coefficient (r) for this equation is 0.966.

log BCF = -0.160(*y" ) +2.124(*y")-2.131 (Eq.10)

The fit between calculated and measured values is striking. Therefore, this method has a large
potential for reliably estimating the BCF of new substances, especially of those which are outside the
confidence range of the methods described above. However, the method is still under investigation
and more work is required. Especially, it is necessary to check whether this QSAR is valid for
classes of molecules that have not yet been taken into account during its derivation. However, this
QSAR appears to be broadly applicable and when properly validated it may prove to have few

limitations in its use.

Furthermore, it is noteworthy that a number of QSAR studies using y as the descriptor have provided

promising results in the field of drug development (Sablic, 1987).
4.4 APPRAISAL OF METHODS

When a properly measured BCF or BAF is available, preferably obtained according to the new QECD
method 305 (OECD, 1994b), this result should always supersede one which is derived by a
calculation.
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When no measured values are available the BCF should preferably be derived from the log Kgy.
When this property is used for the estimation of the BCF, an appropriately measured value has
preference over calculated values. It must be pointed out that for each additional calculation step,
error and uncertainty is introduced. Furthermore, the selection of the QSAR for the calculation of the

BCF has to take into account all relevant information on the nature of the substance.

In all other cases the BCF may be derived using one of the other descriptors. When this is done the
selection of the descriptor and the appropriate QSAR has to take into account all available

information on the substance under consideration.

4.5 PROBLEMATIC PROPERTIES

As described in Section 4.3, there are a number of methods for predicting the bioconcentration
potential of substances in fish other than the direct experimental determination of the
bioconcentration factor (BCF). In most cases these have been developed using data obtained with
non-ionised organic substances. These approaches do not calculate the BCF directly, but predict the

BCF value via some physico-chemical property of the substance, e.g. log Koy

There are certain physico-chemical properties which can make prediction of BCF or its measurement
difficult. These "problematic properties" may be defined as those that either :

B |ead to substances not bioconcentrating in a manner consistent with their other physico-
chemical properties, e.g. steric hindrance, or

B make the use of descriptors used inappropriate e.g. surface activity making log K.,
inappropriate for surface active substances.

In the following such physico-chemical properties are discussed in more detail.

4.5.1 Molecular Volume

Above certain molecular dimensions the potential for a substance to bioconcentrate decreases. This
is possibly due to steric hindrance of the passage of the substance through gill membranes or

membranes in the gut (see Section 3.2.3 above). It has generally been accepted that a cut-off limit
of 700 for the molecular weight should be used (e.g. EEC, 1993b).
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4.5.2 Low Solubility in Lipids

A number of substances which on the basis of their low aqueous solubility would be predicted to have
a high bioconcentration potential, have subsequently been found to have low bioconcentration. This
is thought to be due to their low solubility in lipids (Anliker and Moser, 1987; Banerjee and
Baughman, 1991). The latter were able to improve the predictions of bioconcentration potential by

including in the model a term describing the substance's solubility in octanol.

4.5.3 Availability

To bioconcentrate a substance needs to be soluble in lipids, present in the water and available for
transfer across fish gills. Thus properties which affect this availability will alter the actual
bioconcentration of a substance when compared with the prediction. For example, ready
biodegradable substances may only be present for short periods of time in the aguatic compartment,
and concentrations may be such that exposure becomes insignificant. Similarly, volatility and
hydrolysis will reduce the concentration and time a substance is available for bioaccumulation. A
further important parameter that may reduce a substance's (bio)availability is adsorption, either to
particulate matter or surfaces in general. This may also interfere during the measurement of the
BCF or other physical chemical properties making the determination of the BCF or appropriate
descriptors difficult. Examples of reduced bioconcentration resulting from interactions with humics or
other dissolved organic matter have been reported (Landrum et al, 1985; McCarthy, 1983).

A substance that forms micelles or aggregates may also bioconcentrate to a lesser extent than

would be predicted from simple physico-chemical properties (Opperhuizen, 1986a).

Highly lipophilic substances, with log K,, greater than 6, show non-linearity of bioconcentration
factors versus log K,y (Kdnemann and van Leeuwen, 1980; Connell and Hawker, 1988). The latter,
for example, derived a non-linear function based on chlorohydrocarbons, which showed a maximum
bioconcentration corresponding to log K,y of 6.7.

4.5.4 Molecular Structures with Difficult Features

One approach to predicting a substance's bioconcentration potential via its structure involves the
calculation of the log K. (see Section 4.3) using fragment values or connectivity indices. Many
substances have a complex structure with either a number of complex interactions or groups for

which there are no applicable fragment values. Such substances will clearly not follow previously
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observed relationships. For such substances there needs to be an alternative process for assessing

their potential to bioconcentrate. This may be an area for further work.

4.5.5 Biotransformation

There are a number of substances which have been shown to be rapidly transformed in the organism
thus leading to lower than expected bioconcentration. This was discussed in Section 3.4.3 and
summarised in Table 1.

4.5.6 Active Uptake

Finally, although not a specific physico-chemical property, there are substances that may be taken up

by specific mechanisms (see Section 3.2.1). For such substances there are currently no

relationships to account for active interactions or to predict the BCF.
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5. THE INFLUENCE OF BIOACCUMULATION ON THE
ASSESSMENT OF RISK

5.1 INTRODUCTION

For most substances the simple PEC/PNEC quotient method used in conventional tiered assessment
approaches will be sufficient to determine potential environmental effects. However,
bioconcentration and bioaccumulation may be of additional concern for lipophilic, persistent and
poorly metabolisable substances. Analysis of both direct and indirect (dietary) toxicity should be
carried out for these substances, especially if falling into the Use Category 4 (wide dispersive use)
(EEC, 1993a). Modelling using well-established regression equations can provide conservative
estimates of the potential for bioconcentration and bioaccumulation. These can then be fed back in
to the basic risk assessment procedure (e.g. ECETOC, 1993) for a more comprehensive evaluation

of fate and effects.

The potential for bioaccumulation of some substances has focused most research interests on a
narrow range of substances such as DDE, polychlorinated dioxins and co-planar PCBs (e.g.
Woodwell et al, 1967; Thomann, 1989; Suedel et al, 1994). Testing within the conventional risk
assessment framework may not have triggered concerns about these substances because
cumulative exposure and bioaccumulation would not have been considered. It should be noted that
these substances are poorly-metabolised, persistent, nonpolar organic substances which are broadly
dispersed in the environment, possibly resulting in exposure of concern particularly to species with a
long life-span at the top of the food chain.

Various regulatory agencies have sought ways to deal with such substances which have the potential
for serious impacts. However, these attempts have generally been outside a risk assessment
framework and set up specific "cut-offs" for use or restriction of substances without consideration of
their actual use, fate and effect patterns.

Bioconcentration or bioaccumulation is not an adverse "effect" or a hazard in itself (Weber et al,
1993). It does not reflect toxicity (McKim and Schmieder, 1991) and should be considered as a
"pure” fate and exposure related process (Kristensen and Tyle, 1991). Thus, triggers for testing
based solely on BCF or log K,, cannot be scientifically defended. But it should be clear that as
persistence and the potential to bioaccumulate increase, greater scrutiny of the substance is
necessary.
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The potential to bioaccumulate can affect interpretation of PEC and PNEC, and two particular issues
must be addressed:

B s the duration of a standard toxicity test long enough for the substance to approach or achieve
steady-state within the organism and elicit a toxic response which might occur in the
environment?

B can transfer within the food web lead to toxic levels in predator organisms and do dietary

sources {prey organisms) substantially supplement the exposure of predators?

This section presents an addition to conventional methods which incorporates bioconcentration and
bioaccumulation into the conventional iterative process to establish and compare increasingly
realistic estimated PEC and PNEC values for a substance (e.g. ECETOC, 1993 and references
therein).

5.2 EXPOSURE ASSESSMENT

The principal questions are: (i) will there be environmental exposure to the substance and: (ii) is
uptake possible for the substance of interest? (Figures 1 and 2). If exposure or uptake do not occur,
further assessment is not necessary.

The predicted substance characteristic of bicaccumulation would therefore be considered of ‘no
concern' if the substance is non-persistent or present only at very low levels for very short periods of
time. This implies that if the substance does not enter the environment due to closed production or
processing system and/or effective removal during use, disposal and treatment (e.g. in a wastewater
treatment plant), and/or b) is removed from the receiving environment at a very rapid rate, such that
exposure for lengthy periods is unlikely, the assessment would not be needed. Only if substances
are present and bioavailable in the water phase for a sufficiently long time, the potential for
bicaccumulation needs to be evaluated. According to the EEC (1993b), a substance with a
hydrolysis half-life of less than 12 hours would be unlikely to bioconcentrate. Similarly, rapid
biodegradation and/or photodegradation may significantly affect the exposure concentration. It is
therefore important to assess the concentration of the substance in both space and time to evaluate
its potential to expose aquatic organisms.

Estimation of the release of a substance to air, water and soil is the first step in the exposure
assessment and provides the basic input for environmental modelling. The importance of this

release estimation and the use of appropriate fate and distribution models has been extensively
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discussed by ECETOC (1993; 1994a; 1994b). It is important to acknowledge differences between
point sources - either single or multiple- and diffuse sources. In addition, the nature, frequency and
duration of the emissions may differ according to local prevailing conditions, and should be
accounted for in the initial steps of an exposure assessment. When emission of the substance
occurs via a wastewater treatment plant (WWTP), suitable models can be used to estimate 'steady-
state' concentrations in the aquatic effluent stream, in the gaseous waste stream, and in the solid
sludge streams. The fraction released into air, water and soil will be subject to further transformation
and transport processes. Intermedia transport and the role of transformation processes such as
biodegradation, hydrolysis and phototransformation has been extensively discussed by ECETOC
(1993; 1994b). ECETOC (1994c) has developed a simple computer tool - HAZCHEM - to assist the
risk assessor in the estimation of intermedia distribution and prediction of concentrations in different

environmental compartments.

Similarly, most regulatory authorities use Mackay Level [ll multi-media models. These calculate
steady-state non-equilibrium concentrations in the various environmental compartments using
specific volumes and advection rates. The homogenous partitioning, transport and reaction of the
substance among completely mixed compartment volumes is not always attained in reality and
hence the values obtained for the PEC represent so-called average steady-state concentrations.

However, it provides valuable information on the environmental compartments of concern and will
identify substances with a tendency to bioaccumulate. Similarly, if no partitioning to the water
compartment occurs for extremely volatile substances, bioaccumulation in aquatic food webs would
be unlikely. A local release estimation is the basis for the calculation of a predicted environmental
concentration near the emission site (PEC;na) and - after application of a local environmental fate
model - a predicted local environmental concentration (PEC,,). Although not realistic, for the
screening bioaccumulation assessment, a local PEC estimate can be used as a worst case exposure
level. If the assessment warrants further refinement, the spatial area and duration of exposure

should be further investigated.

5.3 UPTAKE ASSESSMENT

If the substance does enter the environment, it needs to be established if the substance can enter the
organism that resides in the aquatic compartment of interest. It is important therefore to evaluate the
molecular dimensions, since steric hindrance is known to play an important role in the potential
passage of the substance through gill membranes, or other tissue membranes (see Sections 3.2 and
4.5). Factors such as solubility and (bio)availability (see Section 4.5) will also need consideration
prior to entering the risk assessment scheme described below.
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Substances with a low lipid solubility, molecular weight well above 700, or substances which are
considered as highly lipophilic will not be taken up as predicted from simple QSARs for BCF.
Non-linearity of BCF versus log K,, for highly lipophilic substances has been demonstrated, and
similar deviations have been reported for surface-active, ionizable, and polar substances (Bintein et
al, 1993). A major drawback of the various models proposed for the prediction of bioconcentration
and bioaccumulation is that they assume no active biotransformation of the substance by the
organism. However, even low rates of biotransformation can lead to a significant reduction of actual
accumulation of substance (see Section 3).

Because predictions based on structural information which provide physico-chemical, topological, or
other parameters currently do not include predictions of biotransformation or metabolism potential,
actual measured BCF or BAF values may be orders of magnitude lower than predicted values.
Additional work is needed to quantitatively incorporate both knowledge and prediction of metabolic

processes of lower vertebrates and invertebrates into models of bioconcentration.

If the substance does enter the environment but a) does not enter the organism and/or b) is rapidly
eliminated from the receiving organism, the predicted bioaccumulation potential would be considered

of 'no concern'.

5.4 INCORPORATION OF BIOCONCENTRATION INTO ENVIRONMENTAL RISK
ASSESSMENT

In this section, direct exposure from the surrounding medium (water) will be considered, that is,
bioconcentration. As described above, properties of the substance and its use patterns must be

evaluated to assure that this additional assessment is required (Figure 1).

An issue is whether the duration of a standard toxicity test is long enough for the substance to reach
steady-state and elicit a toxic response which might occur in the environment if the exposure to the
substance is continuous. Body burdens are key to toxic response (McCarty and Mackay, 1993),
especially for substances with a non-specific mode of action. For those substances which reach
steady-state in the organism within the duration of the toxicity test (e.g. fish 96 hour LCs, test), direct
effects of bioconcentration are included in the outcome of the toxicity test. Therefore, the PNEC
derived from such testing is appropriate and can be used in the PEC/PNEC assessment. However,
for a substance which is taken up and depurated very slowly by the organism (e.g. substance with a
half-life of many weeks; Bishop and Maki, 1980), the elevated steady-state body burden which could

be achieved in the environment will not be reached during an acute or short-term chronic test.
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The prediction of a no effect concentration should therefore consider the "time to steady-state" in
evaluating PNEC values. This can be incorporated directly during the execution of the test by
evaluating the asymptote of the measured effect parameter over time (e.g. 48h, 72h, 96h), or by
predicting the time to steady-state. The time to steady-state is operationally defined as the T,, the
time it takes to achieve x% of the steady-state concentration in the organism. For example, the Tg
or Tgs have been used; this report will work further with the Tgs, the time to reach 95% of the steady-
state concentration in the organism (OECD, 1994b). The Tg¢s can be determined directly by
measuring the time to reach a plateau or steady-state concentration given a constant exposure

concentration, or predicted using a calculated or observed elimination rate constant.

In the preliminary assessment, the Tgs can be estimated for a substance using an established QSAR
(OECD, 1994b). If such a QSAR is not appropriate for the substance, e.g. high molecular weight
and/or rapidly metabolisable substances, alternative methods such as examination of data from
analogous substances could be used either to estimate a Tgs or to assess directly the appropriateness
of the toxicity test result. If such additional methods are not available, a PEC/PNEC calculation may

contain greater uncertainty, and it is recommended to proceed to the next tier in the risk assessment.

When the QSAR is appropriate, the Tgs can be estimated. If this Tgs is greater than the duration of
the toxicity test (see examples, Table 5), several options exist. First, the assumptions used in
calculating the Tgs may be reevaluated. Second, the short-term result could potentially be "adjusted”
to account for achieving only a fraction of the total body burden (Parkerton, 1993). Such a correction
factor would take into account the theoretical % body burden achieved during the test. This value can
be calculated for fish according to Cf/Cf,s = 1 - e‘"‘zt), where k; is also estimated based on the log
Kow (OECD, 1994b). Third, if available, an appropriate chronic QSAR for one or more aquatic
species could be applied. It should be noted that use of such a chronic QSAR presumes that the
chronic data are based on steady-state values; the validity of the chronic QSAR must therefore be
carefully examined before application. Fourth, the duration of the toxicity test may be extended, with

the above screening calculation used to indicate the extent of additional time needed.

If in fact a BCF test has been performed, the experimental Tgs can be used to reevaluate the toxicity
data and to confirm the appropriateness of the derived PNEC value.

Thus, for direct toxicity, an assessment of the time to reach steady-state (operationally defined here
as Tgs) in relation to the duration of the testing performed should be made to confirm the
appropriateness of the PNEC value derived from the testing. The options outlined above may then
be applied to improve our understanding of the potential of the substance to elicit effects under

realistic exposure conditions. Based on an empirical data base which has been used to derive
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Kow/Tes relationships for fish (OECD, 1994b), this non-achievement of steady-state within a short
period (< 3 - 4 d) and thus need for additional assessment may occur for substances with a log Kgy >
4 (Table 5). For these lipophilic substances, toxicity testing and interpretation of results may be
difficult?. This is mainly due to operational problems related to solubility and dosing.

Table 5: Calculated Tgs Values and Elimination Half-life (T;,)
for Various log K, Values (OECD, 1994b)

Tos (days) log Kow Ti2 (d)
2.0 3.1 <1
2.9 3.5 <1

4 3.9 1
12 5.0 3
30 6.0 7

A similar concern for (non-)achievement of steady-state may be present for invertebrates. However,
the regression equation used above (OECD, 1994b) should not be applied to invertebrates as it was
derived from bioaccumulation testing of small fish. Measured invertebrate data sets on analog
substances should be used in conjunction with expert judgement to evaluate whether the toxicity

endpoint can be used with confidence within the risk assessment.

5.5 INCORPORATION OF BIOACCUMULATION INTO ENVIRONMENTAL RISK
ASSESSMENT

In this section, the potential contribution of dietary sources in addition to simple bioconcentration is
examined. Two main elements must be considered. First, when is food web transfer likely to be
significant? Second, if food web transfer is significant, then how can potential toxic effects at higher
levels of the food web be determined?

Initially, properties of the substance and its use patterns must be evaluated to ensure that this
additional assessment is appropriate (Figure 2). The primary issues of environmental exposure of
the substance and possible uptake have been discussed in Sections 5.2 and 5.3.

2 If the LC, is undeterminable, reference is made on how to test sparingly soluble substances (ECETOC,

Monograph, in preparation).
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Dietary uptake by aquatic organisms will only be significant for a small subset of substances
released to the environment. Dietary exposure does not begin to be significant even for persistent
non-ionic substances until lipophilicity reaches an intermediate range between log K,,, of 4.5 to 5.0 (e.g.
Bruggemann et al, 1982; Thomann, 1989; Barber et al, 1991; Thomann et al, 1992, McCarty and
Mackay, 1993). In order to be conservative in this assessment, but not encompass the much larger
number of substances which have negligible potential to bioaccumulate via the food web in the
aquatic environment, a BCF of 1,000, which corresponds to a log Ky of 4.3, was proposed as a
starting point® (Section 3.5). Below this value substances are unlikely to contribute significantly to
dietary exposure in the aquatic environment, even for top predators, and they should reach steady-

state rapidly and depurate quickly from the organism once exposure has ceased.

The iterative approach outlined below (Figure 2) attempts to address the  potential for
bioaccumulation and "indirect" (dietary) toxicity. Initially, the BCF is estimated. When the BCF value
is above 1,000, a PEC/PNEC determination for predators is made and refined as deemed necessary
through screening, confirmatory and investigative phases. The incorporation of “oral" PEC and
PNEC values into the aquatic risk assessment provides an opportunity to assess dietary exposure
and toxicity to fish and to fish-eating birds and mammals. It should be noted that while assessment
of oral routes is necessary to assure safety of persistent, bioaccumulative, toxic substances, standard
methods are not available and the assessment would likely proceed in a case-by-case, research-

oriented fashion.

Some organisms may be exposed via ingestion due to physical adsorption of a substance onto the
surface of their prey. Adsorption is not explicitly described by food web models. However, two
points can be made. First, the "BCF" values reported for algae (which given their surface area to
volume ratio are the most important in terms of relative adsorption) are likely due to internal
accumulation and adsorption (Casserly et al, 1983). Second, adsorption is not of primary importance
at higher trophic levels. Adsorption may be important for the proximal predator, but actual uptake

into that organism will be needed for transfer to the next trophic level.

®  The contribution of diet to the total exposure for fish and thus a significant difference between BCF and

BAF is only expected when log Ko is between 4.3 and around 8. Above 8, BCF values drop rapidly due
to low bioavailability, low lipophilicity, or other reasons. Individual assessment using expert judgement
may be needed.
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5.5.1 Prediction of Bioaccumulation Potential

Initially, a BCF is predicted by empirically-derived QSARs and used as a surrogate for
bioaccumulation potential (Figure 2). Most BCF QSARs are based on log K. This property
provides good predictions of fish BCF for lipophilic, nonionic substances undergoing minimal
metabolism or biotransformation within the organism. The equations should only be used to predict
BCF for substances within this class. The suitability of an individual QSAR (Lyman et al, 1982)
should be evaluated prior to use by comparing the properties of the substance with those used to
derive the QSAR. The most commonly encountered QSARs for the log K, to BCF relationship are:
BCF = 0.048 x K. (Mackay, 1982), and log BCF = (0.79 x log K,y) - 0.4 (Veith and Kosian, 1983)4.
Any bioaccumulation assessment scheme should be flexible enough to employ the most appropriate
BCF predictors for a certain type of substance, once such predictors are developed and validated
(see Section 4.3.2).

When the calculated BCF is greater than 1,000, the assessment of a "predator" PEC/PNEC should
be undertaken (Figure 2). Prior to this step, the predicted BCF may be reassessed. For example, if
a predicted log K, was utilised, the log K,, may be measured. Similarly, as metabolism can greatly
influence actual bioaccumulation (Section 3.4.4), an in vitro metabolism screen could be applied to
assess the potential for substantial metabolism if additional information indicates this may be an
important pathway. Metabolically competent fish hepatocyte cultures or fish homogenate
preparations could be used to establish the potential for biotransformation. For example, the
metabolism of benzo[a]pyrene by fish has been extensively investigated in both cell cultures and
subcellular fractions (review by Varanasi et al in Varanasi, 1989). Although standardised techniques
are not yet available, many of the procedures used are modified from those developed for
mammalian systems. Generation of more polar metabolites, for example, would indicate that parent
substance could be lost more rapidly than expected, leading to a lower BCF. As an alternative, the

BCF could be directly determined experimentally.

As noted in Chapter 3, these two regressions diverge for elevated Koy values where the Mackay equation
tends to overestimate BCF.
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5.5.2 Refinement of Bioaccumulation Factor

In the next phase, BAF values can be calculated using food web transfer models and used with the
conventional PEC,er to determine a body burden or PEC,y (BAF x PECuaer = PECom). This
information, along with a PNEC,, estimate, would be used to establish an initial PEC/PNEC for
predators. The most commonly used is the US-EPA FGETS (see Section 3.5.2) which has been
partially validated with PCB as model substances. Further improvements with the incorporation of

metabolism QSAR at different trophic levels are to be expected.

The most appropriate PECwaer Value used to obtain the PEC,, will depend on the use and release
patterns of the substance, as well as the species being exposed (e.g. home range, foraging zone).
The PEC,4 can be used in two ways.

First, the body burden value can be compared to available toxicity information as a check that the
critical body residue or CBR (McCarty and Mackay, 1993) is not exceeded due to dietary plus
water-only exposure. Thus, potential impacts on the "prey" organism itself are re-examined, this is a
second check (see Section 5.2) of the potential for impacts at lower levels of the food web (e.g.
herbivorous fish). While aquatic toxicity testing could be used to determine a CBR, such testing
generally does not include dietary exposures. Thus, for a given water concentration ("PEC"), higher
body burdens in the organism may be achieved if the diet contributes significantly to the overall
dose. This higher body burden may approach or exceed the CBR.

Second, and critical to the secondary poisoning question, the PEC,,, or concentration in the prey can
be multiplied by the feeding rate for a given predator to obtain a daily dose ingested. This value may
then be compared to a PNEC,., a diet-based toxicity value. The PNEC,, may be estimated or
measured. Initially, other data (e.g. analogous substances dosed to similar species) could be used to
estimate the PNEC,.. Top predators (e.g. fish-eating birds or mammals) would be the primary
focus. Mammalian data may be available from human safety testing, but extrapolation from lab
rodent data to fish-eating birds or mammals is difficult. Two possible approaches are described
below.

The US-EPA has suggested a series of extrapolation factors to deal with this need (US-EPA, 1993a).
The most significant items for this inclusion here are the use of a chronic NOAEL (which may be
estimated from subchronic data if necessary) and a species sensitivity factor (SSF) which may range
from 1 to 0.01. Examples of this approach are the Great Lakes Wildlife Values for DDT, mercury,
TCDD and PCB that have been proposed by the EPA (US-EPA, 1993b).
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The EC Technical Guidance for environmental risk assessment of new substances applies
assessment factors of 100, 30, and 10 to dietary 28 d, 90 d or chronic NOAEL values to derive a
PNEC, (EEC, 1993b). In this scheme, the PEC,q is calculated from the PEC qgionar multiplied by the
(calculated) BCF. Because this approach does not explicitly include the dietary pathway at lower
tiers, it may underestimate the body burden of prey organisms for substances with higher
lipophilicities (Figure 2). It also initiates the assessment at a log K,,, of 3. The combination of these
two factors suggests that this method would be overconcerned with substances of little relevance for
secondary poisoning, while underestimating actual exposure for substances in the log K., range of
4.5 to 8 which are the most critical to dietary exposure.

5.5.3 Optional Research in Considering Bioaccumulation

If the initial predator PEC/PNEC or risk quotient is not favourable, several options exist. The PECq
and/or PNEC,. could be further refined to reduce uncertainty in the assessment and to provide
further safety reassurance. An iterative procedure is envisioned, in which the refined predator
PEC/PNEC would result in either no further concern (PEC/PNEC <1) or a decision that risk
management measures would be necessary for that substance.

In a refinement of PEC,., several options exist. Which of the options described below or other

options are followed will depend largely on the use pattern and intrinsic substance characteristics.

B  For example, the BCF may be experimentally determined. If the measured BCF is below that
initially predicted, it is likely that the substance was not bioavailable (e.g. too large, sparingly
water soluble) or was metabolised once taken up.

| In refining the PEC,., any of the methods used to reassess the predicted water concentration
could be employed (ECETOC, 1993). This includes the use of local and regional multimedia
models as described in HAZCHEM (ECETOC, 1994c).

m  Additionally, well-designed monitoring programs could improve our understanding of the
substance's behaviour in and impacts on the environment. Thus, field monitoring of
appropriate biota (and water conditions) could confirm or refute model predictions of the PEC,
or prey body burden, if the substance was already in use. Recommendations for the design of
such field studies have recently been made (US-EPA, 1993d; UNEP/FAO, 1993).
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In the refinement of the PNEC,,,, several options exist:

B Results of mammalian testing programmes should be considered to determine the PNEC,,.
Appropriate application factors should be introduced depending on the duration of the tests

(acute vs. chronic).

B Potential food webs and target species for the substance can be identified given its fate and
distribution in the environment. This may allow the discrimination between mammalian and

avian target species. Focused feeding studies could be performed.

It must be pointed out that the use of food web models may still suffer from the lack of knowledge in
(i) feeding frequency of predators on contaminated prey, (ii) bioavailability of the substance in food
and water, (iii) estimates of metabolism in predators, (iv) dietary uptake efficiency, (v) diet and

lifespan. The variability in these factors must be taken into account on a case-by-case basis.
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6. CONCLUSIONS AND RECOMMENDATIONS

The main objective of the work described in this report was to review the assumptions and equations
used to assess and integrate bioaccumulation in an environmental risk assessment. The approach

recommended in this report applies to aquatic ecosystems and related food webs.

6.1 BIOACCUMULATION ASSESSMENT

It is concluded that bioaccumulation of a substance into an organism is not an 'effect’ or hazard in
itself. Bioconcentration and bioaccumulation will result in a body burden which may or may not lead
to toxic effects. Therefore, when appropriate, the potential of a substance to bioaccumulate in the

aquatic environment should be included as an exposure related parameter in the risk assessment.

Bioaccumulative substances, widely dispersed in the environment and which are known to be of
concern are characterised by high persistence, toxicity, negligible metabolism and a log K, between
5 and 8. Biomagnification - defined as accumulation and transfer of substances via the food web,
resulting in an increase of the internal concentration in organisms at succeeding levels in the trophic
chain - is not as widespread as commonly believed. Biomagnification has only been demonstrated

for a very limited number of substances.

The potential to bioaccumulate is related primarily to lipophilicity. A surrogate measure of
lipophilicity is the n-octanol-water partition coefficient (K,y), which is correlated with bioconcentration.
Therefore, log K, is often used as predictor in quantitative structure activity relationships (QSARs)
for bioconcentration factors (BCF) of organic non-polar substances.

For the physico-chemical descriptors listed in the EC Technical Guidance documents, only BCF
QSARs based on log K,,, have been developed and validated. While this property may provide good
predictions of fish BCF for lipophilic, nonionic substances undergoing minimal metabolism or
biotransformation within the organism, the equations are best used only to predict BCF for
substances within the class for which the QSAR was developed. Thus, the suitability of the individual
QSAR should be evaluated prior to use by comparing the properties of the substance with those used
to derive the QSAR.

Substances with a low lipid solubility, substances with a molecular weight well above 700, or
substances which are considered as highly lipophilic will not be taken up as predicted from simple

quantitative structure activity relations (QSARs) for bioconcentration factors (BCF). Non-linearity of
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BCF versus log K, for highly lipophilic substances has been demonstrated. Similarly deviations
have also been reported for other chemical classes such as surface-active, ionisable and polar

substances.

Measured BCF values - based on parent substance - should when available be used instead of
predicted values, because of the potential for biotransformation to reduce BCF. The major drawback
of the various models proposed for the prediction of bioconcentration and bioaccumulation is that
they assume no active biotransformation of the substance by the organism. Such metabolism can
effectively prevent significant bioaccumulation. In addition, specific physico-chemical properties of
the substance may reduce availability and possibly exclude uptake to such an extent that actual
bioconcentration is negligible.

6.2 INTEGRATION OF BIOACCUMULATION IN A RISK ASSESSMENT

A step-wise approach is recommended to integrate bioaccumulation in an environmental risk
assessment for substances which are widely distributed in the environment due to wide dispersive
use and effective intermedia transfer, and which potentially can be taken up by biota. In practice,
substances which are persistent, bicaccumulative, and exhibit negligible metabolism will be
evaluated in this scheme.

For those substances which reach steady-state within the organism within the duration of the toxicity
test, direct effects of bioconcentration are included, and thus the PNEC derived from this testing is
appropriate for use in the risk assessment. However, for lipophilic substances which are taken up
and depurated very slowly by fish, the steady-state body burden may not have been achieved during
the test. Hence, environmental effects assessments should consider the "time to reach steady-state"
in evaluating fish PNEC values for these substances. In a preliminary assessment, it is
recommended to evaluate the time to reach 95% of steady-state (Tqs). However, it must be pointed
out that the Tgs relationship was developed for classical lipophilic substances and therefore may

overestimate the time needed to reach steady-state for other substances.

It was concluded that dietary uptake by aquatic organisms will be significant only if the substance has
low water solubility, high lipid solubility and is slowly metabolised or eliminated by the prey organism.
Initially, the BCF may be estimated as described above. When the BCF value is above 1,000 - if
predicted this would correspond to a log K, of 4.3 - a PEC/PNEC assessment for predators is made
and refined as deemed necessary on a case-by-case basis.



